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Abstract

Understanding the electronic structure and dynamics of cyclic organic molecules is becoming in-
creasingly the subject of investigations from different perspectives due to their unique chemical
and physical properties. Since they are largely involved in the biochemistry of living organisms,
studies on this class of compounds are also valuable to understand biologically relevant com-
plex systems. Compared to other techniques, high-order harmonic generation (HHG) has been
increasingly considered as a powerful spectroscopic tool with Angstrom spatial and attosecond
temporal resolutions. This thesis demonstrates that high-order harmonic spectroscopy is capable
of providing structural and dynamical information on the electronic systems of representative
cyclic organic molecules comprising randomly oriented five-membered or six-membered rings.

The first part of this thesis shows that the HHG from these molecules is sensitive to their
aromatic character, which results from the de-localized 7 electrons, and can potentially be a
useful qualitative measure of aromaticity. We show that the advantage of utilizing HHG in this
direction stems from the result that only m molecular orbitals, associated with aromatcity, are
responsible for the HHG emission in aromatic systems.

The capability of HHG to distinguish cyclic isomers is demonstrated in the case of xylene
molecules. Supported by numerical calculations, differences in the isomers are attributed to both
tunnel ionization and photorecombination, the first and last steps of HHG. These results enable
further HHG-based time-resolved studies of the dynamics associated with isomeric effects that
these molecules exhibit.

The present work also challenges the well-established prediction that strong field ionization
from a molecular orbital is suppressed along nodal planes, where the electron density is zero.
In fact, our study shows that considerable tunnel ionization in some cyclic molecules can occur
near or along nodal planes. This unusual ionization is reported to have its signature on the
quantitative and qualitative dependence of harmonic yield on laser ellipticity.

The high symmetry displayed by the cyclic molecule, 1,4 cyclohexadiene, is shown to leave
its imprints on the HHG in the form of structural interferences even if the target is randomly
oriented. Two-color HHG from this molecule also indicates that hole dynamics could be involved
in the generation process.

A general study on high harmonic spectroscopy of the Cooper minimum in molecules is also
reported. The presence of this minimum could affect the interpretation of harmonics spectra in
any molecule containing S or Cl atoms. The molecular environment is shown to influence the
position of this spectral modulation.
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Chapter 1

Introduction

1.1 Overview

Organic molecules with cyclic structures play an exceptionally key role in various areas
of contemporary science and technology. Their structural units are present in many bio-
chemical substances which are essential to life. They are also known to be building blocks
for numerous agrochemical and pharmaceutical compounds and new materials in several
growing applications including conducting polymers. Many of these ring-type molecules
are aromatic, and therefore have unique chemical and physical properties. For example,
aromatic five-membered and six-membered ring molecules are all planar resulting in global
symmetry features in highest orbitals such as nodal planes that extend along and perpen-
dicular to the whole ring structure. The aromatic character of these compounds can be
quantified. However, approaches towards this quantification are still far from being con-

clusive. Because of the cyclic structure, the number of cyclic molecules is large. Many of



them share the same atomic structure leading to the existence of unique classes of molecu-
lar isomers. Identifying some of these isomers is a challenging task due to the fact that they
are connected to the same type of ring that dominates the molecular physical and chem-
ical properties. Besides its applied uses, distinction of isomers is a primary requirement
for further time-resolved studies of some interesting light-induced interactions in cyclic

1somers.

Our main source of information about atoms and molecules comes primarily from their
interaction with radiation. This great tool of knowledge known as spectroscopy was central
to the early developments of quantum mechanics, the laws governing atomic and molecular
systems. For example, the spectroscopic discoveries of black body radiation and emission
lines were used by Max Planck and Niels Bohr as cornerstones to propose the quantization
of radiation and atomic energies. Since the first working laser was reported in 1960,
spectroscopy has evolved exponentially. Further developments especially in pulsed laser

technology have offered new spectroscopic methods to expand our knowledge of matter.

High-order harmonics are a unique light source that can be produced by exposing atoms
and molecules to intense femtosecond laser pulses. The underlying physics for the gener-
ation process enables these harmonics to provide structural and dynamical information
on the generating target with high spatial and temporal resolutions. The spectroscopic
capability of high-order harmonic generation (HHG) has been demonstrated intensively in
atoms and small molecules [1][2][3]. Moreover, recently there has been a growing interest
in extending this tool to polyatomic molecules [4][5]. This thesis brings the important class

of cyclic organic molecules to the focus of HHG studies to gain further understanding of



their molecular and electronic structures and dynamics.

1.2 Outline of the thesis

Chapter 2 presents an overview of strong laser field interaction with molecules with an em-
phasis on high-order harmonic generation. Experimental setup and techniques are covered
in Chapter 3. The key question that underlies Chapter 4 is as follows: What is the connec-
tion between high-order harmonic generation and the aromatic nature of cyclic molecules?
We examine the effect of this relation on the harmonic yield. A major task of spectroscopy
is to utilize information obtained by light spectra to distinguish between different emitters.
Chapter 5 focuses on how harmonic generation could be different from one cyclic isomer to
another. Our target for this study is xylene molecules which are known to be difficult to
identify using many spectroscopic techniques. In Chapter 6, we turn our attention to the
effect of the electronic and geometric structure of aromatic molecules on the high harmon-
ics dependence on laser ellipticity. The observed results are shown to be due to enhanced
ionization along nodal planes, in sharp contrast with what is expected from the current
understanding of ionization suppression along these planes. Cyclohexadiene molecules are
the subject of Chapter 7 where signatures of molecular structure and dynamics are shown
to be imprinted in the HHG process. We also discuss in Appendix A how the presence of
Cooper minimum alters the harmonic signal from molecules in general and how this could

vary depending on the structure of the molecular system.



1.3 Awuthor contribution

All work presented here resulted from the author’s efforts under supervision of V. R.
Bhardwaj, and collaborative work from several researchers. In the following, detailed
information is provided on the contributions of each participant in the five research projects

whose results are outlined in this thesis.

High-harmonic generation experiments were conducted at the Advanced Laser Light
Source at INRS EMT, Varennes, QC. This advanced laser system was run and maintained
mainly by N. Thiré, B. E. Schmidt and F. Légaré. Photoinization experiments were carried

out at the University of Ottawa.

Chapter 4: A. F. Alharbi and A. E. Boguslavskiy, a former post doctoral fellow in the
group, performed the experiments at ALLS. A. F. Alharbi conducted the analysis of the
experimental results. Ionization calculations were performed by M. Spanner from National
Research Council, Ottawa. The results of this study were reported in publication #1. A.
F. Alharbi wrote the first draft of the manuscript. All authors contributed to the final

manuscript.

Chapter 5: The photoionization experiments were performed by A. F. Alharbi. 1.
Lopez-Quintas, a visiting graduate student from Spanish National Research Council Madrid,
Spain, participated in the final phase of the experiments. A. F. Alharbi and A. E. Bo-
guslavskiy performed the HHG experiments at ALLS. A. F. Alharbi conducted the analy-
sis of the experimental results. Numerical calculations were performed by A.-T. Le from
Kansas State University, Manhattan, Kansas. The manuscript containing these results is

under preparation.



Chapter 6: A. F. Alharbi, A. E. Boguslavskiy and N. Thiré performed the experiments
at ALLS. A. F. Alharbi conducted the analysis of the experimental results and performed
the calculations for argon. Calculations for molecular systems were performed by M.
Spanner from National Research Council, Ottawa. The results of this study were submitted
for publication (publication #3). A. F. Alharbi and M. Spanner wrote the first draft of

the manuscript. All authors contributed to the final submitted manuscript.

Chapter 7: All experiments reported in this chapter were performed by A. F. Alharbi
and A. E. Boguslavskiy at ALLS. M. C. H. Wong, B. E. Schmidt and I. Lopez-Quintas
participated in some experimental parts. A. F. Alharbi performed the two-center inter-
ference calculations. A. F. Alharbi and A. E. Boguslavskiy conducted the analysis of
the experimental results. Ionization calculations were performed by E. F. Penka and A.
D. Bandrauk from Université de Sherbrooke. The manuscript containing these results is

under preparation.

Appendix: M. C. H. Wong and J.-P. Brichta performed the experiments at ALLS.
A. F. Alharbi generated the Mulliken atomic populations for the molecules studied. M.
C. H. Wong analysed the experimental data. The results of this study were reported in
publication #2 where the contributions to the final manuscript (except for parts related to

the theoretical calculations of harmonic spectra) came from M. C. H. Wong, A. F. Alharbi,

A. E. Boguslavskiy, and V. R. Bhardwaj.



Chapter 2

Background

The main goal of this chapter is to provide background information on the interaction of
intense laser fields with molecules. For simplicity, the chapter first starts with an overview
of the influence of strong fields on atoms, the building blocks of molecules. A significant
attention in this introductory material is devoted to high-order harmonic generation. There
are several basic aspects that need to be considered when the target in the interaction
volume becomes a molecular system. Such modifications are discussed in the second part

of this chapter.

2.1 Atoms in a strong laser field

2.1.1 Mechanisms of strong laser field ionization

Einstein’s explanation of the photoelectric effect shows that atoms and molecules can be

ionized if the photon energy of the incident radiation matches or exceeds the ionization



potential of the target I, (single photon ionization). Subsequent studies showed that a high
enough flux of lower-frequency radiation could also lead to ionization if multiple photons
are deposited in the system as depicted in Fig. 2.1a. However, the probability of this multi-
photon ionization (MPI) process becomes smaller when the number of absorbed photons n,

required for ionization, increases. This probability scales with laser intensity I as follows:

I,=o0,1" |, (2.1)

where o, is the n-photon ionization cross section and decreases rapidly with increasing n.
For most atomic and molecular species, MPI is a major ionizing channel at light intensities
ranging from 10" W/cm? to 10 W /cm? with conventional 800 nm light. Such intensities
can be achieved by focusing short laser pulses. MPI associated with relatively low laser
intensities can be described well by equation 2.1 and considered as a perturbative process.
For quite higher laser intensities, MPI is non-perturbative since the field is high enough
to induce Stark shift to the electronic states. This dynamical effect is more pronounced
for higher energy states leading to a shift of the continuum states; hence the effective

ionization threshold.

When the laser electric field E is comparable to the binding force of outer electrons (~
10" V/m) and the frequency is rather low, another ionization channel becomes probable.
Fig. 2.1b shows how the combination of a strong linearly polarised field and the atomic
Coulomb potential creates a potential barrier where the bound electron can penetrate.
This tunnelling ionization process could occur every half-laser cycle. Therefore the lower

the laser frequency, where the tunnel survives for a longer time, the higher the tunnelling
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Figure 2.1: a) Multi-photon ionization (MPI). b) The tunnelling of the electron wavefunction
under the influence of a strong laser field. c¢) Basic ionization mechanisms in light of Keldysh
parameter v; MPI, tunnel ionization and over the barrier ionization (OTBI). I and w are laser
intensity and frequency respectively, and I, is the ionization potential of the target (From [6]).



probability. Ionization by tunnelling is also more probable when the potential barrier is
lowered more by applying a higher laser intensity or having a target with a lower [,. In
1963, Keldysh introduced a dimensionless parameter 7 [7] to summarize these facts and
categorize the two ionization regimes. Using atomic units (h = e = m, = ag = 1, where ag

is the Bohr radius), this parameter can be expressed as:

1
~ = tunneling time/§ optical period = w\/le/I = \/Ip/2Up , (2.2)

where w is the laser frequency and U, = E?/4w? is the ponderomotive energy defined as the
cycle averaged energy obtained by a free electron in an electromagnetic field. This energy
is an important quantity in strong laser physics and commonly expressed in electron Volts
as

Uy(eV) =9.33 x 107" I(W/em?) N (um) (2.3)

Tunnelling ionization occurs when v << 1 while MPI occurs for v >> 1. The intermediate
region features a competition between the two processes with no sharp transition. Fig.
2.1c outlines schematically the basic photoionization domains as a function of electric field
and photon energy. This figure also shows the limiting process of tunnelling ionization
referred to as over the barrier ionization OTBI (barrier-suppression ionization) [8] where
the intensity becomes high enough to completely suppress the Coulomb potential (Iprp; =

1,/16), therefore the ionization probability becomes one.

It is necessary to exploit laser pulses with a sufficiently short time duration (on the

order of tens of femtoseconds) to observe tunnelling ionization. Otherwise the atomic or



molecular target could be depleted by the rising edge of the long pulse before experiencing

the peak intensity of the oscillating electric field.

2.1.2 Characteristics of tunnel ionization

2.1.2.1 Tunnelling rate

ADK model, developed by Ammosov, Delone and Krainov [9], is commonly used to cal-
culate tunnelling ionization rates from atoms and atomic ions as a function of laser and

atomic parameters. In atomic units, the ADK rate is expressed in the following form:

QGlm[p(2F0/E)2n*—|m|—1€(2Fo/3E) ’ (2.4)

WADK = ’Cn*l*

where Fy = (QIp)3/ 2 and the two coefficients C,«;+ and G, are atomic parameters that
depend on the quantum numbers [ and m and effective quantum numbers n* = 7/ \/m
and [* = n* —1, where Z is the ion charge. The fraction of ionized atoms can be calculated
from:

n=N(1—e Joowanxty (2.5)

where NV is the number of neutral atoms in the medium.

2.1.2.2 Electron momentum

At the tunnelling exit, the wavefunction of the tunnelled electron occupies a finite width
in space. As a quantum object, the wavefunction consequently has a finite momentum
distribution. In other words, we can describe the tunnelling process as a partial transfer

10



of the electron population from the ground state to a certain superposition of momentum
eigenstates in the continuum. As discussed in the following section, the liberated electron
can make its way back to the parent ion. Thus, the distribution of transverse momentum
of the tunnelled electron is more relevant to subsequent strong field processes and can be

expressed for simple systems as [10]:

W(p,) = W(p, = 0)e PLV/E (2.6)

where p | is the initial transverse momentum of the electron.

2.1.3 Following the electron after tunnel ionization

Tunnelling is a highly significant process since it acts as the doorway to several interesting
phenomena in strong field laser physics. In addition to directly ionized electrons, there
is a portion of electrons that can travel back to the parent ion when the oscillating field
changes sign. The dynamics of these electrons can essentially be captured by a classical
model introduced by Corkum in 1993[11]. In this treatment known as the three-step model,
the effect of the Coulomb potential is neglected. Therefore, the motion of the electron in
an oscillating electric field (E = FEycos(wt)), where Ej is the amplitude of the field, is

governed by the following equations:

¥ = —Eycos(wt)
i = (Ey/w) (sin(wt) — sin(wt;)) (2.7)
1 = —(Ey/w?) (cos(wt) — cos(wt;)) — Ey/wsin(wt;)(t — ti)
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Figure 2.2: a) Examples of three-step (1-tunnelling 2-propagation and 3-recollision) processes
that can occur upon electron recollision: i) recombination resulting in the emission of XUV light
ii) inelastic scattering leading to non-sequential double ionization. b) The Kinetic energy of the
electron upon return (in units of ponderomotive energy) as a function of the phase at ionization
expressed in a fraction of laser cycle. c)Classical electronic trajectories as a function of laser cycle
at 1800 nm and intensity of 5x10'® W/cm?. Recollision is possible when the path intersects with
the x-axis. In both figures, the most energetic trajectory (black) and both trajectories short (red)
and long (green) leading to the same kinetic energy (1.5 U),) are shown. The blue curve in (c)
indicates a path that never leads to recollision since it corresponds to an electron released before
field maximum

In these equations, the motion starts at time ¢; from z = 0, the centre of the atom, with

zero initial velocity. The kinetic energy of the electron is given by:

K.E =2U, (sin(wt, + wt;) — sin(wt;)))? (2.8)

12



The electron re-encounters the parent ion when z(¢,) ~ 0, where ¢, is the time of return.
Under this condition, eq. 2.8 can be solved numerically for t = ¢,. Upon recollision, several

interesting processes can be initiated. For example;

1. High-order harmonic generation (HHG) [12] [11]: the ionized electron recombines
with its parent ion leading to the emission of a photon with an energy equal to the

ionization potential plus the electron kinetic energy at the time of recombination.

2. Non-sequential double ionization (NSDI) [11] The freed electron inelastically recol-
lides with a second bound electron. The rescattering event results in an instantaneous
ionization of both electrons. For this to occur, the kinetic energy of the recolliding
electron must exceed the second ionization of the parent ion. If the electron kinetic
energy is less, then there is a possibility that the ion is excited by the first electron
recollision. In this case, the ionization of the second electron becomes easier later in

the pulse since the I, is lower.

3. Laser-induced electron diffraction (LIED) [13][14]: the returning electron may scatter
off the parent ion elastically. The information obtained from this process can be
used to image the ion structure with unprecedented time-resolution compared to

conventional diffraction techniques.

The first two processes are schematically sketched in Fig. 2.2a. They occur within one
laser cycle in three steps: 1) tunnel ionization, 2) propagation in the continuum, and 3)
recollision. Fig. 2.2b shows the electron kinetic energy at the time of recollision as a

function of the laser phase at which it is released. Only electrons ionized between ¢;=0

13



(field maximum) and #;=0.257, will re-encounter the parent ion, where Ty is the laser
period. The maximum energy is equal to E(t;) = 3.17U, and occurs when the electron
is ionized at ¢;=0.05T,. This process repeats itself every half cycle. There are two types
of trajectories that the electron can follow starting from two different phases and ending
with the same energy. These are called long and short trajectories. Fig. 2.2c shows the
paths of these two trajectories corresponding to a final kinetic energy of 1.5 U,: short (red)
and long (green). Electrons following short (long) trajectory are released later (earlier) in
time and return earlier (later) in time. This figure also shows the paths for i) an electron
with the maximum kinetic energy that returns at ¢;=0.77, and ii) an electron that never

returns back to origin because it is born before the field maximum.

