AZARM ALI

NEUTRAL DISSOCIATION OF SUPEREXCITED
MOLECULES IN A STRONG LASER FIELD

Thése présentée
a la Faculté des études supérieures et postdoctorales de I’'Université Laval
dans le cadre du programme de doctorat en physique
pour l'obtention du grade de Philosophiae Doctor (Ph.D.)

DEPARTMENT DE PHYSIQUE, DE GENIE PHYSIQUE ET D'OPTIQUE
FACULTE DES SCIENCES ET DE GENIE
UNIVERSITE LAVAL
QUEBEC

2012

©Azarm Ali, 2012



Résumé

L’objectif principal de cette thése est de rendre compte d’une étude expérimentale
sur la dissociation neutre de molécules simples dans un champ laser intense créé par
un cristal titane saphir. Nous souhaitons montrer que, dans un champ laser intense,
les molécules peuvent étre tres excitées par l'effet de 'absorption multiphotonique. Ces
excitations fortement non linéaires impliquent que les molécules peuvent étre peuplées
dans les états superexcités.

L’importance des caractéristiques des états hyperexcités d'une molécule en fragmen-
tation neutre a été soulignée pour la premiére fois par Platzman en 1962. Des états
hypererexcités sont des états dans une molécule possédant une énergie au—dessus du po-
tentiel d’ionisation. Dans un champ laser intense I’énergie totale absorbée est suffisante
pour stimuler la molécule a la plupart des états hypererexcités. C’est ce qui explique
que l'effet de I'excitation multiphotonique est plus ou moins équivalent a l'excitation par
un photon unique & la région des ultraviolets extrémes par le rayonnement synchrotron.

Dans ce travail, un laser titane saphir femtoseconde est utilisé pour amener les
molécules de Hy, O, NO,CHy,CyH,y, C3Hg, 1 — CyHg et cis — 2 — CyHg dans les états
hypererexcités. En utilisant une méthode de.spectroscopie, on arrive a détecter des
signaux de fluorescence. Le diagramme d’énergie des fragments excités et molécules
neutres supporte l'excitation des états hypererexcités dans les molécules que nous
avons étudiées. La dépendance hautement non linéaire du rendement produit selon
la puissance du laser a été observée. En utilisant la technique de pompe (800 nm) et
sonde (1338 nm) et aussi de la technique de spectroscopie par fluorescence, nous confir-
mons le mécanisme de hyperexcitation multiphotonique des molécules en présence d’un
champ laser intense. Nous arrivons & déterminer la durée de vie des états hyperexcités
en regardant l'atténuation des signaux de fluorescence observée a l'aide du faisceau
sonde. Nos observations expérimentales ont été également vérifiées a 'aide des calculs
semi—empiriques.

Finalment, nous constatons que si 'intensité du laser est de 'ordre de 3 x 10"
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W /cm?, certaines impulsions laser provoquent la dissociation neutre de nombreuses
molécules.



Résumé court

L'objectif principal de cette theése est de rendre compte d'une étude expérimen-
tale sur la dissociation neutre de molécules simples dans un champ laser intense créé
par un cristal titane saphir. Ces excitations fortement non linéaires nous indiquent
que les molécules peuvent étre peuplées dans les états hyperexcités. Dans ce tra-
vail, un laser titane saphir femtoseconde est utilisé pour amener les molécules de
Hy, 05, NO,CH,,C5H,,C3Hg,1 — CyHy et cis — 2 — CyHg dans les états trés excités.
En utilisant une méthode de spectroscopie, on arrive a détecter des signaux de fluo-
rescence. Le diagramme d’énergie des fragments excités et molécules neutres supporte
I'excitation des états hyperexcités dans les molécules que nous avons étudiées. La
dépendance hautement non linéaire du rendement produit selon la puissance du laser a
été observée. En outre, les résultats soutiennent le mécanisme d’hyperexcitation mul-
tiphotonique. En utilisant la technique de pompe (800 nm) et sonde (1338 nm) et
aussi de la technique de spectroscopie par fluorescence, nous confirmons le mécanisme
de hyperexcitation multiphotonique des molécules en présence d'un champ laser in-
tense. Nous arrivons & déterminer la durée de vie des états hyperexcités en regardant
I’atténuation des signaux de fluorescence observée a l’aide du faisceau sonde. Nos obser-
vations expérimentales ont été également vérifiées a l'aide des calculs semi—empiriques.
Nous constatons que certaines impulsions laser provoquent la dissociation neutre de
nombreuses molécules.



Abstract

The primary objective of this thesis is to report on an experimental study of neutral
dissociation of simple molecules in a strong Ti—Sapphire laser field. We will show that in
an intense laser field, molecules can be highly excited owing to multiphoton absorption.
Such highly nonlinear excitation means that the superexcited states (SESs) of molecules
can be populated.

The important features of SESs that they lead to fragmentation of molecule was first
proposed by Platzman in 1962. A SES of a molecule is an energy state possessing the
energy above the ionization potential. In a strong laser field the total energy absorbed
is sufficient to stimulate molecules to many of the SESs and obeying the selection rules.
This implies that the effect of multiphoton excitation is more or less equivalent to sin-

gle photon excitation in the extreme-ultraviolet(XUV) region by synchrotron radiation
(SR).

In this work, an intense femtosecond Ti—Sapphire laser is used to excite many
molecules (Hs, 02, NO,CH,,CyH,y,C3Hg, 1 — CyHy and cis — 2 — Cy Hg) into highly ex-
cited states. We detect all of the fluorescence signal from excited fragments by a spec-
troscopies method. The energy diagram of excited fragments and neutral molecules
supports excitation of SESs in the molecules we have investigated. The highly non-
linear laser power dependence of product yield was obtained. Also, it supports the
multiphoton super excitation mechanism. Using a pump (800 nm) and probe (1338
nm) technique and fluorescence spectroscopy, we confirm multiphoton superexcitation
of the molecules in a strong laser field. We detect the depletion of the fluorescence
signals by the probe pulse and determine the lifetime of the SESs. Our experimental
evidence was strengthened with semiempirical calculations as well.

To sum up, we find that at the laser intensity of the order of 3 x 10 W/cm?,
ultrashort laser pulse causes neutral dissociation of many molecules by way of SESs. It
could be a general pathway in strong laser field interaction with molecules.
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Chapter 1

Introduction

Over the past century, understanding the interaction of light with matter has been
one of the central themes of research in physics and chemistry. With the birth of the
lager in 1960 [3], a new coherent and monochromatic source was provided for scientists
to explore materials. The laser became a new spectroscopic tool to discover atomic
and molecular structure in more detail and, as a result, our knowledge of atoms and
molecules is widely broadened. Moreover, the advent and continuous development of
pulsed lasers with durations from the microsecond domain in free running regime to the
nanosecond regime with Q—switching [4], then to the picosecond and few—femtosecond
regime [5] with mode locking [6] and most recently to attosecond regime with high har-
monic generation [7, 8] made it possible to investigate dynamical processes in different
systems. Using the pump and probe technique with ultrashort laser pulses, one can
monitor atomic and molecular behavior occurring on an ultrashort timescale. This con-
cept in femtosecond regime has led to the birth of femtochemistry, for which the 1999
Nobel Prize in chemistry was awarded to Ahmed Zewail [9]. At the same time, soon
after the advent of the laser in the 1960s the first nonlinear optical effects were demon-
strated [10]. Intensity passed the perturbation regime, and then multiphoton [11, 12]
and tunnelling regimes [13] were observed; nowadays relativistic intensity is available
[14]. Investigation on highly nonlinear phenomena was revolutionized after the intro-
duction of the Chirped Pulse Amplification (CPA) technique in 1985 [15]. With the
help of intense laser fields, very interesting and new phenomena were observed. In fact,
strong laser field is a very popular tool used in physics and chemistry. The commu-
nity has now mushroomed to a size that was hard to imagine in the beginning days.
However, the never ending search for shorter pulses and higher intensity laser is a very
active field of research. These demands result in deepening our knowledge about atoms .
and molecules.
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In this chapter we give a brief overview of the developments in the strong laser
field interaction with materials with an emphasis on neutral dissociation of molecules
through single to multiphoton processes. Finally a brief outline of the thesis will be
given.

1.1 Strong laser field interaction with matter

The behavior of atoms and molecules submitted to intense electromagnetic fields
has been a subject of wide interest and active research in recent years. Strong laser field
theory was introduced since many order perturbation theory failed to explain experi-
mental results. At an intensity of about 10'® W/cm?, the laser electric field strength
becomes as strong as the field binding the 1s electron in a hydrogen atom. In this
regime the external electric field is very near the atomic Coulomb field (5 x 10 V/cm).
At these and even at lower intensities, light—atom interaction is so strong that nor-
mal perturbative approaches break down, leading to the novel phenomena collectively
termed as multiphoton processes.

The first most relevant empirical finding in the development of intense—field science
was the observation of breakdown of atomic gases in air when a laser was shone on it
[16]. This was because the laser photon energy was much lower than the ionization
potentials of the gases. As a result of the interaction of a strong field with atoms, the
products of interaction consist of ions, photons and electrons. Much of the knowledge
in the beginning of this field was provided by studying ionization. And also most of
the attention to strong field matter interaction has been concentrated on atoms. The
first fruit of this new field by increasing the intensity of the laser field was multiphoton
ionization (MPI). MPI is the process by which an atom is ionized by the simultaneous
absorption of several photons [11, 12]. Tunneling ionization happens while the electron
tunnels through the barrier formed by combination of internal (Coulomb) and laser
electric fields. Intense field ionization can be divided into two regimes: multiphoton
vs tunnel ionization. Keldysh [17] coined a parameter 7 that separates the regimes of
MPT and tunnel ionization where v = £+/2Ig(in atomic units), w is the laser frequency,
E the laser electric field strength and /g the ionization potential of the atom. It was
concluded that when v <« 1, tunnel ionization prevails while when v > 1, it is a
multiphoton effect.