2.1.4 High-order harmonic generation

perturbative
regime

plateau

Harmonic intensity

5 13 21 29 37 45 53
Harmonic order

Figure 2.3: A typical spectrum of HHG. The three distinct regions of the spectrum are labelled.

HHG has acquired its vital importance because: i) it provides a coherent light source
at the extreme ultraviolet (XUV) and soft X-ray range. ii) the generation process itself
serves as a probe of fundamental atomic and molecular processes on Angstrom spatial-
scale with sub-femtosecond time-scale resolution. A typical HHG spectrum is shown in
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Fig. 2.3. We can observe two main features from this spectrum. First, the spectrum has
three distinct regions. The intensity of the first few harmonics decreases drastically with
the harmonic order as expected for a perturbative process. However, the plateau harmonics
have similar intensity. This trend stops at the cut-off region where the radiation intensity
decreases rapidly until the spectrum ends. Immediately after the first observation of the
HHG emission in 1987 by McPherson et al. [12] and driven essentially by the astonishing
behaviour of the plateau harmonics, the community of strong field laser was looking for
an explanation for this process beyond any perturbative treatment. The three-step model
described earlier was successful in explaining some of the basic features of the process.
A major achievement of this basic model is the prediction of the energy of the harmonic
cutoff (the highest frequency produced), emitted by the electron with maximum return
energy (Fig. 2.2), to be:

Ecutoff = [p + 317Up (29)

Another feature of the harmonic spectrum is that it contains only odd multiples of the
fundamental frequency. This observation can be attributed to the symmetry inversion of
the gas medium and the half-cycle symmetry of the field. The harmonic signal generated
during a half laser cycle 87(t) may be written in the time domain as:

S(t) 0<t<®
Sr(t) = (2.10)

St—T/2)e™ L <t<T,

The phase term is added to account for the sign change in the emission. The Fourier
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transform of this expression is given by:

0 w even

To )

Ap(w) = / Sr(t)e "™ dt = ; (2.11)
0 2 f()?o Sr(t)e ™dt w odd

Although it provides an intuitive description of HHG, the three-step model cannot

reproduce the HHG spectra or predict the wavelength scaling of the HHG yield for example.

A more rigorous picture based on the time-dependent Schriodinger equation (TDSE) is,

therefore, required.

2.1.4.1 Quantum mechanical description of HHG

The TSDE for an electron in potential V (r) and experiencing a strong laser field E(t) can

be written under the electric dipole approximation in atomic units as:

[(r,1)) = [-A%/2+ V(r) = E(t)x] [ (r,0)) . (2.12)

9

ot
In this equation, only single electron wavefunction is considered and no electron corre-
lations are involved (single active electron approximation SAE). In principle, a complete
solution of equation 2.12 can be achieved numerically. However, this requires large compu-
tational capacities which might not be accessible for big systems. Thus, there are several
practical limitations on adopting this approach. Alternatively, a further series of assump-
tions and approximations are made to make the problem computationally more achiev-
able and physically more understandable. In 1994, Lewenstein et al. [15] introduced a

quantum-mechanical-based model to treat the HHG process from an atomic system under
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the following approximations:

1. Strong field approximation (SFA): After tunnelling, the electron is subject only

to the influence of the strong laser field.

2. The presence of any bound state other than the ground state is ignored:

In other words, there are no internal resonances.

3. No depletion of the ground state: This is true for laser intensities below satu-

ration intensity that lead to full ionization of atoms in the focal volume.

In this model, the first step of the HHG process can be viewed as a portion of the bound
wavefunction in the ground state being pulled away from the potential by the strong
laser field. Due to the SFA approximation, the liberated electron wavefunction in the
continuum is represented by a plane wave with momentum p. On the other hand, the
recombination step is nothing but an interference between the freed and the bound portions
of the wavefunction. The time-dependent dipole moment of this interference is responsible

for the HHG emission and can be obtained analytically by the following integral:

(p|x(t) [(r, 1)) z'/ooo dr /000 &cp. E(t —7)d(p — A(t —7) x e#3(Pe,ts)) d*(p. — A(t)) + c.c

~ 2/ Qion(t, T) Aprop(t, T, Pe) Qrecom (T, P.)dT + c.c
0

(2.13)

Here 7 is the excursion time, A(t) = — fjoo E(t) dt is the vector potential of the laser

field, p. = p + A(t) is the canonical momentum, d is the atomic dipole matrix element
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between the bound state and the continuum state and .S is the semiclassical action of the
freed electron. The above expression shows that the dipole moment can be expanded as
a product of three factors in the integrand a;on(t, 7), Gprop(t, 7) and @yecom(t, 7) recovering
the three steps in Corkum’s model; tunnel ionization, propagation and recombination
respectively. The spectrum of the emitted high harmonics can be obtained by a Fourier

transform of the second derivative of the dipole:

I(w) ‘/ & <p|$(;22|¢(r’t)>ewtdt . (2.14)

2.1.4.2 HHG in orthogonally polarized fields

2.1.4.2.1 Elliptically polarized field

Consider the harmonic generation process in elliptically polarized field given by:

B(t) = %(COS(M)% 4 esin(wt)e,) (2.15)

where e, and e, are the unit vectors perpendicular to the laser field propagation and e
is the ellipticity defined as the ratio of the electric field components. According to the
semiclassical model, a laser field with a non-zero ellipticity e causes a lateral displacement
Ay to the returning electrons. This displacement can be compensated if the returning
electrons are launched with a transverse momentum p; (a quantum-mechanical feature)

equal to:

pi(t;) = Ay/(t, —t;) . (2.16)
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Only these electrons can contribute to the HHG emission. The dependence of the nor-
malized harmonic yield on the driving field can, therefore, be simplified in the following

form:

Ixpv(e) The probabilty that the electron tunnels with p; : w(p,)

Ixuyv(e =0)  The probabilty that the electron tunnels with p, = 0: w(p, = 0)
(2.17)

The Gaussian dependence of the ionization probability on p, given in eq. 2.6 explains
qualitatively the observed Gaussian dependence of high-order-harmonic yield on ellipticity
€ [16]. It also shows that this dependence is different for short and long electron trajectories.
To obtain a better quantitative expression for the modulation of the measured yield of
harmonics with ellipticity in simple systems, Strelkov [17] treated the electron trajectory
classically along the major axis of the ellipse whereas the perpendicular motion of the
wave packet was treated quantum mechanically. Consequently, an analytic form of the
ellipticity width Ae, defined as, the ellipticity value at which the harmonic yield drops to

50% compared to the value at linear polarization, was derived to be:

w

Ae =
2\/\ /21,Ecos(wt;)

(2.18)

It is possible to approach this problem with a full quantum mechanical treatment based
on numerical solution of the time-dependent Schrodinger equation (TDSE). However, an
alternative and simpler method using quantum-orbit analysis [18] can provide results with
comparable accuracy and more physical insight into the process. Unlike the classical tra-

jectories, the quantum orbits are trajectories that evolve in complex time with complex
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parameters including; canonical momenta, velocities, and displacements. These complex
trajectories can be found by obtaining the stationary points of the action S. The depen-

dence of the harmonic yield Y on ellipticity following this approach is given by

Y (e) ~ exp[2Im(S(e€))] . (2.19)

2.1.4.2.2 Two-colour field

When a second harmonic Es,cos(2wt +P)e,, where @ is a constant phase, is added orthog-
onally to the fundamental driving field E,cos(wt)e, to generate high-order harmonics, the
mirror symmetry of the field in the two successive half-cycles of the main field is broken,
thus even order harmonics can be generated. Controlling the relative phase @ between
the perpendicularly polarized bichromatic fields has been demonstrated, for example, to
enhance the HHG efficiency, generate shorter attosecond pulses [19] and to select trajec-
tory type (short/long) [20]. The presence of even harmonics in two-colour HHG was also
shown to provide an extra observable to probe the symmetry of the atomic wavefunction

in neon[21].

2.1.4.3 Propagation effects

High harmonic generation suffers from low conversion efficiency. For example, efficiency
rates as low as 107° have been reported at 800 nm light [22]. This inefficiency can be
attributed partly to the weak atomic response. Moreover, since the recorded HHG spectra
are composed of the coherent sum of radiation generated by all atoms in the medium in the
forward direction, the conversion efficiency also depends on the propagation of the HHG
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emission. This propagation of the harmonic field is mainly governed by phase matching

and reabsorption.

2.1.4.3.1 Phase matching

In any nonlinear optics process, phase matching of the generated harmonic and the funda-
mental laser is required to obtain a considerable amount of the output signal. To achieve
perfect phase matching, the phase mismatch Ak, defined as the difference between the
wave vectors of the fundamental driving laser ko and the q* order harmonic k,, must

vanish:

Ak = qko — kg (2.20)

In this case, the intensity of the generated radiation rises quadratically with propagation
distance. If the above phase matching condition is not satisfied, then the harmonic signal

oscillates sinusoidally over a propagation distance, known as the coherence length, L., =

) Ak.

Several sources contribute to the phase mismatch Ak in a medium:

1. Trajectory-type dependent phase: For a single emitter, the phase of a single
harmonic has two components. The first component depends on the laser phase at
the time of recombination whereas the second represents the phase accumulated by
the electron wavefunction during the propagation in the continuum. Thus, the total

microscopic phase can be written as:

kmicroscopic = wt, — S(tm tr)/h . (221)
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where t; and ¢, are the ionization and recombination times respectively and S is the
quasi-classical action. Since both parts depend on time, a given harmonic order can
have different phases depending on whether the type of the associated trajectory is
short or long. The fact that the microscopic phase depends on the action implies that
it is intensity-dependent. Long trajectories are more sensitive to this dependence.
Due to the radial variation of the laser intensity, the phase fronts for harmonics
corresponding to long trajectories are significantly curved. As a consequence, long
trajectories lead to the emission of more divergent harmonics compared to short

trajectories [23].

. Target dispersion: The speed of the light inside a medium is determined by its
refractive index. In general, this parameter is frequency-dependent and thus the laser
and each harmonic travel at different speeds. This variation causes the harmonics
generated at different points in space to be out of phase with each other. There are
two main sources of dispersion in the interaction medium, neutral atoms and free
electrons formed by the HHG process. Ion-produced dispersion is relatively small
and usually neglected. The dispersion caused by the gaseous medium as a function

of wavelength A can, therefore, be expressed as [24]:

n()\) = natom(A) + ne(A)
(2.22)

= 14+ (1 —=n)Ps\) — nPNatomTe)\Q/Zﬂ ,

where 7 is the ionization fraction, P is the pressure in atmospheres, §(\) is the gas

dispersion function, N, and r. are the molecular number density at 1 atm and the
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classical electron radius respectively. The nonlinear refractive index is not included
in the above expression since it plays a negligible role at laser intensities used in
typical HHG experiments [24]. The total phase mismatching caused by a dispersive
medium is:

27(1 —n)P

Akmeduim = - \
q

[0(Ao) — 6(Ag)] + NP Natomre(qho — Ag) (2.23)

where \g and )\, are the wavelengths of the fundamental field and the ¢'* harmonic

respectively.

3. Gouy phase mismatch: All focused Gaussian beams experience a phase variation
of m across the focal region. This change in the phase of the electric field is known
as Gouy phase shift. This source of phase mismatching can be eliminated by placing

the focus after or before the region with the highest gas densities.

Since the gas medium is isotropic, traditional phase matching techniques, (often used for
low-order harmonic generation such as second harmonic generation), can not be applied.
However, considerable phase matching can be achieved through minimizing the phase mis-
match Ak by balancing various contributing terms. In all experimental conditions reported
in this thesis, short trajectories were preferentially phase matched. In practice this can
be confirmed by observing, for example, that i) the harmonics are spectrally narrow and
spatially collimated and ii) the harmonic yield depends on laser ellipticity as predicted for

short trajectories.
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2.1.4.3.2 Reabsorption

In addition to coherence length L., generating medium length L,,.q and absorption length
Lays are two other length parameters which control the efficiency of high harmonics. The
latter is defined as the length over which the intensity of the harmonic radiation decreases
by a factor of exp(0.5) due to absorption by the generation medium. This length is ex-
pressed as Lgs = 1/(op), where o and p are the photoionization cross section and gas
density in the interaction region, respectively. From a simplified 1D model developed by

Constant et al. [25], the following results were reported:

1. For Lgs — o0, no re-absorption, the signal grows quadratically as a function of L,eq.

2. In the presence of absorption, the yield saturates once L,,.q is longer than Ly, by a

few times even at infinite coherence length L.,,.

3. The optimal efficiency can be found for L., > 5Lgps and Lyeq > 3Lgps-

In general, higher atomic density and longer medium length do not always result in an
increase of harmonic emission. The management of the interplay between the three length

parameters is important for achieving large conversion efficiencies.

For comparative measurements of harmonic emissions from different atomic (molecular)
sources, it is important that they are performed at the same pressures and away from
pressure saturation. Also the results need not be sensitive to pressure variations in order

to be attributed to single atomic (molecular) responses.
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2.2 Molecules in a strong laser field

Molecules are more complex systems than atoms, with lower ionization potentials, a higher
density of quantum states and more degrees of freedom. The extension of strong laser field
physics from atoms to molecules is, therefore, difficult and leads to richer structural and
dynamical information. To understand the main aspects of such an extension, a brief
background is first presented on the basic characteristics of molecular orbitals and how
they can be constructed from atomic orbitals, followed by an overview of some high-field

phenomena in molecules.

©® e -

(a) (b)

Figure 2.4: Formation of molecular orbitals in diatomic molecules from linear combinations of
(a) s and (b) p, atomic orbitals. The capital letters A and B denote atomic nuclei. Different
phases of the electron wavefunction are represented by different colours.

2.2.1 Molecular orbitals

As a first approximation, molecular orbitals can be constructed by a linear combina-

tion of atomic orbitals (LCAO). As with most quantum chemical approaches, the Born-
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Oppenheimer approximation is inherently assumed, where nuclei are considered to be
frozen. As an example of the LCAO method, consider two s orbitals for two separate
Hydrogen atoms, A and B. When the separating distance R between the two atoms is
sufficiently short, a diatomic molecule (Hs) is formed. In this case, the resulting electronic

wavefunction is simply a quantum superposition of the two s-atomic wavefunctions:

U(r) = Cap(r — R/2) £ CppP(r + R/2) (2.24)

where 94 and g are the two atomic wavefunctions and Cy and Cg are amplitude coef-
ficients. The two possible molecular orbitals are shown in Fig. 2.4a. The wavefunction
constructed from the sum of the two atomic wavefunctions is called o. This orbital is bond-
ing because it has a nonzero electron probability between the two nuclei. On the other
hand, destructive interference of the two atomic wavefunctions results in an anti-bonding
orbital ¢*. Both molecular orbitals are depicted in Fig. 2.4a. The opposite signs of the
wavefunction phases are indicated by dark and light colouring of the lobes. Since each
orbital can accommodate two electrons, the o orbital is considered the highest occupied
molecular orbital (HOMO) in Hs. In terms of energy, the HOMO has a lower energy than

that of the original two atomic orbitals; hence the molecule is stable.

Similarly, if we superimpose two p, atomic orbitals, 7 and 7* molecular orbitals are
formed (Fig. 2.4b). In contrast to m-type orbitals, o-type orbitals are symmetric with
respect to rotation around the internuclear axis. In some orbitals shown in Fig. 2.4, there
are regions with zero electron density between the nuclei known as nodal planes and created

due to cancellation of the two wave functions.
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More advanced and complex approaches are generally adopted to treat quantum-chemistry
problems. Based on these methods, a software package such as GAMESS [26] can be
employed to perform ab initio calculations of molecular orbitals at a satisfactory level.
However, the LCAO method remains a powerful pictorial tool to capture the main char-
acteristics of the electronic structure of a molecule. This basic treatment provides the
following general features of the electronic structures in molecules compared to atoms: 1)
stable molecules have a lower ionization potential , 2) the energy spacing between molecular

orbitals is lower, and 3) molecular orbitals have generally a complex symmetry.

2.2.2 Molecular alignment

In contrast to atoms, molecular systems have a rotational degree of freedom that can
interact with an external field. When the duration of a strong, non-resonant and non-
ionizing laser pulse is significantly shorter than the rotational period of a molecule, then the
molecule cannot align adiabatically with respect to the polarization direction of the field.
Instead, many rotational states of the molecule can be excited, thus forming a rotational
wave packet. After the interaction with the laser pulse, the different components of this
wave packet remain constant but the phases evolve over time. Therefore, the molecule
periodically aligns (anti-aligns) along (perpendicular to) the polarization direction of the

2

laser pulse at characteristic times. An intensity on the order of 10'® W/cm? is typically

employed to considerably align a molecular gas with a rotational temperature of 100s of

Kelvin.

Many strong laser field processes in molecules are sensitive to molecular orientation
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with respect to laser field. Developing field-free alignment techniques has allowed for the
observation of these process in a molecular frame and has enabled HHG, for example, to
image molecular orbitals in Ny and probe hole dynamics in CO,. Although extending
this technique to complex molecules is difficult, the work presented in this thesis and
other similar studies show that HHG is capable of deciphering structural and dynamical

information from complex molecular systems even in a randomly-oriented sample.

2.2.3 Molecular ionization

Tunnel ionization has an exponential dependence on the ionization potential of the target.
Therefore electrons generally escape only from the orbital with the lowest nuclear binding
energy in an atom. However, since molecular orbitals are energetically closely spaced,
ionization from several lower lying orbitals besides the HOMO can be significant. In fact,
there is experimental and theoretical evidence, including parts of this thesis, that the SFI

contribution from HOMO, compared to lower-lying orbitals, could be less significant over

Figure 2.5: The highest occupied molecular orbital (HOMO) in Os. b) Measured (red solid
line) and calculated (green dotted line) angular ionization signal from the HOMO in O3. From
[27]
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all orientations or along certain directions.

In general, molecular orbitals display complex symmetries with multiple nodal planes.
Therefore, an appropriate method for calculating the orientational ionization rates from
molecules must be used. The ADK model was extended further to model the ionization
rates from molecules and is now known as the MO-ADK theory [28]. As an example of
applying this method, the HOMO in O, has two perpendicular nodal planes as shown
in Fig. 2.5a. MO-ADK-based calculations predict that ionization peaks when the laser
polarization makes an angle of 40° with respect to the molecular axis. On the other
hand, very little yield is expected at 0 and 90° where the two nodal planes are oriented.
This prediction is in a good agreement with the measured angular ionization dependence
[27] shown in Fig. 2.5b. A part of this thesis (chapter 6) shows that the orientational
dependence of ionization rates from some polyatomic molecules cannot follow a description

based on MO-ADK theory.

The single active electron approximation (SAE) is a central approximation for the
description of strong field processes. In principle, and to a high extent, SAE represents
an exact solution for systems with an electron occupying an orbital outside a closed shell
[29]. In other types of systems, the probability that multiple active electrons (MAE) could
interact simultaneously with a strong laser field is relatively higher. Including this fact
is still challenging. However, the possibility of such excitations can be neglected. This
is supported by the fact that theoretical SAE-based approaches can explain many strong
laser field experiments in a variety of molecular systems, particularly those of sizes similar

to (or smaller than) the sizes of molecules investigated in this thesis.
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Although the Keldysh parameter is a fair approximate guideline for atoms, applying
this concept to molecules is questionable. The major shortcoming of this indicator is that
ionization potential is the only molecular parameter that is accounted for. To have a
better prediction of the transition between ionization regimes, DeWitt et al.[30] proposed

a modified parameter in which electronic orbital shape and size are incorporated.

2.2.4 Molecular dissociation

In addition to electronic excitation and ionization, an intense laser field can excite the
nuclear degrees of freedom in molecules. As a result, the excited molecule could decay into

smaller products, for example:

Hy, +nhwv —— H" +H+e

An extreme fragmentation process is called Coulomb explosion where the strong field
removes the electrons from Hy for example, and leaves behind two protons, which repel
each other:

H, + niyv ——— HJ + nhv ——— HT + H" +e

Avoiding extensive fragmentation is necessary for better phase matched harmonics which
are produced from the parent molecule and not from the dissociation products [31]. This

can be achieved by exploiting sufficiently short pulses and quite low laser intensities.
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2.2.5 Electron recombination to a molecular ion

During the recombination step, the incoming wavefunction could be influenced by different

aspects of molecular structure and dynamics including:

1. Coulomb potential: In molecules, the structure of the Coulomb potential could
distort the initial shape of the continuum wavefunction and perturb the incoming
wavefunction during the recombination step. Both cases question the validity of
applying the SFA approximation to some molecular systems since it inherently treats

the ionizing electron quantum state as a plane wave.

2. Multi-centre effect: Molecular orbitals usually have a multi-centre structure that is
related to the positions of the atoms that make up the molecule. Due to the fact that
this structure is on the scale of the de Broglie wavelength of the recolliding electron,
interference effects could occur during the third step of the HHG process [32]. For
example, for the HOMO of Hy described in equation 2.24, the incoming wavefunction
sees two probable centres for recombination. To analyse this effect, we assume that
the molecular potential has a short range. In this case and following Lein et al.[32],
we can treat the recombination step for each nucleus separately. Consequently, the

Fourier transform of the dipole acceleration can be written as:

A(w) = A1 (w) + Az(w) . (2.25)

Here A;(w) and Az(w) are the Fourier transform of the integrated HHG dipole
acceleration of the two nuclei. The regions of integration are chosen to be small and
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centred at each nuclei. For simplicity, the incoming wavefunction can be represented
as a plane wave given by:

wel — eik.r—iEk/ht ) (226)

Consequently A (w) becomes proportional to:

A(w) oc e 4 gikrz (2.27)

The two contributions to the recombination amplitude can interfere destructively or

constructively depending on their phase difference:

AD = k.Ar =27/ gpRcost . (2.28)

Here 6 is the angle between the laser polarization vector and the internuclear axis.

We can write the interference condition as:

n\iB constructive

Rcost = (2.29)
(n+1/2)\ap destructive |

where n is an integer. For an anti-bonding (asymmetric) orbital, the condition is

reversed.

. Hole dynamics: Since molecular ionization can result from multiple channels, the
state of hole left behind during the propagation step can be considered as a super-

position of the ionizing channels [33]. Probing hole dynamics is a powerful HHG
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spectroscopic tool that provides attosecond time-resolved measurement. Assuming
that there are two active ionization channels A and B, the time evolution of the hole

can be written as:

¢H(t) = OzAle + aBei(A¢+AIpt)@/)B s (230)

where A is an initial phase difference between the two channels and a4 and ap are
the ionization rates of channels A and B respectively. When these two weighting co-
efficients are comparable, there is a certain moment where the two channels interfere
destructively. If this time corresponds to the returning time for a specific harmonic,
then a dip in the harmonic spectra is usually observed. This correspondence makes
the observed spectral modulation sensitive to laser parameters that affect the excur-

sion time of the electron.

For two-colour HHG, it was shown that the dynamical interference in COs is associ-
ated with a special signature in the maximum harmonic signal as a function of the
phase between the two colours @ [34]. At around the spectral minimum, this phase
was observed to be shifted by ~ 7/2 as indicated by the white curve in Fig. 2.6.
This phase jump can be understood from the following theoretical analysis [34]. In
the presence of two active channels, labelled ¢ = 1,2, the intensity of the N*"-order
harmonic Sy in the absence of the second colour can be written as the coherent sum

of the harmonic intensity associated with each channel S](\?:

Sy = SW + 59 +24/50V5Pcos(Apy) (2.31)
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Figure 2.6: Normalized high-harmonic spectra (colour scale) from CO2 molecules aligned paral-
lel to laser polarization as a function of the delay between 800 nm laser beam (40 fs and 1.3x10'*
W /cm?) and its second harmonic. The maximum signal is indicated by the white curve. From
[34].

where Apy is the relative phase between the two channels mentioned earlier. In
two-colour HHG, the signal corresponding to each channel varies with the relative

phase between the two colours @ as:

SV (@) = SV GV (@) . (2.32)

Here G%) (@) is called the two-colour gate and describes the modulation of the har-
monic amplitude as a function of @. The values of Gg\i,) (@) are very close to each other

for channels with comparable ionization potentials. As a result, the total signal in
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equation 2.31 can be linearized as follows:

- AGN (D) ASy

Sn(P) =~ GX(P) Sy (1 + G (@) Sn ) (2.33)

where Gy = (Gg\lf) + GS\%))/Z ,AGy = GS\}) + GE\?) denotes the differential gate and
ASy = S](\}) — S](\?). In general, the differential gate has no noticeable effect on
the total signal 5'](\2,)(@) since AGy < Gy and ASy <« Sy. However, when a
destructive interference occurs between the two channels, the second term in equation

2.33 dominates where:

S](\P R~ S](\?) and cos(Apy) = —1

= AS/S = (VSO —VS?) (VSO +VS?)/(VSD - VSD)? (2.34)

= (VSO +VS®)/(VSH —VS?) > 1

Consequently, the differential gate AGy(®) controls the response of 31(\? (@) to the
variation of the relative phase between the two colours. Compared to the single
channel gate Gn(®), the differential gate AGy(®) is shifted by ~ 7/2. This explains
the observed abrupt change of phase @ corresponding to the maximum harmonic

signal in Fig. 2.6.

The above description of hole dynamics is for free evolution. Another interesting
aspect of hole dynamics occurs when the hole interacts with the strong laser field.

This effect was utilized recently by our group to probe chirality in molecules [35].

4. Nuclear motion: When the electron exits the tunnelling barrier, the ground vi-
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Figure 2.7: The evolution of the vibrational wavepacket during the recombination step in H;
From [3]

brational state of the molecule is not an eigenstate of the cation but instead is a
superposition of cation vibrational eigenstates. This vibrational state evolves dur-
ing the time of recombination which is on a femtosecond scale and its effects can
be appreciated more for light nuclei as in Hy (Fig. 2.7). For example, Lein [36]
showed that the harmonic ratio of Ds/H, generally increases as the harmonic order
increases. This can be understood given that the higher the harmonic order, the
longer the time the vibrational state takes to evolve to different states. However,
for a full account of this isotopic effect, one needs to consider other factors like the

differences in ionization probability and system dimensionality [37].

Molecular high-order harmonic generation particularly in poly-atomic molecules is a

complex process and involves the interplay of several effects. However, HHG spectroscopy
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of such systems can lead to a wealth of molecular and electronic information especially
with the availability of high energy mid-infrared light sources in the 1.4-2 ym wavelength
region. Longer wavelength of the laser field is desirable to generate HHG in molecules
having a low ionization potential in the 8-11 eV range as it (a) ensures adiabatic ionization
(b) extends the cutoff harmonic to capture signatures of electronic structure and dynamics
[38, 39], (c) increases sensitivity to laser ellipticity, and (d) favors better phase matching

at higher gas densities [40].
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Chapter 3

Experimental Setup

This chapter contains the details of the experimental set up and methods. It includes a
description of the femtosecond laser system and the apparatus used to produce and detect

ions and high-order harmonics.

3.1 Femtosecond laser system

Photoionization experiments reported in this thesis were performed with a commercial
amplified Ti:sapphire laser system at the University of Ottawa. This system starts with a
femtosecond oscillator (Tsunami, Spectra-Physics, Santa Clara (USA)) pumped by a 5 W
Nd:YVO4 diode solid-state laser (Millenia,Spectra-Physics, 532 nm). The pulses generated
by the oscillator have a pulse duration of less than 30 fs with a pulse energy of 8 nJ at
800 nm. The repetition rate of the system is 76 MHz, determined by the length of the

laser cavity. The energy of these pulses are amplified by sending them into a regenerative
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amplifier (Spitfirepro, Spectra-Physics). Before amplification, the pulses are i) stretched
temporally using a grating-based stretcher to prevent damage to the Ti:sapphire crystal
and ii) selected by a Pockels cell to lower the repetition rate to 1 kHz. After being amplified
by passing through a Ti:sapphire crystal several times, the pulses are 1) ejected by a second
pockels cell and ii) compressed at the exit by a grating compressor. The amplified beam has
an output power of 2.5 W at a pulse duration of 45 fs measured before passing through any
additional optics by a home-built single shot autocorrelator.In these experiments, the pulse
energy was controlled by a zero order half-wave plate along with a thin film polarizer. The
ellipticity of the laser was adjusted using a zero order quarter wave-plate. These dispersive

optics plus the entrance window (fused silica) stretched the pulse duration up to 49 fs.

HHG experiments were conducted at the Advanced Laser Light Source (ALLS) facility
in Varennes, Quebec, with mid-infrared pulses. These pulses are first produced by an
optical parametric amplifier (OPA) pumped by a Ti:Sapphire laser generating 45 fs pulses
with an energy of 4.5 mJ and operating at a wavelength of 800 nm and a repetition rate
of 100 Hz. The two longer IR wavelengths (signal and idler) are generated in the OPA
system through the process of difference frequency generation The output beam (either
the signal or idler) is spatially filtered and then amplified by passing through a large BBO
crystal pumped by high-energy 800 nm light [41]. The pulse duration of the final output
was optimized and measured after passing through all optics in the beam path except for
the focusing and the entrance window of the HHG chamber. Both elements are made of
calcium fluoride (CaFs) which has a very low group velocity dispersion compared to other

materials in the wavelength range of interest. The pulse duration was found to be in the
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Figure 3.1: Schematic of the time-of-flight mass spectrometer.

range 50-70 fs and was measured by frequency resolved optical gating (FROG) technique.

3.2 Time of flight apparatus

Molecular ionization and ion fragmentation were examined using ultra vacuum chamber
equipped with a time of flight (TOF) spectrometer of Wiley-McClaren type [42] as sketched
in Fig. 3.1. The primary functions of the TOF system are to: i) extract ions from the
interaction region, ii) separate them according to mass to charge ratio m/q, and finally iii)
measure their number. The molecular gas was introduced into the system relying on vapor
pressure at room temperature. During experiments, the pressure in the TOF chamber was
kept at ~ 1077 torr whereas the base pressure of the vacuum system was ~ 10~ torr. Ions
were created by focusing the laser beam by a spherical mirror into the center of two plates
(the repeller and extractor electrodes). The mirror was mounted on a three dimensional

translation manipulator to control the focus.
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Two different voltages were applied to the repeller and extractor respectively in order
to accelerate the produced ions and were tuned to ensure better mass resolution. Then the
ions were sent through a field-free drift tube after passing through a 1 mm x 9 mm slit
in the middle of the extractor plate. The ions reach a microchannel plate (MCP) detector
in different times determined by m/q ratio. The MCP is biased to postaccelerate the
incoming ions and then send a voltage signal to a time digitizer when an ion impinges on
the detector. The digitizer is connected to a computer which records every ion occurence
in the software and subsequently generates a spectrum defined by the signals of the MCP

and a trigger from the laser source.

The x-axis of the TOF spectra is defined by the time that the ions hit the detector T'f;gne.
In order to characterize the mass spectra, arrival time T'gn; is required to be converted
into a mass to charge (m/q) ratio. Tyugn: has a quadratic dependence on m/q and this

dependence is determined, in practice, by identifying ion peaks in the mass spectrum with

known m/q such as HoO", OF and N3 .

The intensity of the laser beam was calibrated by measuring the ion yield for atomic
targets such as Ar or Xe. The ion signal is then plotted as a function of laser pulse energy in
a semi-log plot as shown in Fig. 3.2. At higher pulse energies, the atoms are fully ionized
in the most intense part of the beam. The linear part of the ion signal curve reflects
the asymptotic behaviour of the ionization rate resulting from the expansion of the focal
volume as the pulse energy increases. Extrapolating this portion back to the intensity axis
defines the saturation energy Fg., where the pulse ionizes 43% of the target. Comparing

the measurement with ADK-model based calculations gives the saturation intensity lsq:.
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Figure 3.2: A semi-log plot of Xenon yield as a function of pulse energy at 800 nm. The
saturation energy is defined by the extrapolation of the linear portion of the ion signal curve to
ZETO.

3.3 High-harmonic generation apparatus

3.3.1 General description

Harmonics were produced by focusing mid infrared pulses using a 50 cm CaF; lens into gas
target confined in a gas source, which was either a gas cell or pulsed valve. To minimize
the absorption of the XUV radiation outside the focus, the gas source was placed in a
generating chamber kept under high vacuum (~1077 torr). Then the produced radiation
passed into a detection chamber where it was recorded. The energy of the amplified IR
beam was varied from 200 puJ to 2mJ by using a half-wave plate placed in front of a

germanium plate which works as a polariser by reflection. The ellipticity of the incident
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Figure 3.3: (a)Two-colour setup. (b) The time delay introduced between the two pulses by
different setup components.

light was controlled by a combination of an adjustable half-wave plate and a fixed quarter-
wave plate. This arrangement ensured that the main axis of the ellipse is fixed in space.
This is very important since the detection system has some degree of sensitivity to the

polarization state of the incident light.

3.3.2 Two-color setup

In chapter 7, HHG with orthogonal two-colour field was used in order to explore multi-
orbital dynamics in 1,4 cyclohexadiene. The two-colour setup is sketched in Fig. 3.3a.
This process consists of three steps i) generating a second harmonic to be added to the

main field. ii) compensating the time delay and iii) controlling the phase between the two
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colours.

3.3.2.1 Second harmonic generation SHG

The first part in this setup is the doubling of the fundamental frequency using a nonlinear
medium. In addition to its other unique features, S-Barium Borate (BBO) crystal was
chosen to serve as a generating medium due to its high nonlinear susceptibility, hence
better SHG efficiency. BBO is a negative uniaxial crystal, with (n, > n.) where n, and n.
are the ordinary and extraordinary refractive-indices respectively. We used a fundamental

wavelength of A ~1750 nm and applied type I phase matching where:

w(o) +w(o) =2w(e) . (3.1)

In this case, the condition for phase-matching the two fields inside the crystal becomes:

No(w) = ne(2w,0) . (3.2)

Here 0 is the angle between the the optic axis of the crystal and the wavevector of the
incoming pulse. Since the extraordinary refractive-index depends on 6, this angle can be
tuned to satisfy the above condition. Our crystal was pre-cut at the phase-matching angle

of 20°.

The thickness of the crystal (L) is a critical parameter. Higher L. means higher SHG
efficiency. However, it also leads to undesirable consequences such as longer second har-

monic pulse. In our application, we required a lower power of the second harmonic (a
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maximum conversion efficiency of ~10% ), so a thin crystal with a width of 200 pym was

chosen. In this case, the disadvantages associated with thicker crystals have less impact.