New phenomena such as the so—called "above—threshold ionization™ (ATI) [18]
were observed by studying the ejected electrons. In ATI, electrons were found to be
ejected from an atom not at a single energy but at a sequence of energies separated by
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the photon energy. Another remarkable phenomenon that was observed later was high
harmonic generation (HHG) [19, 20]. The HHG could be explained by a simple three
step model [21]: (1) The laser field releases the least bound electron through tunneling
ionization; (2) the free electron evolves in the laser field; and (3) under certain phase
conditions, the electron can return to the vicinity of the ion core, and either collisionally
ionize a second electron [18], scatter off the core and gain additional kinetic energy [22],
or recombine with the core and produce a harmonic photon (HHG). Above a certain
threshold electric field the electron is able to escape even classically from the atomic
nucleus, i.e., without tunneling through the barrier formed by the Coulomb potential
and the external electric field. This is called "barrier—suppression ionization” BSI [23].

In addition to the effects observed in atoms, molecules in a strong field exhibit new
phenomena associated with additional vibrational and rotational degrees of freedom.
The most well known and interesting phenomenon is unique to molecules molecular
alignment upon strong field interaction and rotational revival under field free condition
[24]. Actually much of the work on molecules in strong laser fields has focused on the
dependence of strong field phenomena, such as ionization [25, 26] and high—harmonic
generation [27], on angular orientation and internuclear separation. Also, the molecular
~ bond is softened by strong laser fields, resulting in photodissociation of the molecules
in strongly bound vibrational states (bound softening)[28].

Therefore, the interaction of even simple diatomic molecules with strong laser fields
is considerably more complicated than the interaction with atoms. Hence we will focus
in this thesis on one phénomenon called neutral dissociation and more specifically on
neutral dissociation of molecules through superexcited states. The applications of neu-
trat dissociation through superexcited molecules range from remote sensing to acting as
a gain medium. From a physical point of view, it is also an important new strong field
issue because we study the effect of highly excited states in strong laser field interaction.

1.2 Single ionizing photon interaction with molecules

In order to explore neutral dissociation in a strong laser field by multiphoton pro-
cesses, we start by looking at neutral dissociation in a single photon process. The
main knowledge of single photon neutral dissociation of molecules through super ex-
cited states is reviewed by Y. Hatano in ref. [29]. Also, Berkowitz [30] compiled the
experimental data on photoabsorption, photoionization and photoelectron spectroscopy
in the photon energy range much wider than that in photochemistry, i.e., from absorp-
tion thresholds to the vacuum ultraviolet(VUV), soft X—ray regions in some cases even
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to hard X—ray region. He summarized theoretical backgrounds, then briefly introduced
a general scheme of the dynamics of superexcited states.

The interactions of single photons with molecules are classified into absorption,
scattering, and pair production. Our interest is in photons of moderate energies par-
ticularly in the vacuum ultraviolet (VUV) region, and therefore only the absorption
process is considered. The absorption of a single photon by a molecule in the electron-
ical ground state changes its electronic state from the ground state to a final excited
or ionized state. Franck-Condon transition is assumed. Its transition probability could
be expressed in terms of the optical oscillator strength. Oscillator—strength values
have long been measured for various molecules in the wavelength regions at least longer
than the near—ultraviolet (UV) region. Since there have been remarkable advances in
synchrotron radiation (SR) research and related experimental techniques in the VUV

region (200 — 0.2nm ~ 6eV — 6keV), many measurements in this region have recently
become available [29, 30].

The pioneering scientist in this field, R. Platzman, first considered theoretically the
interactions of ionizing radiation with atoms and molecules. He pointed out that atoms
and molecules receive a large fraction of energy from ionizing radiation with a spectrum
determined by their optical oscillator strength distribution [31]. He also pointed out
the following important features, although very few experimental data were available
at that time:

e The value of the oscillator strength distribution shows generally its maximum at
the energy of 10 to 30 eV, which is larger than the first ionization potential of
most molecules.

e [onization efficiency (n') values of molecules are much smaller than unity in the
energy range just above the ionization potential.

By combining all available information at that time, R. Platzman indicated an
important role of highly excited electronic states in the primary action of ionizing
radiation as follows:

AB+hy — ABT +e” direct ionization (1.1)
— AB" excitation
— AB™* Superexcitation (1.3)

1y is the quantum yield for ionization



Chapter 1. Introduction 5

Then superexcited molecules can decay to the following:

AB™ — AB* + e autoionization (1.4)
g+ B neutral dissociation
— other minor processes like ion pair formation (1.6)

When a molecule AB absorbs an energy which is larger than its ionization poten-
tial, AB may be directly ionized (1.1) and may be excited to form AB** (1.3) which
was emphasized by R. Platzman as a superexcited molecule [31]. To prevent a mis-
understanding, the term "superexcited states” was coined by G. S. Hurst, and not by
Platzman, as Platzman stated [31]. Platzman then stressed the need for elucidating
the properties of superexcited states, in which dissociation into neutral fragments and
autoionization occur in competition [32]. Superexcited states of atoms and molecules
are electronically excited states with energies higher than the first ionization potentials.
They are hence degenerate with the ionization continua or, in other words, embedded in
the ionization continua. Platzman’s concept of the superexcited state has made a pro-
found influence on the science of excited states and motivated researchers in a wide field
to find new objectives of research. In order to study experimentally the superexcited
states or to substantiate Platzman’s ideas, scientists had to find the way to produce
such superexcited states. From the first to even now the main source to superexcite
a molecule was an electron beam, then after 1980s laser multiphoton absorption and
synchrotron radiation have been used.

Based on Y. Hatano’s reports [33], most of the observed molecular superexcited
states are assigned to high Rydberg states which are vibrationally (or/and rotation-
ally), doubly, or inner—core excited and converge to each of ion states. Non—Rydberg
states are also observed. Dissociation into neutral fragments in competition with au-
toionization is of great importance in the observed decay of each of these state-assigned
superexcited molecules. In fact we use above mentioned definition in the following
chapters.

There are two distinct kinds of superexcited states depending on how they obtain an
energy higher than the first ionization potential [34]. In Figure 1.1, we take a diatomic
molecule AB. The solid curve is the potential energy curve of an ionic state of AB, and
the space above the curve represents the continuum of AB*+e, where € is a free electron
and, thus, it has a continuous energy. As seen in Figure 1.1, the other potential energy
curve, that is, the red dashed line, is embedded in the electronic continuum. Such states
are called superexcited states of the first kind. On the other hand, the potential eneréy
curves, that are, the red dashed lines, in Figure 1.2 are below the electronic continuum.
Hence, some readers may think that such states are not superexcited states. However,
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the vibrational—rotational level can be higher than the zero point energy associated with
the potential energy of AB™ + e with zero kinetic energy of e, that is, the lower part
of the continuum. Such states are called superexcited states of the second kind. Their

energies exceed the lowest energy of AB™ + e by vibrational or rotational excitation,

and thus they are embedded in the ionization continuum.

Energy

Superexcited state
of the first kind

R

Figure 1.1: Potential energy curve of a typical diatomic molecules AB. Solid black curve

belongs to ionic AB™ and the red dashed curve is a super excited state of first kind
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Figure 1.2: Potential energy curve of a typical diatomic molecules AB, solid black curve
belongs to ionic AB™ and red dashed curve is super excited state of second kind

The superexcited molecule can spontaneously ionize since it is degenerate with

the ionization continuum. This process is called autoionization (1.4). Superexcited
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molecules decay through not only by autoionization but also by neutral dissociation
(1.5). In other words, neutral dissociation competes with autoionization. Figure
1.3 shows the total cross section of single photoabsorption from ref [35] for methane
molecules. Figure 1.3 shows some general trends. Also, neutral dissociation and pho-
toionization cross sections behave more or less in the same way for many molecules.
The competition between dissociation and photo ionization cross sections well above
the first ionization potential is shown clearly in figure 1.3. This implies that photo ion-
ization prevents the superexcited states from being observed for incident high energy
photons. Therefore for the energy just above the ionization potential, the cross section
of dissociation is comparable to that of the photoionization, and the effect of SESs will
be more important.

=

[N
=

(]
—

Cross sections (10"8 cmz)

=

Photon Energy (eV)

Figure 1.3: Photoabsorption o;, photoionization o;, and neutral-dissociation oy cross
sections of CHy as a function of incident photon energy measured with a wavelength
resolution of 0.1 nm, which corresponds to the energy resolution of 32 meV at an incident
photon energy of 20 eV. The relation among o, 0;, and 04 is 0y = 0; + 04 (taken from

[35]). | '

1.3 Multiphoton superexcitation

~ Pioneering work to excite a SES with a laser was described by resonance—enhanced
multiphoton ionization (REMPI) technique, for example in NO [36]. The REMPI
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technique typically involves a resonant single or multiple photon absorption to an elec-
tronically excited intermediate state followed by another photon which ionizes the atom
or molecule. Actually, for weak electromagnetic fields, vibrational and electronic ex-
citation of molecules generally occurs through resonant one—photon interactions or
two—photon Raman—type transitions. Short pulse strong laser fields open up a variety
of new excitation schemes, which are characterized by non—resonant or high—order
resonant interactions. The first work including strong laser field excitation of SESs
was done by Helm et al. [37] on hydrogen molecules. They have studied high resolu-
tion photoelectron spectra resulting from the response of molecular hydrogen to intense
laser fields (> 10'* W/cm?) at wavelength between 310 and 330 nm. The result shows
that multiphoton ionization of the molecules competes with photodissociation of the
neutral. Although they did not mention SESs, they observed the photoelectrons from
ionization of neutral fragments. They concluded that this fragmentation scheme should
be generally applicable to molecules in strong laser fields.

In addition, Prof. Chin’s research group started to study neutral dissociation of
molecules in strong laser field through SESs. In recent years, they tentatively proved
that SESs exist in a strong laser field interaction with hydrocarbons [38]. For the
parent molecule of methane, ethylene, 1—butene and cis — 2—butene fluorescence from
H(n=3—2), CH(A2A — X°TI), CH(B*C* = XI), CH(C?’T" — X2M) and C,
(AT, - X 311,) are observed. Also, they have shown that the laser power dependence
of CH(A?A — X*II) emission of methane on a log—log scale has a slope of 10+1. As
you will see this thesis is a continuation of this work and chapter four is a completion
of this work.

In the recent theoretical investigation of C. J. G. J. Uiterwaal et al. [39], it has been
shown that a multiphoton process is a kind of single photon process. They introduced a
new approach to intense—field photoionization that is based on the ad hoc assumption
that m photons of energy E, arriving within a typical electronic response time are
effectively equivalent to a single photon of energy mE_,. This method does not contain
any adjustable parameters, its predictions are in satisfactory agreement with reported
experiments on intense—field ionization of both atoms and molecules, over a wide range
of parameters such as pulse duration, wavelength and ionization energy of the target
particle. Although this technique is very successful, it does not get any popularity
because it ignores many properties of strong laser fields mainly the changes of field free
potential.

The existing models on photo—ionization or strong field ionization could not explain
neutral dissociation of molecules in a strong laser field. For example the rescattering
model of Corkum [21] is employed to explain HHG, etc. in atoms. In this scheme
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for circular polarization there should not be any consequence during the rescattering
of the electron. We have conducted an experiment to compare the fluorescence vield
using both linearly and circularly polarized fs laser pulses. It was found that the
same fluorescence spectra were observed in both polarization cases. According to the
re—scattering theory, circular polarization should reduce the probabilities of colliding
the rescattered electron to the parent ion to nearly zero. Hence, no fluorescence is
expected as long as the re—scattering is the only process depositing the energy to
molecules. This would imply that the physical process in exciting SESs is not tunneling .
but multiphoton in nature. Therefore we will use a semiempirical model to explain our
results. This model is used in the third chapter.

1.4 Thesis outline

This thesis is organized as follows. The second chapter describes the experimental
setup including mode locked Ti—Sapphire laser. In addition, an optical parametric
amplifier (OPA) is described. The detection system is also described in detail and a
brief survey on automatic data acquisition is given. In the third chapter experimental
results and discussion on SESs of simple molecules (hydrogen, oxygen and nitric oxides)
are presented. The results include the spectra observed for each molecules. Then the
intensity dependence of some strong lines and finally a proof of the short life time of
SESs are presented. Fach section of this chapter ends by a theoretical investigation.
In the fourth chapter, we repeat what is shown in the former chapter but for some
hydrocarbons. At the end, in the fifth chapter, we conclude the universality of SESs in
strong laser field interaction with molecules.
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Experimental setup

The experimental study of strong laser field interaction with molecules requires three
different parts. The first and most important part is a strong laser field. Nowadays,
Ti sapphire based mode—locked laser followed by a chirped pulse amplification (CPA)
module is a common part of all laboratories studying strong laser field interaction with
materials. The second part is the interaction chamber and its vacuum requirements.
Last but not least is the detection system. The selection of detection system depends
- on what we want to measure. The knowledge in this field is provided by studying the
ionization dynamics, the energy and momentum of photoelectrons and the spectrum of
emitted photons. In this thesis we focus on the fluorescence signal emitted during the
interaction. In this chapter we explain the three important parts in our experiment,
mentioned above and the the final configuration of the experiments. Mainly they already
were in the laboratory.

2.1 Laser system

Ultra short laser pulses used in our experiments are produced through a Kerr lens
mode—locked Ti Sapphire laser. Then intense ultra short pulses are created by using
a CPA technique invented in the 1980’s [15]. CPA consists of three main stages: a
stretcher, an amplifier and finally a compressor.

The oscillator module to seed a CPA part is necessary. The oscillator is the heart of
our laser system. It is a commercial laser system called Tsunami from Spectra Physics
(for details see Newport Company website [40]). Tsunami is a Kerr lens mode—locked
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Ti—sapphire laser that provides a pulse train with a repetition rate of 74 MHz, energy
per pulse of 5 nJ, pulse duration of around 30 fs and a bandwidth of around 40 nm.
The gain medium in Tsunami is pumped by another commercial laser called Millennia
(for details see Newport Company website [41]). Millennia is a continuous laser at 532
nm. The lithium triborate (LBQO) crystal used to have the second harmonic of the
fundamental from a Neodymium Yttrium Orthovanadate (Nd : YV O,) gain medium.
The average output power of Millenia is 4.2 W. The two above mentioned modules
together with other parts of laser system together are shown in Figure 2.1.
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Figure 2.1: The schematic diagram of ultra short intense laser pulse module. Yellow
rectangles are polarizers '

The CPA module in the laboratory is a commercial amplification stage called Spitfire
(for details see Newport Company website [42]), though it has a slight difference from
the commercial version. As we mentioned earlier a typical CPA module consists of
three main parts. These parts in the Spitfire are:

e A stretcher which preserves the bandwidth of the input pulse but lowers the peak
power by the stretching factor.
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e An amplification stage (regenerative and two—pass amplifier). Because of the
peak power reduction associated with the stretcher, self-focusing and optical dam-
age effects are completely suppressed.

e A compressor to achieve short amplified pulses by applying proper dispersion.
Finally the amplified pulse is compressed to the bandwidth limit.

As it is shown in Figure 2.1, the pulse train from the oscillator (Tsunami) is directed
to a stretcher by passing through a Faraday isolator. The Faraday isolator is used to
protect the oscillator (Tsunami) against back—reflected pulses which could perturb the
Kerr—Ilens mode—locking of the oscillator or even damage the optics inside the cavity.
The pulse duration after the stretcher is about 200 ps (positively chirped) and the
spectral width is still around 40 nm at FWHM. After the stretcher the pulse duration
is larger, therefore the pulses with smaller peak power can safely propagate within a
laser amplifier and they are not limited by nonlinear index effects. Optical damage
issues also cannot occur. This is the key point of the CPA technique.

Then the pulses are ready to be amplified in Ti—Sapphire crystal. As shown in
Figure 2.1, the amplification stage consists of two parts: a regenerative amplifier fol-
lowed by a two—pass amplifier. Both of the Ti—Sapphire crystals are pumped by the
second harmonic of a neodymium—doped yttrium—lithium—fluoride (Nd:YLF) laser
generating pump pulses at a repetition rate of 1 kHz, pulse duration of 150 ns, energy
of around 17 mJ per pulse and the central wavelength is 527 nm. This laser is called
Evolution—30.

The injection of a seed pulse inside the regenerative cavity is done with a Pockels cell
1 (PC1) coupled with a quarter wave plate. When PC1 is activated at a proper delay
time, only one seed pulse is trapped inside the regenerative cavity and all the other seed
pulses from the oscillator will pass only once inside the regenerative cavity and will be
eliminated by the thin plate polarizer (it is shown by yellow rectangle in the regenerative
amplifier cavity). There is a synchronization between the pump pulse (repetition rate
of 1 kHz) and the seed pulses (repetition rate of 74 MHz). The seed pulse trapped
inside the cavity performs several round—trips to reach its maximum energy and, then,
this amplified pulse will be extracted by the second Pockels cell (PC2). Before sending
the 1.3 mJ amplified pulses with 1 kHz repetition rate to the two—pass amplifier, a 10
Hz slicer is used to select 10 out of*1000 pulses in a second to amplify more to reach
the (0.2 or 2) TW power regime. However I did not use them for this thesis. After each
pulse passes twice in the second amplifier the energy of each pulse reaches to around 3
mJ per pulse.
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At last, a grating compressor is use to compensate the positive chirp that each pulse
obtains from the stretcher or by propagating through the various optical media. How-
ever, because of gain narrowing, the original pulse duration cannot be fully achieved.
Gain narrowing happens because the typical gain curve of an active medium has a finite
bandwidth. Gain saturation in conjunction with chirp may also lead to spectral distor-
tion. Hence, the amplification is accompanied by a narrowing of the pulse spectrum.
Therefore the final pulse duration is not less than 40 fs with energy up to 2 mJ. Asit is
shown in Figure 2.1, before the grating compressor there is a polarizer and a half wave
plate to control the output energy of laser pulses. The output of Spitfire could be used
directly in an experiment or used to pump an Optical Parametric Amplifier (OPA) to
have tunable wavelength ultra short laser pulses in the infrared domain.

The schematic diagram of the OPA 800C is depicted in Figure 2.2. The optical
parametric amplification (OPA) is a nonlinear phenomena consisting of splitting the
pump photon into two infrared photons: the signal photon and the idler photon where
the pumps photon frequency is equal to the sum of the signal and idler photon frequen-
cies. The OPA 800C creates a tunable fs pulse in infrared domain (1.1 pm to 2.2 pm).
The pump pulses used for the parametric amplification are the output of Spitfire with
energy of 1 mJ per pulse with roughly 60 fs pulse duration (negatively chirped). The
other 1 mJ part could be used for other purposes, as we will discuss about it later in
this chapter. The 1 mJ beam which enters the OPA is divided into three parts. The
first part, a small portion 1% (see Figure 2.2 in the beginning) of the pump pulse was
focused into a thin sapphire plate to generate white—light continuum by self—phase
modulation. It includes signal and idler. In the OPA 800C a two—stage amplifier is
used. The second part 30% (see Figure 2.2) of the pump beam was used as pump for
the pre—amplification of the infrared pulses. The third part about 69% (see Figure
2.2) of the pump beam was used as pump to amplify infrared pulses in the beta barium
borate (BBQO) crystal for the second time. The temporal and spatial superposition of
the pump beams with the white—light continuum seed was achieved by using the delay
lines (brown double sides arrow in Figure 2.2). The amplified wavelengths of the signal
and idler pulses are selected from the white-light continuum seed by adjusting the angle
between the optical axis of the BBO crystal and the propagation axis of the laser beams.
The BBO crystal is installed in a rotational stage that we can change the angle. The
ordinary index of refraction of the BBO crystal is larger than its extraordinary index of
refraction, thus quasi—perfect phase matching over narrow bandwidth was possible if
the polarization of the pump and infrared pulses were perpendicular [43]. The output
pulse central wavelength that we used was 1338 nm with the maximum energy of 120
wuJ per pulse.