3.3.2.2 Delay control

The two pulses (w, 2w) travel at different group velocities due to dispersion leading to time
delay between the two pulses. Two-colour HHG requires that both fields overlap spatially
and temporally at the target. Since both colours propagate collinearly, the spatial overlap
is already satisfied. However, this makes the achievement of temporal overlap not possible
in an interferometric setup by making the faster (slower) pulse travel longer (shorter) along
separate paths. Alternatively, a birefringent crystal can be used to compensate for time
delay by sending the faster (slower) pulse along the slower (faster) axis of the crystal.
Before reaching the harmonic generating targets, the accumulated time delay between the

two pulses is given by:

Tdelay = Zl dZ(/Ug(]éCL)) - Ug(1W)) . (33)

The different optical components lead to Tpeay ~ 100 fs (Fig. 3.3b). To compensate
this delay, we used a quartz crystal with a total thickness of 4 mm. In practice, tilting
the quartz plate was used for tuning the time overlapping between the two pulses. This
was verified by using a second BBO crystal to perform third harmonic generation by sum
frequency generation of w and 2w. To minimize any interference of the dispersion of the

second BBO on the optimization process, we selected the second crystal to be thin (200
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pum) and employ the following scheme for phase matching:

w(o) +2w(e) = 3w(e) . (3.4)

which introduces less time delay compared to the other possible scheme defined by:

w(e) + 2w(o) = 3w(e) . (3.5)

3.3.2.3 Phase control

The optical path difference between the two colours was controlled with subcycle precision
by rotating two 1 mm thick fused silica plates. The advantage of using two plates with the
same thickness instead of one plate is that they can be rotated in opposite directions with

the same angle, hence the beam path is not deflected during phase change.

3.3.3 Source chamber

The extreme-ultraviolet (XUV) radiation produced by the HHG process is strongly ab-
sorbed by almost all materials. It, therefore, requires a relatively high gas density near
the focus for generation and high vacuum outside the focus for propagation. Two types of

HHG sources were used for the experiments reported in this thesis:

1. Pulsed valve: gas is emitted from a pulsed gas jet at a repetition rate of 100 Hz.

It has a 500 pm orifice with a typical interaction length of 1 mm. It is mounted on
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Figure 3.4: A schematic description of finite gas cells used in HHG experiments

an XYZ manipulator for better precision alignment with respect to the focused laser

beam. This source was used for experiments described in chapter 6.

. Gas cell: Compared to a pulsed valve, gas in a cell has a static flow with a higher
density and a longer interaction length. As a result, gas cells have better conversion
efficiency. On the other hand, pulsed valves are desirable for applications that require
molecular alignment since the molecules in this source are rotationally cold. Fig. 3.4
shows a schematic description of two versions of gas cells used in experiments for
this thesis. Gas cell #1 was employed for experiments in chapter 7 while gas cell #2

was used in experiments described in chapter 4, 5 and the two-colour experiment in
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chapter 7. Both sources have two concentric cylinders where inner and outer cylinders
have 600 pm inline pinholes to allow for the passage of the focused beam. Similar
to a pulse valve, the positions of the gas cells were controlled by a three-dimensional
manipulator. A 10 cm Teflon tube is employed to transfer gas into the inner cylinder.
The gas pressure in the tube is kept at a few Torr and is measured with a Baratron
gauge. A rough pump (500 L min') was used to pump the outer cylinder. This
differential pumping geometry reduces the flow of gas into the surrounding vacuum
systems where they are placed. In general, both gas cells have similar characteristics.
However, the latter one had a better performance in keeping the source chamber at

a high vacuum.

3.3.4 Detection chamber

After being produced in the generation chamber, the XUV light passes through a 5 cm
differential pumping tube with a 3 mm aperture towards the detection chamber. Then
the harmonics were spectrally dispersed by a flat-field concave grating (1200 lines mm™!)
at grazing incidence onto a microchannel plate (15 mm x 75 mm) detector coupled to a
phosphor screen, where the image was captured by a charge-coupled device camera. The
spectrometer and detection system were designed to capture high harmonics from about 17
eV onwards. Also, since the sensitivity of high harmonic spectroscopy is in general high in
the plateau and cut-off region of the harmonic spectrum we do not record the low photon
energy region. The spectrometer was calibrated by measuring the transmitted spectrum

after an aluminum filter and the position of the Cooper minimum in Argon (appendix A).
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The intensity of the laser beam was calibrated by monitoring the cutoff harmonics from
harmonic emission in Ar and Xe. This calibration was validated by measuring saturation
intensities of gas using a fast ionization gauge similar to that discussed in section 3.2 and

shown in Fig. 3.2.
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Chapter 4

Sensitivity of High-order Harmonic

Generation to Aromaticity

Aromaticity is one of the most important concepts in chemistry and was first introduced
to account for the special stability exhibited by benzene. This stability and other unique
aspects observed in a large class of cyclic organic molecules can be considered to be a man-
ifestation of cyclic electron delocalization. Approaching this concept from a quantitative
perspective is still elusive because electron delocalization is not observable, hence it cannot
be measured directly. This explains the enormous efforts in recent years to quantify aro-
maticity from different standpoints. In order to push this long-standing problem further,

it is necessary to explore it from new dimensions.

In this chapter, HHG efficiency is connected with the aromatic character in organic
cyclic molecules. The chapter begins with a survey of aromaticity and its measures in

the first two sections.Then, it is shown in section 4.3 that aromatic molecules compared to
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Figure 4.1: A basic classification of cyclic organic molecules with respect to aromaticity.

nonaromatic compounds produce higher HHG yield when interacting with (1825 nm, 50 fs)
pulses. Finally, the degree of aromaticity reported by many aromaticity measures is shown
to be reflected in the relative yields of plateau harmonics in a chosen set of exemplary
aromatic systems. Our numerical calculations show that the highest © molecular orbitals
are mainly responsible for the HHG enhancement in aromatic compounds. These results
are significant because the HHG yield is a measurable quantity and is directly related to

electron delocalization, which arises from 7 electrons.

4.1 Aromaticity

With respect to aromaticity, cyclic organic molecules fall into three classes: nonaromatic,

aromatic, and anti-aromatic (Fig. 4.1). Nonaromatic molecules lack continuous conju-
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gation, with no alternation between single and multiple bonds, so their highest orbitals
have o character. On the other hand, the highest occupied orbitals in aromatic and an-
tiaromatic compounds are 7 orbitals. To understand the origin of this classification, two

characteristics of m orbitals need to be recalled:

1. Compared to o orbitals, 7 orbitals are bound less strongly to the nucleus, therefore,

there is only a slight interaction between 7w and ¢ orbitals.

2. In planar cyclic molecules, 7 orbitals have global symmetry, particularly with respect

to the reflection in the plane of the ring.

Given points 1 and 2, Hiickel (1930)[43] realized that 7 orbitals can be treated separately
from o orbitals. As a result, 7 orbitals are the highest energy orbitals in a completely con-
jugated cyclic molecule. In this case, the 7 electrons are not localized in a particular bond,
but are delocalized across the whole system. Both aromatic and antiaromatic compounds
are delocalized systems but the delocalization in the former leads to stability whereas it
results in instability in the latter. The structural stability is determined by the number of
7 electrons in a molecule. For aromatic molecules, there are (2n + 4) 7 electrons whereas
the number of 7 electrons in antiaromatic molecules is equal to 4n where n is an integer.
In Hiickel’s theory, 7 orbitals are obtained by considering them as combinations of all
participating p, orbitals (z is the axis normal to the ring plane) in a conjugated system
[44]:

vi=Y opl (41)
j=1
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Figure 4.2: Hiickel molecular orbitals for benzene and cyclobutadiene.

Eigenvalues corresponding to the energies of the k™ 7 orbital, can be obtained as [44]:

Ep =2a+2Bcos(kn/(n+1)) (4.2)

where both o and [ are negative parameters. For example, in benzene, there are 6 p,
atomic orbitals that superimpose to form a 7 electronic system. The number of 7 electrons
in benzene follows Hiickel’s rule for an aromatic system where (2xn+4=6) with n = 1. All
the six electrons occupy the lowest three resultant molecular orbitals which are below the
non-bonding line (Fig. 4.2), thus benzene is energetically stable. This stability is calculated
to be higher than expected for a hypothetical benzene molecule with three unconjugated
double bonds. On the other hand, cyclobutadiene has (4xn=4) 7 electrons, where n = 1.
These electrons occupy three orbitals, two of which are on the non-bonding line as shown

in Fig. 4.2. As a result, cyclobutadiene is unstable and is considered antiaromatic.

Although the Hiickel treatment presents a useful qualitative picture of aromaticity in
the context of monocyclic organic molecules, it is too approximate to accommodate aro-

matic polyclic molecules and emerging concepts such as ¢ aromaticity, three dimensional
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aromaticity, Mobius aromaticity and all-metal aromaticity. A recent and increasingly ac-
ceptable definition of aromaticity introduced in [45] states: “Aromaticity is a manifestation
of electron delocalization in closed circuits, either in two or in three dimensions. This re-
sults in energy lowering, often quite substantial, and a variety of unusual chemical and

physical properties”.

Most known aromatic molecules, including all those studied in this thesis, can be iden-
tified through the following unique features: (1) they are cyclic and planar, (2) they follow
Hiickels rule for the number of 7 electrons, and (3) each atom in the molecule is sp?

hybridized, which means that the atomic p orbitals have a certain s character.

4.2 Aromaticity measures

While aromaticity is widely used as a qualitative concept in chemistry to understand
the behaviour and structure of cyclic molecules, quantifying the degree of aromaticity of
a molecule is challenging due to the lack of direct evaluation methods [46]. Measures
introduced in the literature to quantify aromaticity are based on energetic, structural,

magnetic and electronic properties, such as:

1. Nucleus independent chemical shift (NICS) [47, 48] is the most widely utilized
computational measure of aromaticity. It calculates the absolute magnetic shielding

at some point near or at the center of the ring. There are several versions of this index
such as NICS(0), NICS(0.5) and NICS(1), where the numerical parameters denote

the position of the point of interest in Angstroms above the center of the ring. The
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more negative the NICS values, the more aromatic the system.

. Ring-current diamagnetic susceptibility (xc): In the presence of an external
uniform magnetic field, the ring can sustain induced diamagnetic current which is
related to cyclic delocalization of the m electrons. This response is quantified by
employing the diamagnetic susceptibility (x¢) measure [49]. An aromatic compound
displays a larger diamagnetic susceptibility compared to a reference model with lo-

calized bonds.

. Harmonic oscillator model of aromaticity (HOMA) [50][51] is the most com-
mon geometric measure of aromaticity which focuses on the tendency of aromatic
molecules to display bond-length equalization. The HOMA value for a system with

n bonds can be expressed as:

HOMA =1 — (a/n) Xn:(Ropt — Rj)? (4.3)

J=1

where « is an empirical constant evaluated to give HOMA=0 for a model nonaromatic
system, and HOMA=1 for a system with each bond length R; is equal to an optimal

value Rop. The higher the HOMA value the more aromatic the molecule.

. Aromatic stabilization energy (ASE): This energy-based measure of aromaticity
relies on the stability of the 7 electron systems [52]. From a historic perceptive, this
stability is the cornerstone of the notion of aromaticity. The ASE is evaluated as
the reaction energy in equations known as homodesmotic schemes. Other energetic

measures, such as the enhanced resonance energies, can be calculated using different
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reaction schemes.

There are also other interesting schemes that link aromaticity to measurable observables
based on molecular response properties, such as electric polarizabilities and hyperpolariz-
abilities and nuclear magnetic shieldings [53]. Different computational and experimental
approaches to measure aromaticity can lead to a different ordering of aromatic molecules
[54, 55]. This disagreement is due to the presence of competing effects beside electron de-
localization that can influence the results of these methods. Moreover, the same measure
could lead to different predictions depending on the computational methods employed. It
is therefore essential to analyze aromaticity from different perspectives and extend it to

newly explored dimensions for a better understanding of this subject.

4.3 Relative enhancement of HHG in aromatic molecules

Here we address the question: what is the influence of cyclic electron delocalization on
HHG?. Using short pulses and longer driving wavelengths, we produce and compare high
harmonics in aromatic and nonaromatic molecules that have the same ring size and a
similar atomic structure. We limited our comparative study to molecules sharing the same
ring size in order to minimize any geometrical effects. Also most measures of aromaticity
are affected by the molecular size making it difficult to compare molecules with different
ring sizes [56]. In both six- and five-membered ring molecules we show that the HHG
yield in aromatic molecules is up to an order of magnitude higher than in non-aromatic

molecules.
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Figure 4.3: HHG spectra for (a)benzene (black), cyclohexene (blue) and cyclohexane (red)
obtained using 1825 nm light at an intensity of 6.5 x 10® W/cm?. (b) For furan (black) and
2,3-dihydrofuran (red) obtained using 1825 nm light at an intensity of 4.5 x 1013 W /em?. (c), (d)
cyclohexene-to-benzene signal and 2,3-dihydrofuran-to-furan signal at three different intensities;
4.5 (blue circle), 6.5 (red diamond) and 8.6 (black square) in units of 10 W /cm?.

Benzene is emblematic of an aromatic system and is ranked as the most aromatic
molecule according to most measures. For example, the HOMA value of benzene is unity
which indicates that all bonds are equal in length. So, we compare the harmonic yields of
benzene (C¢Hg) with nonaromatic molecules cyclohexene (CgHjg) and cyclohexane (CgHz)
that belong to the same family of six-membered rings, as shown in Fig. 4.3(a). All three
molecules have approximately similar ionization potentials (9.25 eV, 8.94 eV and 10.32
eV, respectively [57]) and the harmonics are produced at 1825 nm and an intensity of
6.5x10'® W/cm? and identical pressures in the gas cell. The harmonic signal from benzene
is greater by a factor of 8 and 20 compared to cyclohexene and cyclohexane, respectively.
Fig. 4.3(c) shows the ratio of harmonic signal from benzene to that of cyclohexene as a
function of harmonic energy for 3 different intensities. Although the ratios are different

in magnitude, their dependence on harmonic order is similar, indicating that significant
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Figure 4.4: Top row: Half-cycle ionization probabilities for the lowest eight cation states of
benzene, cyclohexene and cyclohexane at an intensity of 6.5x10' W /cm?2. (Note: A small shift
of 0.1 eV was added to one component of the degenerate states in benzene and cyclohexane to help
make these states distinguishable in the plots.) Bottom row: Half-cycle ionization probabilities
for the lowest few cation states of furan and 2,3-dihydrofuran at an intensity of 4.5x 10" W /cm?.
Probabilities were calculated for a laser wavelength of 1825 nm.

differences are present between aromatic and nonaromatic molecules over a large range of
laser intensities. While the ratio for lower order harmonics varies with intensity, it is nearly
independent for plateau and cut-off harmonics. Previous studies on HHG in benzene and
cyclohexane [31] using a 800 nm driving field with 70 fs and 240 fs pulses only produced
lower order harmonics with the harmonic yield of benzene higher by a factor of 2-4 than

that of cyclohexane.

To ensure that higher high-harmonic yields in aromatic molecules are universal, we
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studied HHG in five-membered ring molecules. Fig. 4.3(b) shows the harmonic spectrum
for aromatic furan (C4H4O) and nonaromatic 2,3-dihydrofuran (C4H50) at 1825 nm and
an intensity of 4.5x10'® W/cm?. These two molecules have ionization potentials of 8.88
eV and 8.55 eV respectively [58]. Fig. 4.3(d) shows their ratio for different intensities.
The harmonic signal in furan is up to an order of magnitude higher than its nonaromatic
counterpart and the ratio is nearly independent of laser intensity over the entire harmonic

range except for the lowest intensity where the ratio decreases for high energy photons.

To further understand the origin of the HHG yield enhancement in aromatic molecules,
we performed time-dependent numerical calculations of the SF1 yields from different molec-
ular orbitals. We calculated the half-cycle SFI, which reflects the sub-cycle SFI yields that
are relevant to the first step of the sub-cycle HHG process. Computations are carried out
using the time-dependent resolution-in-ionic-states (TD-RIS) method outlined in Ref. [59].
The top row of Fig. 4.4 shows the half-cycle SFI probabilities for ionization to the lowest
cationic states of benzene, cyclohexene and cyclohexane. The highest occupied molecular
orbital (HOMO) of benzene is a 7 orbital and is doubly degenerate. The first two channels
in benzene corresponding to HOMO ionize significantly compared to other channels and
contribute coherently to HHG. In cyclohexene and cyclohexane, ionization is lower than in

benzene and occurs from multiple orbitals.

From our calculations, the total ionization yield (summation over the yield for all the
cationic channels of each molecule) of benzene is ~2 and ~3.5 times larger than the total
yields of cyclohexene and cyclohexane, respectively. This is in agreement with previous

observation of saturation intensities (a measure of the ionization efficiency) for benzene
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and cyclohexene [60]. Also, the relative photoionization cross section for cyclohexane was
found to be 15% of benzene at 780 nm [61]. The observed differences in numerical ionization
yields will translate to an even higher difference in the HHG signal when the recombination
step and dynamical interferences from multiple orbitals in cyclohexene and cyclohexane
are taken into account [33]. This suppression effect in the case of multiple active HHG
channels will be common to HHG in all complex molecules involving closely spaced multiple

orbitals.

The bottom two panels in Fig. 4.4 show the ionization probability in the five-membered
ring molecules furan and 2,3-dihydrofuran. Differences in ionization exist but are not as
profound as in six-membered ring molecules. The total ionization probabilities for the two
species are essentially equal. In furan, HOMO-1 contributes by about 20% to the total
ionization whereas in 2,3-dihydrofuran no orbital other than the HOMO contributes to
ionization. However, the fact that experimental harmonic yields in furan are a factor of 4-
10 higher than 2,3-dihydrofuran over a range of harmonics suggests that, on a quantitative

level, the recombination step plays a significant role in the observed harmonic yields.