For detail discussion about ultrafast intense laser sources, amplifier, OPA etc., I
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refer to three interesting books [44, 45, 46.
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Figure 2.2: Schematic diagram of OPA, gray components are metallic mirror, blue
components are dichroic mirror, double side arrow in beam path are lenses to focus
beam in BBO crystal, other double side arrows show translation stages and the rest are
800 nm mirrors

2.2 Vacuum chamber and detection system

In the experiments, a vacuum chamber was used. It is evacuated by a TriScroll pump
to about 1072 torr. Pure gas was introduced. In each experiment a fixed amount of gas
inside the chamber was used. In the beginning stage of the experiment, a continuous
flow of gas inside the chamber was used during the experiment. As a results we did
not find any differences between the two different cases (1.closed chamber with defined
pressure of gas or 2.flowing gas chamber with defined pressure) of introducing sample
gas in the chamber. This could be explained by the size of the interaction volume. It
is very tiny and the chamber volume is very large (in comparison with each other).
Therefore for each laser pulse fresh sample gas interact with the laser. The pressure
was measured with proper vacuum gauges. A capacitance gauge was used to h}easure
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pressures above 1 torr and a Pirani gauge was used for lower pressures (see chamber
in Figures 2.3 and 2.4). Throughout this thesis we have used 100 or 30 cm lenses to
focus the beam inside the chamber. The fluorescence signal was detected from the side
through a fused silica window which was transparent for UV photons as well as visible
photons (see chamber in Figures 2.3 and 2.4). Although we used the gated detector in
the experiments to get rid of unwanted signals, we also used a proper pipe design inside
the chamber to avoid scattered signal to enter the detector head. The pipe design is in
front of opening window inside the chamber. Also there is a small hole for laser beam
to pass through it.
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Gauge Vacuum
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Figure 2.3: Schematic diagram of experimental setup to observe fluorescence spectra
and intensity dependent curves

We have used two different detectors in our experiments. Each of them had a high
speed electrical gating system (ns precision). The gating system was very useful to get
rid of unwanted signals or white light generated in the interaction zone. For example if
the fluorescence signal was around 800 nm, scattering of the strong fundamental beam
(800 nm) would overlap with fluorescence and hide it totally. By opening the gate
after a proper time from the arrival of the scattering light, we can easily detect the
fluorescence signal because we get rid of the scattering by proper gating. In the case
of unwanted light propagating with the laser pulses, we could set the gate delay few
ns after laser pulse arrival into the interaction zone. In those cases, the lifetime of the
fluorescing species should be larger than the selected gate delay. Then we could open
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Figure 2.4: Schematic diagram of pump and probe experiment

the gate width as much as the lifetime of the fluorescing species. Also with the gating
system we could measure the lifetime of each fluorescing line. Furthermore the gating
system improved the signal to noise ratio. One of detectors was a gated microchannel
plate photomultiplier tube (MCP—~PMT, Hamamatsu R5916U — 52) [47]. Another one
which we used more frequently in this thesis was an intensified charged coupled device
(ICCD) camera (Princeton Instrument ICCD PIMAX 512) [48].

To resolve the detected photon coming from the interaction zone we used an inter-
ference filter in front of the gated MCP—PMT with a proper central wavelength (it is
centered at studied florescence line for example for C'Hy it is centered at 430 nm) and
2.5 nm (FWHM) bandwidth in the transmission spectrum. In all of the cases we used
a spectrometer (Acton Research Corporation, Spectra Pro 500i) before the ICCD. A
schematic diagram of spectrometer is shown in Figure 2.5. The entrance slit width was
100 gm. The available gratings have the characteristics of 300, 1200 and 2400 grooves
per millimeter. In the case of grating with 1200 g/mm, maximum error in reading
photon wavelength is 0.3 nm in the range of 300 to 900 nm.
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Figure 2.5: Schematic diagram of spectrometer

2.3 Experimental conﬁguration.

A schematic diagram of the experimental setup to obtain the fluorescence spectra
is shown in Figure 2.3. The transform—limited pulse with pulse duration of about
40 fs at FWHM was sent into the chamber. The pulse duration was measured using
a second—order single—shot autocorrelator (SSA, Positive Light). As we mentioned,
the output beam has a 1 kHz repetition rate, maximum energy of 2 mJ/pulse with
a diameter of about 5 mm (1/e? level of the fluence). This resulted in maximum
intensity of 2.9 x 10" W/cm? with a 1 meter focusing lens assuming a Gaussian beam.
The Rayleigh range is 9.8 mm. A halfwaveplate and cubic polarizer were used before
the compressor (see Figure 2.1 for detail) to change the output energy of the linearly
polarized pulses. Therefore we obtained fluorescence signal versus intensity of the laser
pulses with the experimental setup shown in Figure 2.3.

The pump and probe experimental setup sketch is illustrated in Figure 2.4. The
laser beam after the Spitfire was separated into two arms by a 50/50 beam splitter.
One was used as the pump beam (~900 pJ pulse). The other was sent to the OPA
to generate the infrared probe pulses at 1338 nm with pulse duration of about 50 fs
(FWHM) and pulse energy of around 65 pJ. All of the energies were measured in front
of the entrance of the chamber. In fact the probe central wavelength is an important
issue. Different wavelength could results in various yields of distinctive products [49].
In addition, depletion process of SESs is a nonlinear phenomenon. Therefore intensity
of the probe is an important issue. The maximum energy of OPA is obtained for the
central wavelength equal to 1338 nm. In the probe arm a high—resolution delay line
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(40 nm) was used. The probe beam had a horizontal polarization parallel to that of
the pump beam. Spatial superposition of the two pulses was checked with a far field
measurement, while temporal superposition of these two pulses in air was checked by
a four wave mixing (4WM) process, where two photons of 800 nm are mixed with one
infrared photon (2wsgo — wy ), leading to a yellowish emission [50].

Finally, in all the experiments, the laser pulses were focused into a vacuum chamber
by a plano—convex lens (f = 100 cm or 30 em). From here on, if we do not mention the
lens focal distance it is 1 m. We used an imaging system, including a periscope using
metallic mirrors and fused silica lenses, to image the narrow and linear fluorescence
column onto the spectrometer entrance slit. The image and the slit were parallel to
each other.

In each experiment, proper softwares were written to acquire data automatically.
For example to obtain the fluorescence signal versus delay time, we used a computer
control translation stage to change the delay time. The spectrum was then read from
the detector. In most of the experiments, we monitored the energy of the laser beam
to be sure that change in the measurements are not because of energy fluctuations of
laser pulses.
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Neutral dissociation of simple
molecules through super—excited
states

In this chapter, we present and discuss the results of neutral dissociation of sim-
ple molecules in a strong laser field. For brief reviews see ref. [51. 52, 53]'.All
the experiments were carried out by the candidate and numerical calculations were
done by our collaborators. We start with the hydrogen molecule, the simplest and
the most abundant molecule in the universe. Fragmentation of hydrogen molecules
in a strong laser field is studied experimentally and theoretically. In addition, oxy-
gen and nitric oxide molecules were added to the investigation list. For all of the
three molecules (Hs, O, NO), fluorescence spectra from neutral excited species were
obtained. The emission intensity of some of the strongest lines versus laser intensity
on log—log scale was obtained and interpreted. The large slopes of these plots indicate
that some high—lying states in the continuum are excited resulting in neutral dissoci-
ation. Also, the upper limit of the lifetime of the superexcited states is obtained by an

IThis chapter is based upon the following papers:

e A. Azarm, D. Song, K. Liu, S. Hosseini, Y. Teranishi, S. H. Lin, A. Xia. F. Kong, and S. L.
Chin. Neutral dissociation of hydrogen molecules in a strong laser field through superexcited
states. Journal of Physics B: Atomic, Molecular and Optical Physics,44(8):085601, 2011.

e D. Song, A. Azarm, Y. Kamali, K. Liu, A. Xia, Y. Teranishi, S. H. Lin, F. Kong and S. L.
Chin. Neutral dissociation of superexcited oxygen molecules in intense laser fields. The journal
of Physical Chemistry A, 114(9):3087, 2010.

e K. Liu, D. Song, A. Azarm, S. L. Chin, and F. Kong. Neutral dissociation of superexcited nitric
oxide induced by intense laser fields. Chinese Journal of Chemical Physics, 23(3):252, 2010.
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ultrafast pump and probe experiment by monitoring one of the fluorescence lines. Fi-
nally, semiempirical calculations clarify the possible mechanisms of neutral dissociation
through superexcited states.

3.1 Hydrogen H,

As we mentioned above, Hydrogen is the simplest and most abundant molecule in
the universe. It shows rich and fundamental physical behavior while interacting with
ionizing radiation [54]. Recently the dissociation behaviour of hydrogen molecules in a
strong laser field has attracted considerable attention from scientists [55, 56, 57]. Neu-
tral hydrogen atoms after strong field dissociation have already been observed using
biased mass spectrometry. The interpretation of the dissociation mechanism is based
upon a photoionization channel, where hydrogen molecules undergo ionization to Hy
ions [57]. Lyman—a radiation has also been detected after H, molecules are irradiated
by a strong 800 nm laser pulse. It was attributed to the re—excitation of a neutral
fragment, rather than direct dissociation from the excited state [56]. In this section,
many spectral lines in the Balmer series are recorded. These series of radiations provide
a window to further explore the dissociation mechanism. Also it will be shown that in

"an intense laser field, hydrogen molecules could be highly excited owing to multipho-
ton absorption. The highly nonlinear laser power dependence of product vield tends
to support the multiphoton excitation mechanism. Such highly nonlinear excitation
means that molecules can be populated in the superexcited states (SESs). Besides, us-
ing a pump—probe technique and fluorescence spectroscopy, we confirmed multiphoton
superexcitation of hydrogen molecules in a strong laser field. We detect the depletion
of the fluorescence signals by the probe pulse and determine the lifetime of the SESs.
At the same time, coupled to potential energy curve (PEC) simulation, we found that
repulsive PECs could explain the dissociation process.

Figure 3.1 shows the fluorescence spectra obtained in the range of 300—700 nm.
The spectral lines are attributed to the Balmer series of the hydrogen atom (n; — 2),
from ny = 3 up to ny = 14. Figure 3.2 shows the energy levels of fluorescing hydrogen
atoms according to [2]. It is tabulated in table 3.1. The observation of so many excited
hydrogen atoms as the dissociation products is indeed significant. On the one hand,
the observation of the excited species implies that the parent molecule has been excited
to some highly excited states. We note that the dissociation energy of a hydrogen
molecule is 4.47 eV, while in the experiment the H(3!l) state is populated which needs
an energy of 12.08 eV (see Figure 3.2). It means that the excitation energy in the
dissociation process H; + nhw — H(3l) + H(1s) needs to be at least 16.56 eV. All the
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Observed 1 Dissociation

—_ a 1 1
s wavelength(nm) X = Ri* (e "7 Jimit (eV) [1] i
3 656.73 656.14 16.56 Hx
4 486.49 486.03 17.22 Hg
5 434 .41 433.95 1.7.53 H,
6 410.45 410.09 17.69 Hs
7 397.21 396.92 17.79 He
8 389.10 388.82 17.86 H,
9 383.84 383.46 17.90 H,
10 380.06 379.71 17.93 Hy
11 377.44 376.97 17.96 H-
12 375.33 374.94 17.98 He
13 37312 373.46 17.99 H)
14 372.46 37212 18.00 H

Ry = 1.0973731568539 x 10~ 2nm~! [58].

Table 3.1: Details of the observed atomic hydrogen lines [1].

other dissociation limits energy (see table 3.1) are beyond the first ionization potential
of the hydrogen molecule (15.42 eV) [1]. In other words, hydrogen molecules are excited
to some highly excited states, i.e. SESs, in the intense laser field.

Taking the advantages of the gating system, we can extend the range of wavelength
to 900 nm. The gating system can get rid of scattered 800 nm. The gate is opened for
10 ns after the laser pulse arrived at the interaction zone. In addition we have tried to
use 30 cm lens to see the effect of higher intensity (2.7 x 10'®* W/cm?). We expected to
see some lines from Paschen series which converge to the wavelength of 820 nm. Figure
3.3 shows molecular hydrogen spectra in an intense laser field with an extended x axis
from 100 to 900 nm in comparison to Figure 3.1. The detector is not very sensitive
to short wavelengths. The lines with the wavelength higher than the first Balmer line
(H,) are second order diffraction of other Balmer series line (H. and Hj;) from grating
of spectrometer at 868.33 and 820.46 nm respectively. Generally, the data from Figure
3.3 do not give us any more information than those in Figure 3.1, except that we can
conclude that SESs are populated at higher intensities (2.7 x 10’ W/cm?) as well.

We have investigated the pressure dependence of the fluorescence signal to provide
a proof that excited hydrogen fragments are the result of direct laser excitation rather
than other processes (see for example [59]). Figure 3.4 shows the integrated fluorescence
signal of the first Balmer line versus pressure in a log—log scale. It is obtained in more
than three orders of magnitude in pressure. We have fitted a red line with a slope 1.08
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Figure 3.1: The fluorescence spectra of Hs in a strong laser field at around 8 Torr. The
inset shows the lines of H atoms from 370 to 400 nm

in the low—pressure region. Clearly, in the low—pressure region, the fluorescence signal
increases linearly with pressure. At higher pressures, collisional quenching can decrease
the fluorescence signal. Therefore, there is no other process that can create neutral
excited atomic hydrogen. The abrupt increase starting from around 10 torr could be
due to self—focusing and filamentation resulting in a sudden increase in intensity in the
interaction zone. We have recorded the full spectra for various pressures. The observed
Balmer series in all the pressures are identical except that the signal to noise ratio
is different at different pressures. Moreover, based on lifetime measurement of SESs
in hydrogen molecules we can exclude other processes such as collisions as a reason to
create atomic excited hydrogen. We will discuss this latter problem in more detail at the
end of this section. In addition, laser excitation to molecular Rydberg states resulting
in neutral dissociation to atomic fragments and its competition with ionization was
already shown by recording photoelectron spectra at different wavelengths (310—330
nm) in [37]. Moreover, we have studied the full spectrum versus pressure (see Figure
3.5). Generally, the fluorescence signal is very weak therefore it is necessary to find the
pressure with the strongest florescence signal. The other benefit of pressure dependent
study of fluorescence signal could be finding the proper pressure with the strongest
signal. Therefore all of the data presented in this section were obtained in hydrogen
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Figure 3.2: The observed hydrogen atomic lines in Figure 3.1 attributed to excited
atomic hydrogen, 12 Ballmer series (ground state energy is zero and the first ionization
potential is 13.59 V) [2]

molecules at 8 torr. The data presented in this thesis were accumulated over several
thousand laser shots for each point.

The highly nonlinear laser power dependence of product yield (fluorescence) pro-
vides an experimental evidence of the formation of SESs. Indeed, we measured the
fluorescence intensity of two strong Balmer lines as a function of the laser energy. The
laser energy is proportional to the intensity of the laser shots. Based on Gaussian beam
propagation, one could estimate the intensity from the energy of the pulse (1-2 mJ
corresponding to 1.4 x 10 — 2.9 x 10 Wem~2). We measured the slope of each line
in the energy scale. The slopes are 11.7 and 11.5 in a log—log plot for the wavelengths
of around 656 nm and 486 nm, respectively (Figure 3.6). These slopes indicate that
the H, molecule can be excited to a highly excited state through the absorption of
at least about 11 to 12 effective photons (one photon energy ~1.55 €V) whose energy
(17.05—18.6 €V) is beyond the first ionization potential (15.42 eV). The highly excited
states, i.e. SESs, undergo dissociation leading to the production of H atoms which we
observed. On the other hand, having observed different products suggests that a variety
of dissociation channels exist simultaneously.
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Figure 3.5: Hvdrogen full spectra versus pressure of hydrogen molecules.

For the dissociation of molecules in intense laser fields, there are two classes of
pathways. The first considers the dissociation of the molecules whose levels are affected
under external laser fields. For example, our colleague proposed the field assisted dis-
sociation (FAD) model which can successfully treat the dissociation of the molecular
ions of acetone, methane, and acetyl aldehyde [60, 61]. FAD considers that the laser
field distorts the potential surface straightforwardly, weakening the chemical bond, and
leading to the bond rupture. Other theoretical models such as re—scattering, bond
softening, or above threshold dissociation belong to this class of pathways. The sec-
ond considers that the intense laser field causes an extremely high excitation of the
molecule, equivalent to absorbing as many as 12 laser photons and leading to highly
excited states with almost 18 eV. A spontaneous dissociation without laser fields thus
takes place. Laser field free PECs (potential energy curves) can be applied in the sub-
sequent dissociation process. This section of thesis treats the dissociation of a hydrogen
molecule theoretically through the second pathway. However, there is no quantum me-
chanically calculated PEC for SESs, since the accurate calculation of the high—lying
excited states of molecules is extremely difficult, even for a hydrogen molecule.
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Figure 3.6: Fluorescence signal versus the laser energy which is proportional to intensity.
The fluorescence is collected and integrated around 656 nm and 486 nm from the first
two Balmer series.

Recently, our theoretician colleagues proposed a Rydberg molecule model to esti-
mate the dissociation process. In the Rydberg model, the SES is considered as the
Rydberg state which consists of an excited ion core and a Rydberg electron. The
Rydberg electron can be treated as a spectator, not participating in the dissocia-
tion directly. The dissociation products are two neutral fragments. One of them is
a Rydberg atom or molecule with the same principle quantum number n and angu-
lar momentum quantum number [ of the superexcited parent molecule. To obtain
the PECs of high—lying Rydberg states, our colleagues first calculate the PECs of
the corresponding Hj ion cores (Figure 3.7). The calculations are performed with
the MOLPRO software package [62| at CASSCF/av5z level. Then, we shift down the
curve (PEC) of the state 237 until the energy limit on the long—distance side fits
the experimental data. In this way, PECs of some superexcited H, states are ob-
tained (Figure 3.7). With these Rydberg PECs, we are able to trace the dissociation
pathway of the superexcited H, molecules. In a strong laser field, the ground state
of H; molecules absorb many photons simultaneously accompanying a vertical excita-
tion in the energy plot. Various SESs of hydrogen molecule, H3*[(Hy , 12} )nl, 1A,,,]
and H3*[(Hy,1*TH)nl, 1A,,,], with different quantum numbers are reached, where
(Hy,1°%}) and (Hy,1°%Z}) stand for the ion core, nl stands for the spectator elec-
tron with a principle quantum number n and an angular quantum number [ and 1A,
stands for the term of the superexcited H;*. Rydberg states, H3*[(H3, 1°S])nl, 1A,,.],
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Figure 3.7: Potential energy curves of H,. H, in the ground state (black solid curve),
Hj ions (blue solid curves), Rydberg states (green dotted curves) and superexcited
states (red dotted curves).

‘dissociate spontaneously along the repulsive ion—state—shape PECs or transit to Ryd-
berg states of Hy*[(Hy , 1°X])nl, 1A,/,] via avoided crossing, producing a ground state
H atom and an excited H atom. The latter species emit lights at wavelengths of
656.73,486.49,434.41,410.45 nm ... etc. which are observed in our experiment. But
another Rydberg states series, Hy*[(Hy, 1°2])nl, 1A,4/,], is not responsible for the ob-
servation of H excited atoms, because their vertical excitation energies are smaller than
dissociation limits, and corresponding dissociation processes do not occur.

To know the dissociation dynamics and properties of SESs, we measured the fluo-
rescence signals of some of the spectral lines as a function of the delay time between
ultrashort pump (800 nm) and probe (1338 nm) pulses. Figure 3.8 shows the integrated
656 nm fluorescence intensity versus the delay time between pump and probe pulses.
We can clearly see an obvious decrease of the fluorescence signal taking place when
the delay time is around zero. The dip width of the fluorescence signal is about 180 fs
(FWHM). Coupled to the PEC simulation, we can imagine that the population of the
SESs will be decreased by the probe pulse when dissociation is underway. This results
in the depletion of the florescence signals. Therefore, the dip width means the lifetime
of the SESs. This experiment was performed for the other lines, namely 486 nm (see
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figure 3.9). The result is roughly the same with a lifetime of 180 fs. We emphasize here
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that the fluorescence depletion could not be explained by other reasons. We exclude
the simple ionization scheme where the neutral hydrogen atoms are generated by dis-
integration of the Hy ion or electron—ion recombination since the lifetime of these two
processes is very long.