4.4 HHG as a measure of aromaticity

We now focus on the differences in the HHG yield among aromatic molecules to see how
they could be connected to the degree of aromaticity. To minimize the influence of other
factors, we compare the HHG in furan (C4H40), pyrrole (C4H4NH) and thiophene (C4H4S).
These three molecules are considered to be the archetype of five-membered heteroaromatic
compounds and they all share similar geometric, atomic and electronic structures. They
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Figure 4.5: Experimental binding energies for 7 molecular orbitals of pyrrole (left), thiophene
(middle) and furan (right) [62]. The Dyson orbitals corresponding to the two highest ionization
channels are also shown.

have comparable ionization potentials of 8.88, 8.20 and 8.86 eV [58], respectively. There
are six m-electrons in these aromatic molecules, one from each carbon atom and two from
the unshared pair on the heteroatom. The first two occupied 7 orbitals (75 and ma)
represent HOMO and HOMO-1 (Fig. 4.5). These orbitals have the same general shape
in all three molecules but differ slightly in their localization properties. The lowest lying
7 orbital represents HOMO-4 in pyrrole, HOMO-3 in thiophene, while it is HOMO-6 in
furan. According to most descriptors of aromaticity, furan is least aromatic among the
three molecules. However, between thiophene and pyrrole there is no consensus on which
of these molecules is more aromatic. ASE and x¢ [55] measures consider pyrrole to be
more aromatic than thiophene whereas according to NICS(1)[63] measure thiophene is
more aromatic. Other versions of NICS [45, 56] indicate a classification that agrees with
ASE and yg. On the other hand, the HOMA[55] index gives comparable values for both

molecules.

Fig. 4.6(a) shows the ratio of the harmonic signal of pyrrole to furan for three different
intensities at 1825 nm. A ratio of unity indicates both molecules have the same harmonic

yields. At the lowest intensity of 2.5 x 10 W /cm?, the harmonic signal in pyrrole is higher
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Figure 4.6: Ratio of harmonic signals. (a) Pyrrole to furan using 1825 nm at 3 different laser
intensities 2.5 (black circle), 4.5 (blue triangle) and 6.5 (red square) in units of 10'® W/cm?. (b)
pyrrole to thiophene, and (c¢) thiophene to furan using 1825 nm at 2 different laser intensities
4.5 (black triangle) and 6.5 (blue square) in units of 10'® W/cm?. (d) Thiophene to furan using
1430 nm at 2 different laser intensities 4.5 (black diamond) and 6.5 (blue circle) in units of 10'3
W /cm?.

by a factor of 3-4. The ratio decreases for higher order harmonics close to the cut-off. The
high fluctuations of the ratio are due to the low harmonic signal as a result of low gas
densities (restricted by the low vapour pressure of pyrrole) and laser intensity. At higher
intensities, the ratio remains nearly constant for both plateau and cutoff harmonics. How-
ever, the ratio decreases with intensity since pyrrole ionizes faster and reaches saturation
at lower intensities than furan. Saturation in pyrrole occurs at ~ 6 x 10" W/cm? while in

furan it occurs at ~ 10 W /cm?.

Fig. 4.6(b) shows the ratio of the harmonic signal of pyrrole to thiophene for two
different intensities at 1825 nm. At an intensity of 4.5x10'3 W /cm?, the pyrrole signal is a
factor of two higher than thiophene for lower harmonics. At a higher intensity of 6.5x 103

W /em?, lower-order harmonics in the recorded spectra for both molecules produce a similar
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Figure 4.7: Ranking of pyrrole, thiophene and furan molecules with respect to aromatic char-
acter according to HHG, ASE [55], x¢ [55], NICS(1) [63] and HOMA [55]. Rank 1 denotes the
most aromatic molecule.

harmonic signal but pyrrole starts to dominate for the rest of plateau harmonics. At both
intensities, the ratio increases beyond 30 - 35 eV. A possible explanation for this decline in
the thiophene signal can be linked to the presence of a Cooper minimum. In appendix A,
we showed that the HHG spectra of molecules containing atoms such as sulfur can exhibit
a Cooper minimum at around 42 eV. In thiophene spectra, the minimum cannot be clearly
observed because it is close to the cutoff harmonics, which are relatively lower due to a low

ionization potential. However, it could significantly weaken the already decaying signal.

Fig. 4.6(c) and (d) show the ratio of the harmonic signal of thiophene to furan at 1825
nm and 1450 nm, respectively, for two different intensities. At 4.5x10'® W/cm?, only the
lower plateau harmonics have higher yields in thiophene compared to furan. At a higher
intensity (6.5x10' W/cm?), thiophene domination extends to higher plateau harmonics,
however, closer to the potential Cooper minimum the harmonic signal from furan is higher

at all intensities. This behaviour is wavelength independent.

Our results on high harmonic yields in five-membered aromatic molecules suggest pyr-
role to be more efficient at producing plateau harmonics, followed by thiophene and then
furan. This ordering agrees with many aromaticity measures such as ASE and diamag-

netic susceptibility x¢ (Fig. 4.7). To confirm our findings, we calculated the ionization
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Figure 4.8: Ionization probabilities for the calculated lowest six cation doublet states of furan,
pyrrole and thiophene using 1825 nm laser pulses at an intensity of 4.5x10'® W /cm? over a period
of a half laser cycle.

probabilities of the highest orbitals in all three molecules as shown in Fig. 4.8. A common
signature of all three aromatic molecules is that essentially all of the sub-cycle ionization
comes from the highest two 7 orbitals. In pyrrole, ionization from HOMO is dominant
with about 30% of the total ionization yield coming from HOMO-1. The total ionization
of pyrrole is three times that of furan. The observed differences in ionization of pyrrole
and furan are in reasonable agreement with the experimental harmonic yields shown in
Fig.4a. In thiophene, HOMO-1 is the dominant channel, with HOMO contributing only
35% of the total ionization yield. In furan, ionization from HOMO is a factor of four larger
than that of HOMO-1. The total ionization yield for thiophene is two times larger than
the total yield for furan which reflects the observed harmonic yields without invoking the
recombination step except for the harmonics closer to the cutoff in thiophene as discussed

earlier.
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4.5 Conclusion

We conclude that the efficiency of producing high harmonics in organic cyclic molecules is
sensitive to aromaticity which could add more insight to the understanding of this subject.
The observed link between aromaticity and HHG can be understood from the fact that
the highest 7 orbitals are mainly responsible for the enhanced HHG emission in aromatic
molecules. This property is remarkable since several existing aromaticity measures can-
not decouple the contribution of ¢ orbitals from the description of aromaticity [45, 64].
However, the HHG process does not probe the entire m molecular orbital system and is
influenced by other factors such as multiorbital effects and electronic structure. As a re-
sult, it cannot be used to characterize aromaticity conclusively. Similar limitations were
also observed in many well-known approaches to study aromaticity, such as HOMA. For
example, it was shown that some nonaromatic cyclic compounds and many acyclic systems
have bond-length equalized structures[45]. Although this study established the connection
between the two subjects, aromaticity and HHG, it is important to examine this relation

further by exploring a larger variety of molecular systems, as discussed in chapter 8.
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Chapter 5

Femtosecond Laser Spectroscopy of

Xylene Isomers

Structural isomers are optimal objects to probe how the interaction of intense femtosecond-
laser pulses with molecules could vary with very small changes in the molecular struc-
ture. However, many isomers with cyclic structure, especially xylenes, are hard to identify
and are known to exhibit virtually indistinguishable mass spectra when interacting with
transform-limited femtosecond laser pulses. In this chapter, differences in the electronic
response of xylene isomers to transform limited femtosecond pulses are identified by (i)
probing doubly charged ions with circularly polarized 800 nm light, and (ii) generating
high-order harmonics with 1430 nm and 1850 nm light. First, the yield of doubly charged
o-xylene is shown to decrease while doubly charged p-xylene increases over a range of laser
intensities when the laser polarization is changed from linear to circular. This opposite

behaviour in the two isomers enhances their distinction by a factor of two for circularly po-
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larized light. It is also found that the yield of high-order harmonics depends on the specific
positioning of the methyl group in xylene isomers (o-,p- and m-xylene). Numerical results
attribute the observed differences in the three isomers to the strength of tunnel ionization

and the overlap between the angular peaks of ionization and photo-recombination.

5.1 Background

Interaction of intense femtosecond laser pulses with molecules leads to rich and complex
dynamics often involving competing phenomena such as ionization, dissociation, molecular
alignment, high-order harmonic generation and Coulomb explosion. Fundamental insight
into the complex dynamics can be obtained by investigating how the interaction responds to
systematic variations in the molecular arrangement. Structural isomers -molecules having
same chemical formula but atoms arranged differently in 3D space serve as good targets
for such investigations. Moreover, such comparative studies have a fruitful applied role
in analytical chemistry where the distinction of isomers is a major task. Besides their
temporal and spatial features, femtosecond-laser-pulses based techniques have advantages
over most other spectroscopic techniques in identifying isomers due to the ability to control
a wide range of pulse characteristics and to observe all subsequent effects on the different

products of the interaction.

Xylene isomers, especially p-xylene and o-xylene, are known to produce almost indistin-
guishable mass spectra when interacting with transform-limited femtosecond pulses (Fig.
5.1a). Therefore they have been exploited in the literature as a benchmark for testing the
capability of new femtosecond laser-based spectroscopic methods.
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Dela Cruz et al. [65] developed a method to identify isomers based on femtosecond laser
pulse shaping. In their approach, the frequency spectrum of the pulse was divided into
10 different groups, and a phase retardation equal to 0 or m was assigned to each group.
It was found that a certain binary phase can lead to the production of different relative

vields of the ion C7HF from o- and p-xylene molecules.

Another scheme was proposed by Urbasch et al. [66] that exploited the time domain
of the pulse, instead of the frequency domain. Compared to Dela Cruz’s work and the
current study, the range of pulse energies employed in Urbasch’s study was capable of
generating significant yields of small fragments like C*. It was found that these light ions
are produced differently in the two isomers and the differences can be amplified by varying

the pulse chirp up to 1000 fs?.

It is of fundamental interest to explore how purely electronic excitations differ in these
molecules by monitoring the production of intact ions or emitted photons by a strong laser
field without manipulating the spatio-temporal profile of the femtosecond pulses which

makes the understanding of the underlying physics less straightforward.

5.2 Femtosecond-laser mass spectroscopy of xylene iso-

mers

In this section, we show that monitoring the doubly charged parent ion yield enables better
differentiation of the o- and p-xylenes instead of singly charged molecular and fragment

ions. Fig. 5.1a shows the mass spectrum of o-xylene for linearly polarized 800-nm,49-fs
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Figure 5.1: a) Time-of-flight mass spectra of o-xylene at 800 nm and laser intensity of 1x10
W /cm?. The structures of the three xylene isomers are also shown. b) Intensity dependence of
singly charged ions: o-xylene (solid symbols) and p-xylene (open symbols) for linear polarization
(squares) and circular polarization (circles). The intensity axis of the yields for circular polariza-
tion was shifted in both plots by a factor of 0.74 and 0.68 for o-xylene and p-xylene respectively
(see discussion).
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pulses at an intensity of 10 W/cm?, dominated by the parent ion. The mass spectrum
of p-xylene is nearly identical making it difficult to differentiate (not shown). The inset of

Fig. 5.1a is a schematic of the three xylene isomers.

The intensity variation of the singly charged parent ion for both o- and p-xylene is
shown in Fig. 5.1b, obtained with linear (squares) and circular (circles) laser polarization
and similar concentrations in the interaction volume. For a given intensity, the yields for
circular polarization are lower for both molecules. So, to obtain similar yields for both
laser polarizations, the intensity scale for circular polarized light was adjusted in Fig. 5.1b

by a factor of 0.74 (0.68) for o-xylene (p-xylene) yield.

The scaling factor arises from two opposing effects as as discussed in [67] for an atom.
First, the electric field is always on for circularly polarized field leading to a higher cycle-
average tunnelling compared to linearly polarized light with the same electric field. On
the other hand, the electric field is lower for circular polarization for the same value of the
pulse energy by a factor of 1/1/2. We measured the scaling factor in Xe to be 0.65 in good
agreement with the published value [67][68]. Higher scaling factors in xylenes compared to
Xe highlights the differences in tunnel ionization among different species. The key result
of Fig. 5.1b is that the yield of o-xylene is slightly higher than p-xylene. This is in good

agreement with the numerical simulation of the total ionization probability discussed later.

We now focus on formation of doubly charged o- and p-xylene and their polarization
dependence. Fig. 5.2(a,b) shows the low m/q portion of the mass spectra corresponding
to doubly charged o- and p-xylenes for linear and circular polarization, respectively. The

peak at m/q=53 corresponds to doubly charged parent ion with some contribution from
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Figure 5.2: Time-of-flight mass spectra of p-xylene (red) and o-xylene (blue) at laser intensity
of 1x10™ W/cm? for (a) linearly and (b) circularly polarized 800 nm light. Only the portion
of spectra containing the signals of doubly charged ions are shown. (c) Intensity dependence
of doubly charged ions: o-xylene (solid symbols) and p-xylene (open symbols) for linear polar-
ization (squares) and circular polarization (circles). The intensity axis of the yields for circular
polarization was shifted in both plots by a factor of 0.74 and 0.68 for o-xylene and p-xylene
respectively.
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C4H7 fragment. The peak at 53.5 corresponds to the doubly charged molecular isotope
13C12C;Hyy. Comparison of the measured isotopomer ratio with known value of 8.9%
suggests there is less than 25% contribution of the molecular fragment at m/q = 53. This
is further evident from the similar behaviour of ion signals at m/¢=53 and 53.5 for linearly

and circularly polarized light.

Fig. 5.2(c) shows the intensity variation of doubly charged ions of o-xylene (solid sym-
bols) and p-xylene (open symbols) for linear (squares) and circular (circles) polarizations.
The intensity scales for circular polarization were adjusted by the appropriate factors dis-
cussed above. The normalized doubly charged ion yields reveal two key features. First, it
is enhanced in p-xylene despite the fact that singly charged ion yield is lower compared
to o-xylene. Second, when the polarization is changed from linear to circular it is reduced
in o-xylene whereas it remains the same or slightly increases in p-xylene. This behaviour
can be understood in terms of the relative contribution of sequential and non-sequential
double ionizations, which can be differentiated by changing the laser polarization. For lin-
ear polarization both processes are present whereas for circular polarization non-sequential
double ionization, which is a consequence of the electron recollision process, disappears.
The opposite behaviour of the observed results in Fig. 5.2(c) suggest a larger contribution
of non-sequential double ionization in o-xylene relative to p-xylene. Also, for circular po-

larization contribution of sequential double ionization in p-xylene is higher than o-xylene.

The different polarization dependences of the two isomers enables their distinction by

using transform-limited pulses. Fig. 5.3 shows the ratio of normalized doubly charged ion
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Figure 5.3: The ratio of p-xylene doubly charged signal at m/q=53 to that of o-xylene at 800
nm for linear polarization (blue solid squares) and circular polarization (black solid circles). Also
is shown the same ratio for the isotope signal at m/q=>53.5 for circularly polarized light (red
circles).

yields of p-xylene to that of o-xylene for linear (squares) and circular (circles) polarizations
at different intensities without any scaling. For linear polarization, the ratio is ~1.5 but
is enhanced for circular polarization. The differences are more pronounced when isotopes

are considered (open circles in Fig. 5.3) due to the absence of fragment contribution.

5.3 HHG in xylene isomers

We now present a second approach that can distinguish isomers by monitoring the emis-
sion of light (instead of molecular ions and fragments) through the generation of high-order
harmonics (HHG) [11] produced when an ionized electron returns to the parent ion and
undergoes recombination. The kinetic energy of the recolliding electron during the re-
combination process is transformed to photons that carry information on the molecular

structure and dynamics. Previously, our group demonstrated that HHG in randomly ori-
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Figure 5.4: HHG yield ratios of o-xylene(green circles) and p-xylene (red sqaures) with respect
to m-xylene at 1850 nm and intensities of (a) 6x10® W/cm? and (b) 1.1x10* W/cm?. ¢) HHG
yields ratios of o-xylene to p-xylene at 1850 nm for three laser intensities 6x10'3 W /cm? (red
circles), 8x10'® W/cm? (blue squares) and 1.1x10™ W /cm? (black diamonds). d) HHG yields
ratios of o-xylene to p-xylene at 1430 nm for two laser intensities 5x10'® W/cm? (blue squares)
and 8x10'3 W/em? (black circles).

ented stereoisomers produced distinctly different harmonic spectra due to differences in
ionization and recombination [69, 70]. It is therefore interesting to extend this to struc-

tural isomers, especially those with small differences in the position of a functional group

like xylenes.