Now we can discuss the fact that SESs are the result of direct laser excitation in
more detail. As we showed above, the 42 fs laser pulse (800 nm) excites the molecule
into the SESs. Within this pulse duration, there is no collision between molecules at 8
torr because the mean collision time is of the order of 50 ns. The dissociation of the
molecule from the SESs into the two H neutrals takes about 180 fs according to our
current measurement. This is the lifetime of the SES. During this time together with
the pumping time of 42 fs, there is still no collision with any neighboring molecule while
H* is already formed and will fluoresce. During the fluorescence time of H*, there is
collision. But this will only reduce the fluorescence intensity. It would not contribute to
the excitation of H atoms. And this is what the experimental data show: a decrease in
the fluorescence signal at 8 torr. Electron collision can be neglected during the pumping
and dissociation time of about 222 fs (pump duration + SES lifetime) because the mean
free time of an electron at 8 torr is about 95 ps. Electron collisional excitation of the
neutral ground state H atom could be neglected because the free electron energy through
ATI (above threshold ionization) at the intensity level we are using is at best a few eV
and the probability is very small. By the same argument, electron excitation of the
SES can be neglected. Finally, we would claim that without any ambiguity, the excited
hydrogen fragment is a result of direct laser excitation of a hydrogen molecule.

3.2 Oxygen O,

In this section, we study the dissociation processes of the superexcited states of O,
molecule induced by femtosecond intense laser pulses both theoretically and experi-
mentally. The study of SESs of O, molecules can be treated as a typical example for
a more complex molecule as compared to hydrogen. Ukai et al. [63] and Karawajczyk
et al.[64] investigated neutral dissociation of SES in the energy region of 14 — 21 €V by
using synchrotron radiation (SR) as a conventional excitation method. They roughly
assigned several excited O atoms observed in their excitation spectra to dissociation
products in Rydberg states converging to the B(QZ;), b(4Z;), or A(%Il,) states of the
O3F ion, respectively, but they did not supply enough theoretical explanation of the
dissociation mechanism. Odagiri et al. focused on experimentally identifying the inner
valence excited states and multiply excited states of Q; as SESs in the higher energy
range of 23 — 47 €V using the photon—photon coincidence method [65]. Therefore we



Chapter 3. Neutral dissociation of simple molecules through super—excited states 30

can compare single photon and multiphoton process resulting SESs in O, molecules.

In this section four issues will be described similar to Hy molecule. First of all, we
report that the thirty—three spectral lines from excited oxygen atoms are the dissocia-
tion products of the superexcited oxygen molecules produced in the intense laser field.
It indicates that more dissociation channels occur in the intense laser field than those
observed in synchrotron radiation excitation. Second, the product yield is strongly de-
pendent on the laser intensity. The strong laser power dependence of the intensities
of various fluorescence lines with slopes between 9 and 11 in a log—log plot provides
the experimental evidence that the precursor states of excited O atoms should be some
SESs of Oy molecules. The above two issues prove that using a femtosecond intense
laser to excite SES is complementary to synchrotron excitation. The third issue is that
we have constructed empirical (Morse) potential energy curves (PECs) for the SESs
of Oy. On the basis of the Morse PECs, we propose a predissociation mechanism to
interpret the dissociation processes of SESs. The emissions of products thus could be
well explained. These theoretical results can provide a better insight into the essence of
SESs than before. Finally, we measured directly the lifetime of the SES and compared
it with the quasiclassical trajectory (QCT) calculations. It showed that the neutral
dissociation of a SES is indeed a fast predissociation process. Through the above stud-
ies, the concept of the SES of Oy molecule and the mechanisms of the dissociation are
better clarified. Considering that we proved multiphoton superexcitation in the case of
H, the observation in O, starts to indicate that this process in molecules is a general
process during intense femtosecond laser interaction with molecules.

3.2.1 Spectra of O,

The SESs are produced by the intense Ti:sapphire laser pulses. Products of the
neutral dissociation are detected by fluorescence spectroscopy. Figure 3.10 shows the
fluorescence spectrum recorded between the wavelengths of 200 and 900 nm. It reveals
that the SESs can also be created by intense laser excitation. It is an alternative method
to produce the SESs of molecules, in addition to synchrotron radiation excitation. The
emission bands between 306 and 320 nm are assigned to the rovibronic transitiens of
O35 (A’ — X?) [66] which are not dealt with in the present thesis. The artifacts
between 612 and 640 nm are attributed to the second—order diffraction of the same
transitions of OF (A%l — X*II). Similarly, the emissions at 789.7 and 873.8 nm are the
second—order diffraction of the spectral lines at 394.8 and 436.8 nm, respectively. The
rest of the spectral lines in the spectrum are attributed to the transitions in the oxygen
atoms, which are the dissociation products of O,. The assignment of spectral lines
was done as well. Thirty—three spectral lines have been recorded in the fluorescence
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Figure 3.10: Fluorescence spectrum of the photodissociation products of Oy molecules.
The artifacts between 612 and 640 nm are attributed to the second order diffraction of
the transitions of O3 (A*Il — X*II) (this is marked by an ellipse A). The emissions at
789.7 (this is marked by an ellipse B) and 873.8 nm (this is marked by an ellipse C) are
the second order diffraction of the spectral lines at 394.8 and 436.8 nm, respectively.
For details about these thirty three atomic oxygen lines see table 3.2 at the end of this
chapter.

spectrum (see Table 3.2 at the end of this chapter). Most observed lines actually contain
a few lines. See for example the oxygen transitions around 777 nm on Figure 3.11. If
we use the grating with higher number of grooves per millimeter in the spectrometer,
we can easily resolve three lines. These lines could include a lot of information, but the
goal of this thesis is to prove the universality of neutral dissociation in a strong laser
field through SESs. In the last column of Table 3.2 at the end of this chapter, the
observed wavelengths and the wavelengths reported in the literatures are listed. Ten
of them are new observations. The remaining twenty three transitions can be found in
the NIST database [2]. They are assigned to the transitions of six Rydberg series of O
atoms. The observed transitions and their assignments are listed in columns 4 and 5 of
table 3.2 at the end of this chapter. According to ref. [2], the transitions are:

e 25%2p3(45°)3p 3P , 25°2p%(45°)4p 3 P and 25%2p3(*5°)5p 3 P—25%2p3(15°)3s 35°
at 777.5, 394.8 and 369.5 nm

e 25%22p3(45°)3p 3P and 2522p*(15°)4p 3P—25%2p3(15°)3s 359 at 845.0 and 436.8

nm
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Figure 3.11: Three lines of 777 nm are resolved by using 2400 g/mm grating spectrom-
eter (10 torr O,).

o 2522p3(15°)4d 5D° , 2522p3(15°)5d 3D° |, 2522p3(45°)6d 5D° , 2522p%(45°)7d 5 D°
and 2s?2p%(1S°)8d 5D° —2s22p%(1S°)3p 5P at 615.9, 533.2, 497.1, 477.5 and
465.7 nm

o 2522p%(45°)5s 58° , 25%2p3(*5°)6s 55° , 2522p3(*5°)7s 55° and 2522p3(*5°)8s
550 49522p%(45°)3p 5 P at 645.4, 543.5, 502.2 and 480.4 nm

o 2522p3(45°)4d 3D° | 2522p%(*5°)5d 3D° , 2522p3(45°)6d 3D° , 2522p%(45°)7d *D°
and 2s22p®(*S°)8d 3D° —2522p3(*5°)3p 3P at 700.6, 596.2, 551.4, 527.7 and
513.3 nm :

o 25°2p°(45°)5s 35° , 2522p%(45°)6s 35° , 25*2p*(15°)7s 35° and 24%2p°(*5°)8s 35°
—52822p%(45°)3p *P at 725.8, 604.9, 555.6 and 530.1 nm

The remaining ten transitions marked by a star or double star in table 3.2 have not
been reported in the literature. Those ten new lines are listed below:

e 2522p%(15°)9s 3P and 25°2p3(15°)10s 3P—2522p3(45°)3p 3P at 514.9 and 505.4
nm

o 2522p%(45°)9d 3D°—2522p3(45°)3p 3P at 503.9 nm
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o 25%22p3(15°)0s 58° , 2522p%(15°)10s 55° , 2522p3(15°)11s 35° and 2s22p°(15°)12s
5P — 25%2p%(45°)3p ° P at 467.6, 459.1, 453.4 and 449.1 nm

o 2522p3(18°)9d °P |, 25%2p3(15°)10d ° P and 25?2p3(45°9)11d 5P — 2522p3(*5°)3p
5P at 458.0, 452.5, and 448.5 nm

By means of the Rydberg formula (in the following section), we have verified that
these transitions can be assigned to the unreported Rydberg transitions. Referring
to these transitions, three new Rydberg states, 2s22p*(15°)11s 35° , 25?2p3(*5°)12s
55° and 2s22p*(*5°)10d ®D° which have not been reported previously, are observed in
this experiment and shown in table 3.2, with the symbol of double star. The oxygen
molecule undergoes neutral dissociations in the intense laser field. Most likely, the
product pair consists of a ground state oxygen atom O(3P) and an excited oxygen atom
of O(n,l), where n and [ are the principle and angular quantum numbers, respectively.
A variety of products found in the spectrum indicate that many dissociation channels
exist simultaneously. This indicates also that various SESs of Oy have been created in
the intense laser field.

We measure the pressure dependence of fluorescence intensity. Figure 3.12 shows
the integrated fluorescence signal around 777 nm lines versus pressure. The pressure
dependence below 10 Torr is linear and the slope is nearly one, which means that
collisional effects are negligible. The linear pressure dependence shows that the emitters
are the products of unimolecular dissociation. This is the same for all of the lines
observed (see figure 3.13 for detail). Hence all of the experiments with: oxygen have
been done at 10 torr. The discussion is very similar to hydrogen molecules therefore
the readers are referred to the fourth paragraph of the previous section 3.1 for more
detailed discussion.

3.2.2 Intensity dependent fluorescence signal of O,

To understand the dissociation process of the O, molecule, we measured the fluo-
rescence intensity of the O atoms as a function of the laser intensity. Three slopes are
obtained as 8.9, 11.1, and 11.3 in a log—log plot for the wavelengths of 615.9, 777.5,
and 845.0 nm, respectively (Figure 3.14). In the view of multiphoton excitation theory,
this observation implies that the rate—determining process may absorb at least ten
photons (1.55 eV each photon at 800 nm) on average. In other words, the O, molecule
can be excited to a highly excited state, whose energy (>15.5 eV) is beyond the first
ionization potential of 12.06 eV [2]. The highly excited state, or the superexcited state,
then undergoes dissociation leading to the product of O atoms we observed.
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Figure 3.12: Fluorescence signals around 777 nm versus pressure
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Figure 3.13: Oxygen full spectra versus pressture.

We theoretically investigated the multiphoton excitation dynamics of Oz molecule in
strong laser fields. Multiphoton excitations are caused by absorbing a certain number
of photons. The slope in the log—log plot suggests the number of the photons involved
in the excitation process. The calculation method has been described in detail in
[67]. Only a brief introduction is given here. Our colleague made a quantum chemical
calculation with the complete active space self—consistent—field (CASSCF) method
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Figure 3.14: Fluorescence intensity dependence on the laser intensity. The fluorescence
is collected and integrated around 615.9, 777.5 and 845.0 nm, respectively.

with the aug—cc—pVTZ basis set to obtain the excitation energy and transition dipole
moment matrix elements between the eigenstates. For Oy molecule, we take 96 valence
states into the calculations. The first excitation energy is about 1.0 eV, and the highest
eigenstate included has the energy of ~21 eV above the ground state. Figure 3.15 shows
the calculated transition probabilities of the vertical excitation as functions of laser
intensity for the 96 states. Most of the curves of power dependence have slopes between
9 and 11, which are in good agreement with the experimental results. It indicates that
the Oy molecule dissociates into O excited atomic products via its highly excited states.
It should be noted here that only the molecules in SESs states can dissociate, because
the threshold production of fragments (O(ground state) + O (Rydberg state)) is at
least 15 eV. SESs of molecules are created in the excitation process. These superexcited
molecules decay into the various channels 'spontaheously".

3.2.3 Semiempirical method

Dissociation takes place in the SESs of oxygen molecule. To understand the dissoci-
ation mechanism, the PECs of the SESs should be understood at first. However, there
is lack of quantum—mechanically calculated results for SESs so far, even for diatomic
molecules like O;. In this section, we first make an empirical PEC for the SESs. In light
of these empirical (Morse type) PECs, we further interpret the dissociation processes.
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Figure 3.15: Excitation probabilities to various excited states of Oy as functions of laser
intensity. Here, the laser pulse duration time is 42 fs, and the central frequency of the
laser pulse is 800 nm.

Following Hatano [29], we interpret the SESs as those appropriately excited Ryd-
berg states. We shall start by proposing a spectroscopic nomenclature of such states.
Quantitative justification of such interpretation through PEC calculation and compar-
ison with experimental results will follow. The SES of a molecule O, is expressed as
a symbol O3* followed by a more specific molecular notation ((OF, spectral term of
the ion to which the Rydberg states converges) nlA, spectral terms of the molecule).
For example, O3*((O5 a'Il,)4s0,.*I1,) denotes a specific SES of oxygen molecule. In
this case, the double asterisk means a superexcited state which possesses energy higher
than the first IP. The SES is the Rydberg state converging to the excited state (a’IL,)
of OF ion. The principle quantum number n, the angular quantum number [, and its
projection onto the molecular axis A of the molecule in the Rydberg series, are indicated
by the symbols 4, s, and o, respectively. Finally, the Rydberg state has a spectral term
of 3I1,). Unlike hydrogen molecules, all of the SESs in oxygen molecules that we found
are bonding curves. Among the empirical functions, the Morse function is the most
explicit one. The Morse function denotes the potential energy V(r) of the molecule as
a function of the bond distance r:

V. = D (e 20—} — 9g—0lr-re)y (3.1)

where D, is the depth of the potential well and r, is equilibrium bond distance. The
symbol a is the Morse parameter. The vibrational frequency w, and the equilibrium
bond distance r, of the Rydberg states are adapted from those of the O, ions to which
they converge. It is based on the ionic core approximation, which treats the Rydberg
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molecules as ions. The depth of the potential well, D,, consists of two parts, the zero
point energy E; and the dissociation energy Dy. Dy is the difference between the
energy of the Rydberg O, molecule E;, and that of the products of O + O* (in Rydberg
states) E,, i.e. Dy = E, — E.. The data of E, are adapted from the NIST table
[2]. E, is obtained by the formula E, = IP — R/(n — §)?, where § is the quantum
defect and R is the Rydberg constant. To our knowledge, the correlation between the
quantum numbers of high—Rydberg molecules and those of these Rydberg fragments is
an unsolved problem. We thus assume that the principle quantum number (n) and the
angular quantum number (/) do not change in the dissociation processes to correlate
a specific PEC with its dissociation products. Our assumption is supported by the
following well—known point: 'If the core ion is formed in a sufficiently high excited
state, it can dissociate with no help from the high—Rydberg electron. The fragments
can separate to a large distance and still remain completely within the high—Rydberg
orbital" [68]. Therefore, the possible products in the dissociation are shown on the
right—hand side of the curves in Figure 3.16 to Figure 3.20. For example, in Figure
3.16 , O3*((OF A%IL,)4sa,,%11,) can dissociate into two atoms, a ground state O atom
(3P) and a Rydberg atom O(4s,25°). With Equation (3.1), we have built the Morse type
PECs for the SESs of oxygen molecules. The PECs are shown as the curves in Figure
3.16 to Figure 3.20. Each figure depicts two series of Rydberg states with different
principle quantum numbers n. It can be seen in the figures that there are two types of
curves, featured by different equilibrium distances and different depths of the potential
well. The first type of PECs has short equilibrium bond distances about 1.30 A, which
is comparable to that of the ground state, 1.21 A. The corresponding SESs converge to
the A(IL,), b(*T; ) and B(*%;) states of OF ion. The removed valence electron in the
excitation is a non bonding electron of the molecules. Such excitation does not weaken
the chemical bond, so that the potential well is deep. Usually, a vertical excitation
from the ground state of O to the kind of SES will create a low vibrationally excited
molecule but will not lead to dissociation. For the second type of PECs, the equilibrium
bond distances could be as long as about 1.7 A. Doubly excited electrons make the
O — O bond weaker. These SESs correspond to Rydberg states converging to the ionic
states of O3 d(*Z}), or OF f(*IIy). The potential wells of the PECs are shallow, so that
the states are less stable.

Here we discuss some possible dissociation processes of the typical dissociation
channels. As shown in Figure 3.16 to Figure 3.20, the SESs are created through
the vertical excitation of the first type of Rydberg states. The SESs are low vibra-
tionally excited, which do not lead to dissociation directly. However, via curve crossing,
these SESs can transit to the second type of PECs of SESs: O3 (O3 d*E} )npo,,* L)
, O3((0F 411, )npa, 31L,) , O3*((OF f411,)npo, ’1L,) | O;*((O;d‘iE;)npou,:"E;') , -
03" ((03 f*IL,)npoy,,*11,) and O3*((03 d*S] )npo,,°E]) series [64, 69, 70]. This tran-
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Figure 3.16: PECs of the SESs series of O5*((03 A*Il,)nsa,,*Il,) and O3*((O3 d*E})
3poy,*I17). The solid and dash lines show ionic states and SESs, respectively.
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Figure 3.17: PECs of the SESs series of O3*((03 b*E; )npay, °%;) 03 ((0F f11,)npo,,
°,) and O3*((OFb*Z, )npm, *IL,) O5*((05 d*S})npoy,®a}) . The solid and dash lines
show ionic states and SESs, respectively.

sition usually produces highly vibrational excitation in these SESs. The vibrationally
hot molecules thus would undergo dissociation. In other words, predissociation of the
O, molecule takes place via these superexcited states. The variety of the fluorescence
emissions in the experiment indicates that many predissociation channels occur. In
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show ionic states and SESs, respectively.

e SESs of 03*((05 A%IL,)nsa,,*11,)

In the energy region of 15.3—17.1 eV, a Franck—Condon excitation may create
the Rydberg states of n = 4, 5 of the nso, series converging to the A*Il, state
of 02 ion. These SESs are stable and do not undergo dissociation directly. The
stability energies of the states are 1.70 and 1.67 eV, respectively (Figure 3.16).
However, it can be seen in Figure 3.16 that these Rydberg states can transit to
the SES of O;*((O;dq‘E;)SpUu,?’Ej) via curve crossing. The transition results in a
highly vibrational excitation in the latter state. The hot O;*((O;’d4Z;)3pau,3Zj)
thus undergoes predissociation, leading to the products of O (3P) + O(3p,*P) or
O (3P) + O(3p,*P). The production of O(3p,>P) and O(3p,*P) is verified by
the emissions at 777.5 and 845.0 nm, which are assigned to the transitions of
O(3p,> P— 35,°5°) and O(3p,? P— 35,35°), respectively.

e SESs of O;*((O;b"zg)npﬂu,aﬂu) and O;*((O;b‘lE;)npcru,sZ;)
At a higher excitation energy of 17.0 eV, Rydberg states of O3*((OF b Ynpm,,°IL,)
and O3*((OF 642;)71130”,32; ) can be produced by the vertical excitation directly
(Figure 3.17). These Rydberg states of O, molecule cross to two other SESs
of 03*((0Fd*E])3po, *L}) or O3*((O5 f*11})3poy,,*,) individually. The tran-
sition via the curve crossing creates a highly vibrational excitation in the latter
two states. The hot O, molecule thus undergoes dissociation. The products are
O (3P) + O (3p, 3P)or O (3P) + O (3p, *P). The observed emissions at 777.5
and 845.0 nm refer to the transitions of O(3p, >P—3s, >S°) and O(3p, 3P—3s,
$5°), respectively. At a higher excitation of 17.5 eV, O3*((O5 6*Z; )5po, *L] ) and
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light of the Morse PECs shown in Figures 3.16 to Figure 3.20, we are able to under-
stand all these predissociation processes. Table 3.2 summarizes the excitation energy,
the optically excited state, the dissociative state, the possible products and the product
emissions of each dissociation process as follow:
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03" ((O3 b*%, )5pm, 1), states may be created in the laser excitation (Figure 3.17).
These SESs cross with the 03*((05F f*I1y)4po, *11,) and O3*((05 d*L] )4po. *L)
states, respectively. The latter two states further dissociate, leading to the prod-
ucts of O (3P) + O(4p, *P) or O (*P) + O(4p,®P), which emit the fluorescent
lights at 394.8 nm or 436.8 nm,respectively.

e SESs of 03°((037 B*E; )npm, *IL,) and 03*((O5 B*%; )npo, 3%;)

At a higher excitation energy of 19.0 éV, Rydberg states of O3*((03 B*Z; )4pm,,*T1,)
and O3*((OF B*Z; )4po, *Ey) can be produced by the optical excitation (Fig-
ures 3.18 ,3.19 and 3.20). The SESs cross to the 03*((O3 B*E;)3po,,*E]) or
03*((0F B®X; )3po, L) states, producing the fragments of O (3p, *P) and O
(3p, °P) (Figure 3.18). Meanwhile, the SESs cross to the 03*((05 d*L;] )5s0,,°L})
and O3*((O5 f*I1,)5s0,,%I1,) also, producing O (5s, °S°) or(5s, *S°) (Figure 3.19).
The observed emissions at 645.4 and 725.8 nm refer to the transitions of O (5s,
38° — 3p, *P) and O(5s, 3S° — 3p, *P), respectively. And the SESs will also
cross to the O3*((0O5 d*X} )4do, L) and O3*((Oy f'I1,)4dr,,*11,) , leading to the
products of O (4d, 3D°) and O (4d,°D°) (Figure 3.20). The observed emission
at 615.9 nm and 700.6 nm refers to the transitions of O (4d, °D° — 3p, °P) and
O (4d,3D° — 3p, *Po), respectively. Such observations verify the predissociation
mechanism.