5.3.1 Relative HHG yields in xylene isomers

Fig. 5.4(a-b) shows the relative HHG yield for o-xylene and p-xylene with respect to m-
xylene with 1850 nm pulses (transform-limited with a pulse duration of ~70 fs) at two laser
intensities of 6x10'® W/cm? and 1.1x 10 W /cm? respectively. First, the harmonics from

m-xylene are always lower than o- and p-xylene, as a result the ratios are greater than
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Figure 5.5: The ellipticity width Ae as a function of harmonic order for benzene (black), p-
xylene (green), o-xylene (blue) and m-xylene (red) at a laser intensity of 6x10® W/cm? and
wavelength of 1430 nm.

unity. Results suggest o-xylene can be distinguished from p- and m-xylenes. Although
the differences between p-xylene and m-xylene are small, we found they are always present
and reproducible at various laser intensities and wavelengths and at different gas pressures.
Second, harmonic yield from o-xylene is higher than p-xylene and this difference increases
progressively from low to high-order harmonics. Fig. 5.4 (c¢) shows that this behaviour
is the same at three different laser intensities of 6x10® W/cm? (blue), 8x10'® W /cm?
(red) and 1.1x10" W/ecm? (black). The distinction between the two isomers differs by a
factor of 1.5 to 2 for higher-order harmonics. Also shown in Fig. 5.4 (d) is the ratio for
1430 nm pulses (transform-limited with a pulse duration of 70 fs) at two laser intensities
of 5x10¥ W/ecm? (blue) and 8x10'® W/ecm? (black). For both intensities, the signal of
the lower order harmonics from o-xylene is higher than p-xylene. At the higher intensity,
the opposite behaviour occurs for higher-order harmonics. With the ratio remaining close
to unity it therefore makes it more difficult to differentiate the two isomers at 1430 nm

compared to the longer wavelength.

To gain further insight into the dependence of the HHG process on the molecular
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structure, we studied the dependence of high harmonic yields in Xylene isomers on driving
field ellipticity at 1430 nm and compared to benzene as shown in Fig. 5.5. Benzene is the
building block of the xylene isomers where two additional methyl groups are attached to
the ring in different locations. The experimental data were fitted with Gaussian profiles
then we extracted half widths at half maximum and plotted them as a function of harmonic

order. The errors represent 95% confidence interval of the Gaussian fits.

The response of m-xylene to elliptically polarized field is weaker compared to other
molecules. There are two striking features: (i) Ellipticity dependence is relatively strong
for lower and cutoff harmonics and is weak around 35 harmonic. For atoms, Ae is known
to decrease (increase) monotonically for short (long) trajectories. Under similar conditions,
ellipticity dependence of Xe exhibited (not shown) a decrease in Ae with harmonic order.
(ii) Around 35" harmonic, p- and o- xylenes undergo a transition from weaker to stronger
ellipticity dependence relative to benzene. There also appears to be a similar transition
between p- and o-xylenes with Ae being larger (lower) in p-xylene below (above) 35

harmonic. These observations reflect the complexity of HHG process in complex molecules.

5.3.2 Theoretical simulation of HHG in xylene isomers

Xylene isomers are substituted benzene derivatives by two methyl groups. This substitu-
tion removes the degeneracy of the two m HOMO orbitals of benzene and somewhat lowers
the ionization potential (I, of benzene =9.25 eV). Fig. 5.6 shows the two highest occu-
pied molecular orbitals and ionization energies for the three xylene isomers obtained by

Gaussian quantum chemistry code [71]. For m- and o-xylene, most of the electron density
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Figure 5.6: Molecular orbitals with corresponding ionization potentials for xylene isomers.

distribution is on the ring and their HOMO’s and HOMO-1’s have similar shape. In p-
xylene, the distribution in the ring for HOMO is similar to the HOMO-1 of m- or o-xylene
and vice-versa. Based on the small differences in ionization potential and the shape of
these molecular orbitals, one would generally expect ionization and HHG yields from these
isomers to be similar. While this expectation is justified for ionization (see Sec.5.2), the

experimental HHG ratios, presented in the previous subsection are somewhat unexpected.

Let us first focus on ionization. We have carried out calculations using the strong-field
approximation (SFA) [72?7 | within the single-active electron approximation. We used the
wavefunctions generated from the Gaussian quantum chemistry code [71] at the Hartree-
Fock level with the augmented correlation-consistent polarized valence triple-zeta (aug-cc-
pVTZ) basis set. Since the HOMO and HOMO-1 have quite close ionization potentials,
well separated from lower molecular orbitals, we only account for these two orbitals in our

simulations. Ionization yields from the HOMO and HOMO-1 were added up to obtain the
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Figure 5.7: (a) Molecular geometry (left panel) angle-dependent ionization from HOMO (middle
panel) and HOMO-1 (right panel), for m-xylene (top panel), o-xylene (middle panel) and p-xylene
(bottom panel). Here the laser polarization direction is given by polar angle 6 and azimuthal
angle ¢, defined in the molecular frames shown in the left column. For clarity, only carbon atoms
are shown. (b) and (c): Integrated yield vs polar angle from HOMO and HOMO-1, respectively,
for each isomer. All the results here only include electron emission along the laser polarization
direction. Light with wavelength of 1850 nm and intensity of 0.8 x 10'* W/cm? is used in
simulations.
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total yield for each isomer, resulting in the ratios of 1 : 0.85 : 0.8 for o-xylene:m-xylene:p-
xylene. The calculation were performed with a 3-cycle pulse with the laser intensity of
0.8 x 10" W/cm? and wavelength of 1850 nm. Here we have included the Stark shift
correction for the polar molecules (o-xylene and m-xylene), following Refs. [73, 74]. The
ratios are virtually unchanged with a half-cycle laser calculation (see below). They only
slightly change without the Stark shift correction. Clearly, these results are consistent with
the experimental findings in Sec. II. We did not attempt to simulate double ionization here

since the calculations are involved.

To understand the origin of our experimental HHG ratios, we calculate high harmonic
spectra for these molecules within a single-molecule response approximation using the
quantitative rescattering (QRS) theory [75, 76]. Within the QRS, HHG yield for a fixed
photon energy and fixed laser direction (or molecular alignment) is proportional to the
product of tunneling ionization rate and (differential) photo-recombination cross sections.
To compare with experiments, averaging over isotropic molecular alignment distribution
has to be carried out. Before presenting calculated HHG results, we now analyze each
ingredient that enters the QRS simulations. The actual QRS calculations are done at the
level of complex amplitudes. Nevertheless, one can get some qualitative understanding
with arguments based on the magnitudes alone (i.e., without the phases), as discussed

below.

As stated above, total ionization yields from HOMO and HOMO-1 for xylene isomers
differ from one another only by about 20%. However, the angle-dependent ionization yields

vary strongly, as shown in Fig. 5.7(a). Here the calculations were performed using the
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Stark-corrected SFA [73, 74] with the laser intensity of 0.8 x 10 W/cm? and wavelength
of 1850 nm, but only a half-cycle at the peak of a three-cycle pulse is allowed to ionize
the molecules in order to have a definite orientation for the electric field. Furthermore,
only electron emission along the laser direction is taken into account. To have a more
quantitative idea, we integrate the yield over the azimuthal angle. The results are displayed
in Fig. 5.7(b) and 5.7(c) for the HOMO and HOMO-1, respectively. Clearly, ionization
from o-xylene is strongest with a dominant yield from the HOMO. For m-xylene and
p-xylene, HOMO-1 yields are stronger than the HOMO. We note that for the HOMO,
ionization yield peaks near § = 50° (and 130°) for o-xylene and near § = 60° (and 120°)
for the other two isomers. This has strong consequences on the HHG yield, as we will see
in the following. Interestingly, the total yield (i.e., with all electron emission directions
included), HOMO and HOMO-1 are comparable for m-xylene, whereas HOMO is stronger

than HOMO-1 in p-xylene.

As for photoionization (time-reversal of photo-recombination), the cross sections were
calculated using ePolyScat package [77, 78|. Differential cross sections for the electron
emission along the photon polarization for the three isomers are quite similar in both
magnitude and shapes as functions of angles for any fixed energy below about 50 eV,
considered in this paper. We therefore only show here in Fig. 5.8 the cross section from
o-xylene at photon energy of 36 eV. For the main channel, we note that the cross section
for the HOMO has a peak near § = 30° (and 150°). This peak position is quite stable with

respect to photon energy.

According to the QRS, HHG yield depends on the overlap of ionization rate and pho-
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Figure 5.9: Calculated HHG spectra for HOMO (red), HOMO-1 (green) and total signal (blue)
for all three molecules. A 10-cycle pulse with wavelength of 1850 nm and intensity of 0.8 x 104
W /cm? is used in simulations.

tolonization cross section, as functions of angles [70, 79]. From the above analysis, it is
quite clear that for the HOMO, o-xylene not only has the strongest tunneling ionization,
but it also has strong overlap between ionization and recombination, while the other two
isomers have weaker overlap since their tunneling ionization peaks move further away from
the photo-recombination peak position. The QRS results for HHG yields presented in
Fig. 5.9 indeed confirm this expectation: HHG yield from HOMO in o-xylene is much
stronger than that from the other two isomers. The results also reveal that for m-xylene
and p-xylene, HHG from the HOMO-1 actually dominates HHG from the HOMO. Also,
HHG yield is stronger in p-xylene as compared to m-xylene, mostly due to a stronger over-

lap between tunneling ionization and photo-recombination in p-xylene, although ionization
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Figure 5.10: Calculated harmonic ratios of p-xylene to m-xylene (green) and o-xylene to m-
xylene (blue). The laser wavelength is 1850 nm in (a) and 1430 nm in (b).

is slightly stronger in m-xylene. We remark that in order to mimic the effect of macroscopic
propagation, our HHG results were obtained with laser intensity averaging [75, 76]. No

depletion effect was taken into account in our calculations.

Total HHG induced dipole for each isomer is obtained by a coherent sum of contribu-
tions from the HOMO and HOMO-1. We found that the two contributions are mostly in
phase for all isomers, see Fig. 5.9. The calculated ratio of o-xylene (p-xylene) to m-xylene
is shown in Fig. 5.10(a) as red (blue) curve. These results reproduce qualitatively the
experimentally obtained ratios at 1850 nm. We also found that these ratios remain nearly
unchanged at the lower intensity of 0.4 x 10** W /cm?2. We also present in Fig. 5.10(b) the
theoretical ratios at laser wavelength of 1430 nm with intensity of 0.6 x 10 W/cm?. The
ratios remain nearly the same as for 1850 nm case, whereas the experimental results show
a stronger dependence on the laser wavelength, see Fig. 5.4. A possible reason is that the
ionization calculation based on the SFA does not fully account for the laser wavelength

dependence, especially since it neglects all excited states of the targets.
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5.4 Conclusion

In this work, it was demonstrated that xylene isomers can behave differently even in
transform-limited femtosecond pulses. This was demonstrated first by producing doubly
charged ions of xylenes with intense femtosecond pulses at 800nm. At longer driving
wavelengths, we also show subtle differences in the harmonic yields and their ellipticity
dependence. The experimental results are supported by numerical calculations that reveal
differences in both ionization and harmonic emission in Xylenes. Present work lays the
foundation for future experiments on time-resolved dynamics of ring opening and ring

permutation processes exhibited by these molecules as discussed more in chapter 8.
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Chapter 6

Effects of Nodal Planes on
Strong-field Ionization in Ring-type

Molecules

With the growing interest in the strong field community to probe polyatomic molecules,
it is extremely important to examine the validity of extending several beliefs regarding
strong field ionization (SFI) that have shown success with simple systems to more complex
molecules. A widely-accepted picture of SFI probability is that it scales with the electronic
density of a molecular orbital along the laser polarization direction. As a result, ionization

suppression is expected along nodal planes where the electronic density vanishes.

Owing to their unique symmetry, cyclic organic molecules are perfect targets to examine
the influence of nodal planes on strong laser field processes. In this chapter, we investigate

the effects of orbital nodal planes on the strong-field response of the ring-type molecules
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furan (C4H40), 2,3-dihydrofuran (C4H¢O), and thiophene (C4H4S). The measured HHG
signals from the different molecular species show different dependences on the ellipticity
of the driving field. These differences imply that the continuum wave packets for each
molecule have different lateral momentum distributions, hence different angular ionization
dependence. Strikingly, and contrary to the conventional wisdom in the strong-field com-
munity, our TSDE-based computational results show that the observed differences can be
attributed to the fact that for furan and thiophene the most probable orientation for SFI
occurs when the electric field of the laser is aligned near a nodal plane of the corresponding
ionizing orbital. On the other hand 2,3-dihydrofuran follows the standard expectation that
the most probable orientation for SFI occurs when the electric field is aligned away from

any nodal plane.

6.1 Background

Strong-field ionization (SFI) is a fundamental process that occurs during the interaction of
intense laser fields with atoms and molecules [7, 80-82] and lies at the core of high-harmonic
generation (HHG). The occupied orbitals in the multielectronic wave functions of molecules
often possess rich nodal structures. These nodal structures can modulate the SFI rate
[33, 83] as well as add non-atomic-like phase [84] and amplitude [85-88] modulations to
the continuum electron wave packets when the electric field of the ionizing laser is aligned
along certain directions relative to the molecular axis. Of particular relevance to this
chapter, the conventional wisdom in the strong-field community maintains that ionization

should be suppressed when the electric field of the laser points along, or near, nodal planes

86



ty
<>
=)

£ 06
S 04
=]
0.2}
0402 0 0.2 04 T 02 015 0.1 005 0 005 01 0.5 0.2
1@ Ellipticity &

Figure 6.1: a) Initial lateral momentum distribution for an electron born at a laser phase
corresponding to the emission of the 415° harmonic in Ar b) The measured ellipticity dependence of
the 415 harmonic for Ar (blue squares). Analytical caculations based on the approach presented in
section 2.1.4.2.1 are shown in solid curve. The laser intensity of 8x10'® W /cm? and a wavelength
of 1800 nm.

of the orbitals. This expectation was first derived using the strong-field approximation for
diatomics by Muth-Bohm, Becker, and Faisal [83], and has been experimentally confirmed
for various small molecules [5, 27, 89] such as Oz (see section 2.2.3). However, as larger

molecules are being explored, this expectation may no longer apply [90].

6.2 HHG dependence on ellipticity and continuum

wavefunction in atoms

When elliptically-polarized pulses are used to drive HHG, the continuum electron launched
through SFI is deflected away from the parent ion. Hence increasing the ellipticity leads
to a decrease in the recombination rate and the HHG signal [91, 92]. Since this decay
depends on the lateral momentum spread of the ionizing wavefunction, its fingerprints can
be obtained from the dependence of the intensity of harmonics on laser ellipticity. As
discussed in section 2.1.4.2.1, a useful picture to approach this problem is by considering

that the electron is born with initial transverse momentum defined by equation 2.6. In
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Fig. 6.1(a), we show the probability corresponding to the short trajectory leading to the
emission of the 415" harmonic in Ar at 1800 nm and a laser intensity of 8x10' W/cm?.
Taking this distribution into account, Fig. 6.1 shows how the calculated harmonic yield
varies with laser ellipticity (solid line) based on equation 2.18. This is in a good agreement

with the measured yield for the specific harmonic(blue squares).

To gain more insight into how the ellipticity dependence changes with harmonic order,
the experimental data of the yield dependence on ellipticity were fitted with a Gaussian
profile to extract the ellipticity width Ae. This quantity, defined as the ellipticity value
at which the harmonic yield drops to 50% compared to the value at linear polarization, is
plotted in Fig. 6.2(b) as a function of harmonic order. For Ar, Ae decreases with increasing
harmonic order, consistent with the fact that, for short trajectories, the travel time of the
electron in the continuum is greater for higher harmonic orders leading to a larger relative
displacement at recombination. The dashed lines shows the calculated Ae using the semi-
classical approach (balck) [17] and quantum orbit analysis (red). The calculated values are

in good agreement with the experimental data.

6.3 HHG dependence on ellipticity in five-membered

ring molecules

In general, mapping the harmonic yield variation with laser ellipticity on the momentum
distribution of the ionizing wavefunction in complex molecules is not attainable with ex-

isting theoretical analysis. However, many qualitative results can be obtained from this
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Figure 6.2: The ellipticity width Ae as a function of harmonic order for Argon (green diamonds)
at a laser intensity of 8x10'3 W /cm?. The calculated widths based on quantum orbit calculations
(red dashed line) and equation 2.18 (black dashed line) are also shown.

dependence [5, 93]. For the current study on nodal planes effect, we selected three organic
molecules sharing the same ring size: 2,3-dihydrofuran, furan, and thiophene. In contrast
to the first molecule, furan and thiophene are aromatic molecules whose two highest oc-
cupied molecular orbitals are fully delocalized 7 orbitals with two nodal planes, along and

perpendicular to the ring.

Fig. 6.3(a) show the yields of the 41 harmonic as a function of laser ellipticity e,
defined earlier, for 2,3-dihydrofuran compared to furan. Similarly, we compare the depen-
dence of the 415% and 45" harmonics in 2,3-dihrofuran and thiophene in Fig. 6.3(b) and (c),
respectively. Two interesting features can be observed. First, the response of the high har-
monic yield to the ellipticity variation is weaker for both furan and thiophene as compared
to 2,3-dihydrofuran. This suggests that the lateral momentum spread of the recollision
wave packet is larger in furan and thiophene as compared to 2,3-dihydrofuran. Second,
the dependence is slightly flatter around linear polarization in higher order harmonics in

thiophene.
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Figure 6.3: The ellipticity dependence of the 415 harmonic for 2,3-dihydrofuran (black circles)
vs. (a) furan (blue squares) (b) thiophene (red triangles). (c) similar to (b) but for the 45" har-
monic. The experiments were conducted at a laser intensity of 3 x10'® W/cm? and a wavelength
of 1800 nm.

The lateral momentum scales inversely with the ionization potential of atoms. In
molecules, since the ionization potential is much lower than that of Ar, for a given inten-
sity Ae can be expected to be larger compared to Ar. Furthermore, the higher angular
momentum components generally present in molecular orbitals leads to an additional in-
crease in Ae for molecular systems [85]. Fig. 6.4 shows Ae as a function of harmonic order
for the three molecules at a laser intensity of (a) 3x10'® W/cm? and (b) 4x10'® W/cm?.
The second set has a better statistical behaviour because of the higher harmonic flux. In

general, Ae is a decreasing function of harmonic order in 2,3-dihydrofuran, similar to that
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Figure 6.4: The ellipticity width Ae as a function of harmonic order for 2,3-dihydrofuran (black
circles), thiophene (red triangles) and furan (blue squares) at two different laser intensities 3x 1013
W /cm? (a) and 4x10'3 W/cm? (b) . The experiments were done with a laser wavelength of 1800
nm. The errors bars represent the 95% of the confidence interval of the Gaussian fits.

of Ar. In contrast, the ellipticity widths in furan and thiophene does not decrease with the
harmonic order and, generally, have larger values suggesting that the lateral momentum
spread in these two molecular systems share similar qualitative characteristics that are

different from those of 2,3-dihydrofuran.

6.4 Angular ionization

In order to understand the experimental differences in the ellipticity dependence, we carry
out time-dependent Schrodinger equation calculations of the ionization process using the
time-dependent resolution-in-ionic-state (TD-RIS) method [59, 94]. The computational
details of both the electronic structure and the ionization computations appear in Ref.
[95]. In addition to the details specified in that paper, here we make use of an effective
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core potential [96] for the S atom in thiophene. We calculate the SFI probabilities using
a single half-cycle of the 1800 nm laser field, which allows us to focus on the sub-cycle
ionization probabilities that are relevant to HHG. Further, the use of a half-cycle pulse
is also important to retain the directionality of the sub-cycle orientation-dependent SFI
probability—running the computation for a full cycle and/or a multicycle pulse would
necessarily lose the directional SFI information since it would include ionization for a
given electric field direction as well as the opposite direction when the field changes sign

on the following half-cycle.

In chapter 4, it was shown that only ionization to the ground state of the cation (Dg
channel) is important for 2,3-dihydrofuran, while for furan and thiophene both the Dy
and the D; channels contribute. The orientation-dependent SFI probabilities for these
active channels are shown in Fig. 6.5. For 2,3-dihydrofuran, there are two lobes of strong

ionization. The fact that these two lobes show slightly different peak ionization yields
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reflects the fact that 2,3-dihydrofuran has a broken symmetry (it has C1 symmetry). These

two lobes appear at angles that do not lie along nodal planes.

For furan and thiophene, the Dy channel shows two broad lobes of high SFI probability
centered along the plane of the molecule with the peak angle of SFI located at approxi-
mately 30° away from the the molecular plane. However, there is a very high probability
(only about 10% lower than at 30°) for ionization directly along a plane that coincides with
a nodal plane of the corresponding Dyson orbital for these two Dy channels—there is no
strong suppression of the SFI rate along these nodal planes. The D; channel in furan has
peaks of the ionization yield pointing away from the nodal planes, while the Dy channel in
thiophene has three peaks in the ionization yield with two pointing away from the nodal

plane and the third pointing directly along a nodal plane.

6.5 Electron wavefunction after SFI

We would now like to see the effect of the nodal planes in the ionized continuum electron
wave packets. Consider first the continuum wave packets associated with the peaks in the
orientation-dependent SFI yields. With the electric field of the laser polarized along the
z-axis, we rotate each molecule such that it is oriented along the peak of the orientation
dependence of the SFI probabilities shown in Fig. 6.5, and calculate the continuum wave
packet using again the TD-RIS method. Note that the peak SFI probabilities for the Dy
and D; channels of both furan and thiophene are positioned at different angles, so we need
to run the simulations at two different angles, one for the peak of the Dy channel and a
second angle corresponding to the peak of the Dy channel.
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Figure 6.6: Cut along the continuum wavefunction at the time ¢ = 0.375 79, where 79 = 27/wy
is the period of the carrier oscillations of the laser. In these simulations, the electric field of
the laser points toward the -z direction, which pulls the negatively charged continuum electron
toward the +z direction.

Two-dimensional cuts through the computed three-dimensional continuum wave pack-
ets are plotted in Fig. 6.6. For these cuts, the electric field of the laser is aligned along
the 2 axis, and the cuts are taken for a plane along x = 0 at the time ¢ = 0.3757, where
To = 27 /wp is the period of the carrier oscillations of the laser. In these cuts, the center-
of-mass of the molecules are positioned at the origin of coordinate system. For the cases
where the peak of the orientation-dependent SFI yields lie away for the nodal planes (i.e.
2,3-dihydrofuran and the D; channels of furan and thiophene), the continuum wave packets
exhibit a Gaussian-like distribution perpendicular to the electric field direction. For the

Do channels of furan and thiophene, part of the nodal structure of the Dyson orbital is
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seen to persist into the continuum.

Fig. 6.7 plots the corresponding transverse momentum distributions computed by tak-
ing the Fourier transform of the wave packet slice D (ps, py) = |F.T .(Weut)|?. To generate
these tranverse momentum distributions, we first take a cut of the continuum wave packet
in a plane perpendicular to the electric field direction (z-axis), Yeu(z,y) = ¥(x,y, 20),
where 2y sets the position of the chosen plane along the z-axis. In the following analysis,
we use 29 = 15 atomic units (a.u.) which lies comfortably away from the exponential tails
of the Dyson orbitals but still close to the spatial point of birth of the continuum wave
packet. Although there are quantitative differences when zj is varied, we checked that the
conclusions of our analysis are independent of the particular choice of zy as long as it does

not overlap with the tails of the initial bound orbital.

From these plots presented in Fig. 6.7, it is seen that @D (pg,py) is widest for the Dy
channels of furan and thiophene, the same two channels that had nodes in the continuum
wave packets. Since the spatial and momentum representations of the wave function are
related by the Fourier transform, the increased width seen in the momentum distributions
are a direct consequence of the nodal structure in the continuum. Such an increase in the
momentum width when ionizing along nodal directions has been noted in the literature
[85-87]. The novel feature of our study is that these effects of the nodal planes occur for

the particular orientations where SFI is most probable.

The momentum distributions of the continuum wave packet plotted in Fig. 6.7 explain
the differences seen in the ellipticity measurements. Furan and thiophene both exhibit

ionization channels with wide momentum spreads (the Dy channels). For these species, the

95



2,3—dihydrofuran : D0

Py (a.u)

.6
-0.6 -0.3 0 03 0.6
P, (a.u.)
Furan : D0 Furan : D1
0.6
0.3
S
s 0
D.>
-0.3
. -0.6
-0.6 -0.3 0 03 06 -0.6 -0.3 0 03 0.6
p, (@u) p, (@u)
Thiophene : D0 Thiophene : D1

0.6

0.3

0

p, (a.u.)

-0.3

-0.6
-06 -03 0 03 06

p, (@)

Figure 6.7: Perpendicular momentum-space cuts of the continuum electron wavefunctions taken
at the peak of the field (t = 10/4), and z = 15 a.w. ([¢(ps, py, 2 = 15 a.w.)|?), where z is the
direction of the electric field vector of the ionizing laser. The cuts are qualitatively similar when
taken at other times and at other z positions. (a.u refers to atomic units)

large momentum spreads means that the recollision wave packet will be wider as compared
to the 2,3-dihydrofuran case, and hence larger ellipticity is needed to deflect the recollision
wave packet and suppress the HHG emission. Although the above analysis only considered
orientations that correspond to the peak ionization rates, it is clear from Fig. 6.5 that
when averaging over all the orientations, the Dy channels of furan and thiophene will show
strong effects of the nodes in the continuum wave packet for the majority of orientations
since the averaging will now encompass orientations that lie even close to, and directly

along, nodal planes. Our interpretation is then robust to orientational averaging.
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6.6 Conclusion

In summary, the ellipticity dependence of HHG provides information on the liberated
continuum electron wave packet as well as the orientation dependence of SFI, even in the
case of randomly oriented molecules. When the most probable orientation for SFI is near
a nodal plane (furan and thiophene), the node of the ionizing orbital persists into the
continuum wave packet thereby increasing the lateral momentum distribution, which leads
to the observed differences in the ellipticity dependence of HHG for the studied molecular
species. These theoretical and experimental findings draw into question the standard
expectation that suppression of SFI should occur for orientations that lie along or near

nodal planes of the ionizing orbitals.
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Chapter 7

HHG in Cyclohexadiene: Symmetry

Effects

In this chapter, molecular high-order harmonic generation is employed to reveal struc-
tural and dynamical information from cyclohexadiene molecules. It is first shown that
the harmonics from the two molecular isomers of partially m-bonded molecules, 1,3 and
1,4 cyclohexadiene CgHg (1,3 and 1,4 CHD), have different characteristics. In particular,
the harmonic spectra of 1,4 CHD are much weaker and have a pronounced minimum at
a photon energy of approximately 30 eV whereas no spectral minimum is observed in 1,3
CHD. The spectral amplitude modulation can be attributed to a geometric origin leading
to quantum interferences between the recolliding electron and the molecular wavefunctions.
Due to the unique symmetry of this molecule, we show that this two-centre type interfer-
ence can occur through three different configurations in HOMO and HOMO-1. In addition

to the main driving field, a second weak probe of another colour is used to control electron
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Figure 7.1: Geometrical structures of (a) 1,3 CHD and (b) 1,4 CHD. DFT/LB94 images and
energies of the Kohn-Sham molecular orbitals of 1,3-CHD (c¢) and 1,4-CHD (d). Only the three
highest occupied molecular orbitals, HOMO, HOMO-1 and HOMO-2 are shown with their abso-

lute energies in eV.

trajectory. The two-colour HHG measurement suggests that the generation process may

also involve hole dynamics. Real-Time-Dependent Density Functional (TDDFT) calcula-

tions show the importance of inner-shell ionization as a function of molecular orientation.

7.1 Background

1,3 and 1,4 CHD share the same atomic structure with a ring configuration containing two

double bonds (upper panel in Fig. 7.1). However, while the double bonds in 1,3 CHD



are conjugated, they are uncoupled by the methylene groups in 1,4 CHD. The different
bond arrangements translate into significant differences in geometry and electronic struc-
ture, which can be detected by various spectroscopic techniques. For example, Raman
spectroscopy of both molecules indicated that the ring is permanently twisted in 1,3 CHD
whereas it is planar in 1,4 CHD [97]. As a result, 1,4 CHD has a unique symmetry with
the double bonds being parallel in the ring plane. This is similar to an ethylene (CyHy)

dimer.

Similar to the discussion of molecular orbitals in benzene in section 4.1, we can treat
the 7 systems in cyclohexadiene molecules separately from the o framework. However, in
this context, the two molecules differ from benzene in two main ways. First, there are
two 7 orbitals below the bonding line instead of three because of the presence of only two
double bonds. Second, besides the 7 character of the double bonds, HOMO and HOMO-1
could have contributions from the methylene groups in the ring. This simple analysis is
confirmed by ab intio calculations based on the Kohn-Sham method [98] for the highest
three molecular orbitals of both molecular isomers, presented in Fig. 7.1. Basic molecular
orbital analysis predicts a different orbital ordering in 1,4 CHD, i.e., HOMO must lie below
HOMO-1. However, the predicted lowest-energy = orbital on the double bonds is coupled
with the C-H bonds that have the same symmetry as p atomic orbitals. This ”through-
bond coupling” [99] is strong enough to make the energy of this orbital higher than the
energy of the other 7 orbital. As a result, the actual HOMO in 1,4 CHD shown in Fig.

7.1b has a unique symmetry featuring two parallel pairs of lobes.

This pair of molecules has been the subject of several comparative studies [100] including
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Figure 7.2: a) Harmonic spectra for 1,4 cyclohexadiene (red) and 1,3 cyclohexadiene (black) at
an intensity of 6.5x10'® W/cm? with 20fs-1700nm pulses. (b) Ratio of the harmonic signal of
1,4 CHD to 1,3 CHD with 20fs-1700nm pulses and at intensities of 4.5x10'® W/cm? (cyan) and
6.8x10'3 W/cm? (green)

their response to strong laser field. Harada et. al. [101] observed heavy fragmentation in
1,4 CHD irradiated by 800nm-120fs laser pulses at an intensity of 10'* W/cm?. On the
other hand, a significant yield of parent cations was detected in 1,3 CHD. These differences
were explained by the presence of resonance excitation at 800 nm in the cation of 1,4 CHD
while this resonance is not exhibited by its structural isomer, 1,3 CHD. As a result, to
avoid this resonance effect, longer wavelengths must be utilized in order to explore these

molecules using high-order harmonic spectroscopy.
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7.2 Harmonic spectra

High-order harmonic spectra of 1,4 CHD and 1,3 CHD produced by 1700 nm, 20 fs pulses
at an intensity of 6.5x10'® W/cm? are shown in Fig. 7.2a. Three major differences can
be observed between the two molecules. (i) The yield of plateau harmonics for 1,3 CHD is
higher by an order of magnitude compared to 1,4 CHD. (ii) The yield of cut-off harmonics
in 1,4 CHD is higher than 1,3 CHD. Also, the harmonic cutoff in 1,4 CHD is higher by
~3-4 eV although both molecules have comparable ionization potentials. iii) 1,4 CHD
exhibits a spectral minimum at ~ 30 eV. Figure 7b shows the ratio of 1,3 CHD harmonic
signal to that of 1,4 CHD at two different intensities. A value of unity corresponds to
equal harmonic yield from both molecules (represented by the dashed line in Fig. 7.2b).
The two ratios appear similar but with different magnitudes. For both intensities the ratio
is ~ 4 for low-order harmonics and reaches a maximum of 11 and 16 respectively in the
plateau region before they decline rapidly when approaching cut-off harmonics. In the cut-
off region, the ratio is less than unity beyond 40 eV at high intensity where the harmonic
yield from 1,4 CHD is higher than 1,3 CHD. Also, the harmonic order at which the ratio
is maximum shifts by ~4 eV between the two intensities. This shift occurs due to the

movement of the harmonic cutoff and spectral minimum with laser intensity.

One of the main differences between 1,3 and 1,4 CHD is that the two double bonds
in 1,3 CHD are conjugated, hence the two m-orbitals communicate with each other. The
structure of the highest occupied orbitals in 1,3 CHD is, therefore, partially similar to that
of a fully aromatic system. As established in chapter 4, aromatic systems are efficient

HHG sources compared to non-aromatic systems. Similarly, it is reasonable to expect that
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Figure 7.3: Position of the amplitude minimum in the harmonic spectrum of 1,4 CHD as a
function of laser intensity for wavelengths of 1400 nm, 1700 nm and 1800 nm with pulse durations
of 50-60 fs and 1700 nm with a pulse duration of 20 fs.

1,3 CHD generates brighter harmonics compared to 1,4 CHD where the two m-orbitals are

decoupled.

The spectral minimum in the 1,4 cyclohexadiene harmonic spectrum is observed in
different harmonic sources and under different laser parameters. Fig. 7.3 shows the position
of observed minimum in HHG spectra of 1,4 cyclohexadiene for different wavelengths,
intensities and pulse durations. It is clear that the amplitude minimum shows a slight

upwards shift with increasing intensity and no dependence on wavelength.

7.3 Numerical calculations

To gain insight into the HHG process in 1,4 CHD, nonlinear real-time TDDF'T calculations
of ionization [102] are carried for all relevant molecular orbitals. Fig. 7.4 shows that HOMO
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Figure 7.4: Orbital population, N(t), of 1,4-CHD for angles, # = 0° (Y axis) , 90° (X and Z)
between the main molecular Y-axis and the laser polarization (Fig.1).The laser intensity is I=
1.2x10** W/cm? and A=1700 nm.

ionization is dominant for the y-direction, corresponding to the laser polarization parallel
to the m-bonds. For x-axis ionization, the in-plane o-orbitals (HOMO-2) are prevalent.
Ionization perpendicular to the m-orbital molecular plane, i.e., the z-direction, is relatively

weak in 1,4 CHD and comes evenly from both HOMO and HOMO-1.

7.4 Structural effect

In section 2.2.5, we learned that the returning electron wavepacket can experience a destruc-
tive interference when it recombines to a two-centre structure. A destructive interference
can occur if: R = nAp/(2cos(f)) where n is an odd (even) integer for a symmetric (anti-

symmetric) orbital and 6 is the angle between the laser polarization vector and molecular
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Figure 7.5: (a) Possible two-centre configurations in 1,4 CHD (b) Information on destructive
interferences caused by these centres

axis. Here it is assumed that the molecular potential has no influence on the electron
kinetic energy. There are three possible scenarios that result in destructive interferences
during the recombination step which lead to the suppression for harmonics with photon

energies at around the observed minimum:

1. The probability of ionization is maximum for HOMO when the laser polarization
is parallel to the carbon double bonds. If we consider the lobes on the opposing H
atoms in HOMO as a two-centre separated by ~4.3 A, then a destructive interference

can occur for the electron trajectory that corresponds to emission of ~27 eV photons

(Fig. 7.5al).

2. Also such two-centre interference can be represented by each two carbon atoms in
each m bond in HOMO. The internuclear distance between each neighbouring carbon
atoms is 1.32 A that corresponds to a destructive interference leading to a spectral
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minimum around 30 eV (Fig. 7.5a-2). In acetylene CoHs, Torres et al. observed a
similar spectral minimum when the laser polarization was aligned along the molecular

axis.

3. In addition to HOMO, the contribution from HOMO-1 could experience a destructive
interference. The separating distance between the two 7 bonds is ~2.5 A with a

corresponding expected minimum of approximately 34 eV (Fig. 7.5a-3).

In general, the positions of these predicted interferences in the harmonic spectra can be
influenced by i) molecular vibration where R increases during the time between ionization
and recombination (section 2.2.5) and ii) molecular orientation with respect to laser po-
larization. All above predicted minima (Fig. 7.5b), weighted by the significance of the
corresponding channels to the HHG emission, contribute to the observed spectral mini-
mum. As a result, the slight shift of the minimum with laser intensity observed in Fig. 7.3

reflects the variations in all different contributions as the intensity changes.

7.5 Dynamical effects

Probing hole dynamics is one of the fascinating applications of high-order harmonic spec-
troscopy. One way to track the population dynamics is by monitoring the presence of a
spectral minimum due to a destructive interference between two different channels con-
tributing to the generating process. In order to have an observable interference, two con-
ditions must be satisfied: 1) The populations of the two channels are comparable, and 2)

the relative phase Ay between the two channels is an odd multiple of 7.
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Figure 7.6: The variation of two-colour HHG signal in 1,4 CHD (colour scale) as a function of
harmonic energy and phase delay between the two colours. For each photon energy, the signal
was normalized with respect to the integrated signal for that specific photon energy over the
two-colour delay. The intensity of the 48-fs,1750-nm fundamental field was ~6x 103 W /cm?.

It was shown in aligned CO; [38] that the presence of a structural interference in the
HOMO can lead to the fulfilment of the first condition for observing hole dynamics in
COs. This is due to the fact that the contribution of the dominating channel (HOMO) is
weakened at around the structural minimum, hence a window into lower-lying orbitals is
opened. In that particular case, the contributions to the HHG emission from two channels
(HOMO and HOMO-2) become comparable along a certain orientation. It was, therefore,

possible to observe hole dynamics within this window by tuning laser parameters.

To examine whether a similar phenomenon occurs in 1,4 CHD, a two-colour experiment

was conducted. A 48-fs;1750-nm driving field with an intensity of ~ 6x10* W /cm? was
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used along with its orthogonal second harmonic. The second harmonic was produced with
a conversion efficiency of ~ 5% in energy as compared to the main driving field. Therefore,
the second harmonic has no significant effect on the tunnelling rate [103]. Fig. 7.6 shows
how odd and even harmonics vary with the delay between the two colours. For each
photon energy, the signal was normalized by dividing by the integrated signal for that
specific photon energy over the phase delay. The red line connects the maximal signals of
different harmonics and is a guide to the eye. This line changes smoothly with phase delay
except for photon energies at around the structural minimum where a phase shift can be
observed. As discussed in detail in section 2.2.5, this behavior can be an indication of
interference between two channels. This multi-orbital effect is expected to occur between
the two channels corresponding to HOMO and HOMO-1 along the Z-direction where they
have similar contributions. However, the observed phase modulation is less than 7/4 and
is, therefore, less pronounced than the phase jump (~ 7/2) reported for CO; [34]. This
deviation can be attributed to the fact that 1,4 CHD is randomly oriented and there are
other active channels that do not participate in the hole dynamics. In particular, HOMO-2
has noticeable ionization along x-direction which affects the strength of the modulation in

the signal as a function of two colour delay.

Since the ionization along the Z direction is weak, the fingerprints of emission from this
direction on the harmonic spectrum cannot generally be observed unless the molecular ring
is aligned perpendicular to the laser field. However molecular alignment is hard for such a
complex system. Fortunately, the presence of the structural effects along other directions

around 30 eV allows for observable dynamical interactions along z-direction to be possible
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within this window.

7.6 Conclusion

In summary, the HHG process in 1,3 CHD and 1,4 CHD demonstrates different signa-
tures due to the differences in spatial and orbital structures of the molecular pair. The
laser-induced recollision process of the freed electron displays the ability to extract infor-
mation on the unique symmetry of 1,4 CHD through quantum interferences with the bound
molecular state. The two-colour HHG shows an indication that these molecular-scale in-
terferences provide a window for multi-orbital effects to be visible. However, to confirm the
presence of observable multi-orbital effects in the HHG from 1,4 CHD, further theoretical
analysis and experimental efforts have to be implemented. First, the conditions that lead
to this effect at the current experimental conditions have to be determined. Then a series
of different two-colour experiments at different laser intensities and wavelengths need to
be conducted. If the experimental results follow the theoretical predictions for either the
presence or absence of dynamical interferences for each experimental case, then this effect

can be assured.
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Chapter 8

Conclusions and future outlook

The molecules studied in this thesis are basic representatives of the class of five-membered
and six-membered cyclic compounds. They are exceptionally important in science and
technology because they feature unique chemical and physical properties; moreover they
are considered to be building blocks for i) conducting polymers and ii) biologically relevant
systems. The work described in this thesis comprises original research that has contributed
to the spectroscopy of cyclic organic molecular systems. This has offered novel insights
into the way these compounds respond to a strong laser field and how this response could
be connected to electronic dynamics and structures. This chapter summarizes the main

findings of this thesis along with a brief discussion concerning further investigations.

A part of this work related the aromaticity character of cyclic molecules to the high-
order harmonic generation yields. Aromaticity, which is a manifestation of the specific
electronic structure of the de-localized m-electrons in some cyclic organic molecules, is one

of the most useful qualitative concepts in chemistry. Unfortunately, there is no universally
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direct method to evaluate the aromaticity degree of a molecule. Moreover, all indirect
measures introduced in the literature to measure aromaticity are inconclusive. From this

fact stems the importance of discussing aromaticity in light of another dimension such as

HHG.

Our work investigated the influence of cyclic electron delocalization associated with aro-
maticity on the high-order harmonic generation process in organic molecules. We showed
that the aromatic molecules benzene (CgHg) and furan (C4H40) produce high-order har-
monics more efficiently than non-aromatic systems with the same ring structure. We also
demonstrated that the relative strength of plateau harmonics is sensitive to the aromaticity
in five-membered-ring molecules using furan, pyrrole (C4H4NH) and thiophene (C4H4S).
Numerical time-dependent Schrodinger equation simulations of total orientation-averaged
strong-field ionization (SFI) yields showed that the HHG from aromatic molecules comes
predominantly from the two highest m molecular orbitals, which contribute to the aro-
matic character of the systems. In the presented work we focused on five membered ring
molecules because they have already been extensively investigated both experimentally
and numerically by other techniques to quantify aromaticity. The goal of this work was to
show that HHG yield in aromatic molecules is directly related to 7 electrons and can be

potentially a valuable measurement tool to quantify aromaticity.

This work is a first step in a bigger plan to address the connection of HHG to aromatic-
ity. As previously stated there is no universal descriptor of aromaticity that can be applied
to all cases and different measures are known to vary in their performance in quantifying

aromaticity. We believe HHG will be no different. To fully characterize the performance
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of HHG in this context, there is a need for a comprehensive systematic study that spans a
series of aromatic molecules featuring different ring sizes and atomic structures, including
six membered ring molecules such as pyridine, pyridazine, toluene, chlorobenzene, fluo-
robenznene and bromobenzne. This type of a broad study will be necessary to identify the
areas of success and failure of the HHG and whether it correlates with specific measures

of aromaticity.

Xylenes, cyclic molecular isomers, in a strong laser field were shown to behave differently
even in transform-limited femtosecond pulses. We first discussed how the mechanisms of
producing the doubly charged ions of these isomers clearly differ when interacting with
800 nm light. In addition, our experimental results supported by numerical calculations
revealed differences in the three steps of the HHG from these molecules especially at 1850

nim.

During the last stage of my PhD, I started a two-colour set-up in order to control
ionization and dissociation processes in molecules. Encouraged by the results presented in
this thesis, xylene isomers have been identified as one of the potential targets for future
experiments in this new direction. The presence of a second weak field adds new dimensions
to the interaction processes, thereby leading to a better understanding of the role of electron

recollection.

A major goal of applying HHG spectroscopy to xylene isomers is to open the path
towards utilizing this tool featuring high spatial and temporal resolutions for studying
isomeric effects in these molecules. For example, m-xylene can experience ring permutation

upon photoexitation by UV light to form o-xylene through an intermediate [104]. In
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principle, our study showed that this interesting isomeration process can be probed by

HHG since the signals from the two isomers are distinguishable.

This thesis also showed a new effect that occurs in some of cyclic molecules when
brought under a strong laser field. It is a widely accepted view that molecular ionization is
greater when the laser polarization is along directions with higher electron density and is
suppressed along nodal planes where the density vanishes. We showed that this cannot be
regarded as a general rule in strong laser field ionization. In fact, maximum ionization was
shown to occur along or near a nodal plane in some ring-type molecules. We used this result
to explain the differences among these molecules in terms of the harmonic yield dependence
on ellipticity. It is expected that this remarkable conclusion will have a significant influence
on theoretical and experimental progress in this field. A future extension of this study could
be achieved by shifting the focus to the angular distribution of generated photoelectrons.
Also, more theoretical investigations need to be conducted in order to determine the full

conditions that lead to the existence of this effect for a specific molecular orbital.

HHG was also demonstrated to be capable of probing the spatial symmetry of 1,4
cyclohexadiene molecule. Although it was randomly oriented, structural fingerprints of this
system were observed in the harmonic spectra. Moreover, our two-colour phase map showed
that hole dynamics could be tracked in this molecule. However, more w/2w measurements
at a different wavelength to confirm this result and to shed more light on the characteristics

of the channels participating in this dynamics are required.

Future developments motivated by the presented work on cyclic molecules may also fo-

cus on other time-resolved dynamics of excited states. According to the conversion of the
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Figure 8.1: Schematic overview over nonradiative relaxation pathways in thiophene after pho-
toexcitation to S1. The gray bar indicates the Franck-Condon range. From [105].

spin state, there are two important radiationless relaxation methods occurring in molecules
after photo-excitation: internal conversion and intersystem crossing. For example, after
being excited by 400 nm photons, o-xylene experiences internal conversion on sub-100fs
time scale [106]. On the other hand there are very interesting and complex dynamics,
involving two different intersystem crossing pathways and ring-opening, appear in thio-
phene after being irradiated by UV light (Fig. 8.1)[105]. Both systems are good targets for

pump-probe experiments based on high harmonic spectroscopy where high time resolution

can be reached.

Laser wavelengths in the range of 1.4um to 1.8um have enabled extension of high-order
harmonic spectroscopy to complex molecules. Employing longer wavelengths on the order
of 3 pym for HHG is very promising but yet also challenging. The difficulty is mainly
due to the wavelength scaling of the HHG yield that goes with ~ A=%%. However by
designing better gas sources and with a careful choice of molecular targets, this problem

could be overcame. There are several future directions that could exploit the features
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associated with this particular wavelength. First, the magnetic field component of the laser
field is more significant, therefore implying the breakdown of dipole approximation which
could motivate a series of fundamental studies. From an applied viewpoint, this property
would lead to better identification of chiral molecules. Second, the extended cutoff of
harmonics produced at this wavelength offers a larger window for observing more signatures
of molecular dynamics and structures. Moreover, the longer time that an electron takes
in the continuum enables more hole dynamics to occur before the recombination event
transpires. This will offer a larger window to observe dynamics on attoescond time scale
like what was observed in propylene oxide. Finally the fact that the first few harmonics of
3pum are in the range of IR to UV offers a great advantage for studying below threshold
harmonics from complex molecules even in free space. These harmonics cannot be explained
by the basic three-step model since their energies are less than the I, of the target. However,
the generating mechanisms are still under ongoing investigations which involve aspects of
multiphoton and multiple rescattering trajectories. The target potential has a key role in
the production process. This effect is expected to be dramatic in the case of polyatomic

molecules due to the complexity of their orbital symmetries and structures.
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Appendix A

High-order Harmonic Spectroscopy

of Cooper Minimum in Molecules

It is known that high-harmonic spectra from Ar [107][108] and Kr [109] atoms display
spectral minima that are independent of both intensity and wavelength around 50 eV and
85 eV respectively. Both minima were attributed to the photo-recombination step which
experiences a Cooper minimum (CM) at a particular energy. In this study, we show that
HHG in randomly oriented molecules containing S and Cl atoms can exhibit a CM. We

also investigate the effect of molecular environment on the position of the minimum.

CM was first observed in photoionization, the inverse process of the third step of HHG.
In atoms, if an orbital has a radial node, the dipole matrix element describing the tran-
sition from initial ground state to final continuum state can change sign as a function of
photon energy. The photo-ionization cross section PICS undergoes a Cooper minimum at

the photon energy coinciding with the sign change [110]. Though CM is an atomic phe-
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Figure A.1: HHG spectra using A=1800nm wavelength light with intensity ~910*W /cm? along
with experimental (open symbols) partial PICS for CSs.

nomenon, it persists in the photoionization of molecules containing atoms whose orbitals

exhibit a radial node [111].

Fig. A.1 shows experimental high harmonic spectra of CSy ( 1,=10.07eV) obtained
with 1800nm light at an intensity of ~9x 103 W /ecm?. For comparison, we also show the
published PICS for lone-pair orbitals of CS2 ( 27,) obtained by angle-resolved photoelec-
tron spectroscopy. Since lone-pair orbitals can be associated with a particular nucleus or
atom, the observed minimum in the experimental PICS of these orbitals is analogous to

photoionization of the 3p orbital of S atoms, which are known to exhibit a CM at ~42.

The observed local minimum in the harmonic spectrum of CSs at ~ 42eV coincides well
with the minimum in the PICS. The relative harmonic amplitudes are in good agreement
with the known PICS in the energy range of ~30 - 60eV. They differ at high energies due
to a sudden drop in the harmonic signal in the cutoff region and at low energies due to

poor phase matching as well as reabsorption of generated harmonics.
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Figure A.2: (a) Harmonic spectra generated in CCly, CH3Cly, and trans- CoHyCly using
A=1800nm and intensity ~9x10¥W /cm?. The dashed line emphasizes the shift of the minimum
between different molecules. (b) Binding energies and corresponding Mulliken atomic populations
on Cl for molecular orbitals of these three molecules as well as atomic Cl [2,33,34]. (c) Highest
occupied molecular orbitals of CCly (left), CH2Cly (middle), and trans- CoHoCly (right).

The degree of atomic character in molecular orbitals influences the position of the CM,
which can vary for either (a) different orbitals of a given molecule or (b) different molecular
environments. Thus, the CM can be used to probe the atomic nature of molecular orbitals.
In fact, calculations of PICS for the 27 and 50 bands in HCI [112] indicate a variation of
the CM position by a few eV. However, this would be difficult to study using high harmonic
spectroscopy due to the lack of selectivity of a specific orbital. Here, we study the case
where the CM can be affected by the molecular environment and therefore can vary for

different molecules even when their molecular orbitals originate from the same atomic
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subshell (for example, the 37 orbital of Cl).

Fig. A.2(a) shows the harmonic spectra of three Cl-containing molecules using A=1800nm
light with intensity ~9x10¥W /cm?. Each harmonic spectrum exhibits a deep local mini-
mum at 40.4+0.5eV ( CCly, [,=11.47eV), 42.14+0.4eV (CHCly, I,=11.32¢V), and 43.2+0.4eV
(trans- CoHCly, 1,=9.64eV). The dashed line indicates the noted shift of the minimum be-
tween different molecules. The positions of the amplitude minima in the harmonic spectra
for all three molecules are independent of laser intensity and gas pressure, which suggests
that they arise due to CM. This interpretation is also confirmed from the theoretical cal-
culations. Minima arising through dynamical interference from multiorbital contributions
to ionization [33] depend strongly on the laser parameters (intensity and wavelength) and
can therefore be excluded. In addition, any minima arising from structural interference
due to multicenter recombination [32] in unaligned molecules are expected to be very weak.
A local minimum is reported to be present in PICS measurements for at least one orbital
in CHyCly, but the position has not been published [113]. To our knowledge, PICS for
trans- CoHyCly are not available for a direct comparison of the position of the CM, but the
intensity-independent minimum in the harmonic spectrum is strong evidence that a CM

must be present in the PICS.

The variation of CM in the three molecules is then a measure of the extent to which
molecular orbitals retain part of their atomic character. To quantify the degree to which
the 3p subshell of Cl exerts its influence on the molecular orbitals, we compare Mulliken
atomic populations on CI for each molecule. We performed ab initio calculations of the

molecular orbitals at Hartree-Fock level using GAMESS [114]. In Fig. A.2(b), we show the
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binding energies as well as the Mulliken atomic populations on Cl for all low-lying molecular
orbitals of the three molecules in addition to the 3p subshell of Cl. All molecular orbitals
within the 1114 eV range have lone-pair character and, consequently, have high Mulliken
atomic populations on Cl. However, the highest occupied molecular orbital (HOMO) of
trans- CoH9Cly has bonding character from the C-Cl bond with some contribution from
the 3p orbital of Cl [115]. Such bonding orbitals are also known to exhibit a minimum in

their PICS known as a partial CM (for example, the 6al band in CCly [111]).

The Mulliken atomic populations on Cl are 1.0, 0.9, and 0.4 for the HOMOs of CCly,
CH2CI12, and trans- CoH2Cly, respectively. Thus, the influence of the 3p subshell of Cl is
more significant in CCly and less so in trans- CoHoCly This is apparent from the molecular
orbitals shown in Fig. A.2(c) and consistent with results from photoelectron spectroscopy
where the visibility of the CM, represented by the depth in the angular distribution pa-

rameter, decreased as Cl atoms were replaced by H atoms in CCly [113].
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