3.2.4 Lifetime measurement of SESs of O,

- The predissociation process consists of two steps. The first step can be represented
by a wave packet moving on the first type of PEC before the curve crossing (Figure
3.16). In the second step, the wave packet transits across the crossing point, resulting
in a highly vibrational excitation in the second type of PEC. The wave packet moves on
the latter PEC further, leading to the production of two oxygen atoms. Quasi classical
trajectory (QCT) calculations are carried out for the first step. A Gaussian wave packet
in Wigner representation starts to move on the PEC with an average zero initial velocity
[60]. According to Franck—Condon principle, the initial geometry is adapted as that of
the ground state of O, molecule, which has a short bond distance of 1.21 A. The wave
packet is then accelerated by the repulsive force on the left wall of the PEC. Trajectories
reflecting the moving time of the wave packet on the state of O3*((OF AI1,)nso,*1,)
are calculated. Figure 3.21 shows the calculated probability of the trajectories of the
SES moving toward and reaching the crossing point as a function of time. The width
of the curve indicates that the average moving time to the crossing point is about 100
fs. Otherwise, if it were a direct dissociation, the dissociation period would be as long
as about 600 fs as predicted in a similar calculation. Autoionization process of SESs
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for O, molecule is not considered in this work. Their rate are often estimated to be
10073 to 10n2 s! (n means principal quantum number). For a Rydberg molecule
of n=4, the autoionization lifetime is thus subnanoseconds [68], much longer than the

neutral dissociation time of SES.
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Figure 3.21: Probability of the trajectories for OS*((O;IJ“E;)LIpwu,SHU) moving to the

crossing point as a function of time.

The crossing time of the initially excited SESs to the final dissociating PEC is
inspected by an experiment using femtosecond lasers. On the basis of the above analysis,
if during the crossing period, the initially excited SES population is reduced by a weak
probe ultrashort laser pulse, the resultant fluorescence would be reduced. It is predicted
that the fluorescence reduction time would be on the order of 100 fs (see Figure 3.21),
corresponding to the transit time between the initial SES and the final dissociating
SES as obtained in the previous paragraph. Once the crossing to the second type of
SES is over, the weak probe pulse would not be able to de—excite the dissociating
SES or Rydberg state. To monitor the dissociation process of the SESs, two sequential
ultrafast laser pulses at different wavelengths have been employed. The time interval
between the two laser pulses is varied in the experiment. The first (pump) laser pulse
initiates the multiphoton excitation, creating a SES of the first type of PEC. The second
(probe) laser pulse depopulates the SES either by further excitation or by stimulated
emission. The depopulation of the superexcited states results in a decrease of product
yields which causes a depletion of fluorescence emission. The fluorescence intensity
has been measured as a function of the delay time between the pump and the probe
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laser pulses. Figure 3.22 shows the fluorescence signals at 777.5 nm as a function of
the delay time, respectively. It can be seen clearly that an obvious depletion of the
fluorescence signal appears when the pump and probe pulses overlap each other. The
maximum of the depletion is at the zero delay time. The rise time of the depletion is
about 50 fs, which is the order of the laser pulse width. The decay lasts for 150 fs.
" The experimentally recorded curves shown in Figure 3.22 are analogous to the QCT
calculated one shown in Figure 3.21. The results support that it is the predissociation
process. Similar depletion curves of fluorescence depletion were also observed for the
other wavelengths with roughly the same temporal width ( see Figure 3.23). To broaden
our knowledge about the SESs, we have tried to study the intensity dependence of
depletion by changing the energy of probe pulses (Figure 3.24). The obvious conclusion
is that depletion due to the probe pulse happens by a nonlinear process through the
absorbtion of more than one photon of the probe pulse. The dip disappears at low

intensities of probe pulse.
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Figure 3.22: Integrated fluorescence signal of 25*2p*(*S°)3p,> P — 25%2p®(15°)35.°5° at
777.5 nm versus the delay time between the pump and probe pulses. Negative delay
time means the probe pulses are before the pump pulses.

3.3 Nitric oxide NO

Up to now, we have studied neutral dissociation of homonuclear molecules (H, and
;). In this section we investigate neutral dissociation of an heteronuclear molecule
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Figure 3.24: Integrated fluorescence signal of 25*2p3(S°)3p,° P — 25%2p3(*5°)35,55° at
777.5 nm versus the delay time between the pump and probe pulses for different probe
energy. Negative delay time means the probe pulses are behind the pump pulses.

(NO) in a strong laser field. The superexcited states of NO are produced by the exci-
tation with ultrashort intense laser pulses. Fluorescent emission after the laser pulse is
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detected. From the recorded spectral lines we found dissociation products of N and O
atoms. The dissociation can be interpreted by our calculated PECs with a spectator
model (the same model described SESs of hydrogen molecules). Garcia et al. measured
the near—infrared dispersed fluorescence of neutral atomic fragments using narrow band
synchrotron radiation photons of the energy 17.2 — 25.8 eV [71]. Thirteen atomic O
or N species dissociated from the SES of NO were recorded. In order to interpret the
dissociation mechanism, they tried to calculate the ab initio PECs for the SESs. At
least 29 excitation processes for a certain symmetry of a NO molecule were calculated.
However, the PECs and their crossings were too complicated in the high energy region.
The dissociation mechanism remained obscure.

In this section, we report our experimental and theoretical study on the dissocia-
tion of NO. We obtain the PECs for the SESs of NO by another approach different
- from Garcia et al. [71]. Based on the PECs, we propose direct and predissociation
mechanism to interpret the dissociation processes of SESs leading to excited N and O
atoms respectively. The emissions of products thus could be well explained. These
theoretical results can provide a better insight into the essence of SESs than before.
Through the above studies, the concept of the SES of NO molecule and the mechanism
of the dissociation are better clarified. Considering the Rydberg character of the SESs,
we properly build the PECs for the SESs using the calculated PECs of NO™ which the
Rydberg states converge to.

The SESs of the molecule NO are produced by the intense Ti:sapphire laser pulses.
Products of the neutral dissociation are detected by fragmentation spectroscopy. Figure
3.25 shows the wide range fluorescence spectrum recorded between the wavelengths of
200 and 900 nm. The spectral lines in the spectrum are attributed to the transitions
of the oxygen or nitrogen atoms, which are the dissociation products of superexcited
NO**. The spectral lines in the emission spectrum are assigned as the transitions of
excited oxygen atoms or nitrogen atoms. Moreover some transition from molecular band
are observed. They are mainly from 3(B?II — X?II) and y(A?’T* — X?II) transitions.
Eight transitions of O* (Figure 3.26) and twenty transitions of N* (Figure 3.27) in the
fluorescence spectrum have been assigned. The observed transitions lines and their
assignments are listed in Table 3.3. The minimum energy required to excite one of the
excited fragments in both of the cases (0:10.74 eV Figure 3.26, N:11.75 eV Figure 3.27)
is more than ionization energy of NO molecules (9.26 €V [72]). This indicate clearly
that neutral dissociation process happens through absorption of many photons whose
total energy is higher than first ionization potential.

We measured the pressure dependence of fluorescence intensity. Figure 3.28 shows
the full spectra of NO in a strong laser field versus pressure. The pressure dependence
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Figure 3.25: The dispersed fluorescence spectrum for fragments of superexcited NO.
The details of the atom lines such as configurations and spectroscopic terms of the
excitation are listed in Table 3.3 at the end of this chapter

below 4 torr is linear, which means the collision effect is negligible. The linear pressure
dependence shows that the emitters are the products of direct laser excitation, but not
those of collision effects. This is the same for all of the lines observed (see Figure 3.28
for detail). The discussion is very similar to hydrogen and oxygen molecules therefore
I refer to previous section for more detail discussion. All of the experiments with NO,
have been done at 4 torr pressure.

We measured the fluorescence intensity of some strong lines of the O or N atoms
as a function of the laser intensity. Five slopes are obtained as 5.7, 8.9, 9.0, 9.1 and
7.6 in a log—log plot for the wavelengths of 615.6, 744.2, 777.4, 844.6 and 868.3 nm,
respectively (see Figure 3.29). The strong laser intensity dependence indicates that a
multiphoton excitation absorbing 6 to 9 (~ 9.3 — 13.95 €V) photons takes place. The
NO molecule can be excited to a highly excited state, whose energy is beyond the
first ionization potential of nitric oxide molecule (9.264 eV [72]). The highly excited
state, or the superexcited state, then undergoes dissociation leading to the product
of N* and O* atoms which we observed. To interpret the dissociation process we
use ionic core model, which has been successfully applied to explain the dissociation
of H, and Oy molecules in previous sections. Most superexcited states are Rydberg
states consisting of an excited ion core and a Rydberg electron. In the ionic core
model, the Rydberg electron can be treated as a spectator, not participating in the
dissociation directly. The whole dissociation process involves two steps, dissociation
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Figure 3.26: The observed atomic lines in Figure 3.25 attributed to eight transitions
from excited atomic oxygen|[2]

of the ion core into two fragments and recombination of the ionic fragment with the
Rydberg electron. The principle quantum number n and angular quantum number [
are supposed to be unchanged during the dissociation. To understand the dissociative
process, it is necessary to know the related potential energy curve. However, accurate
calculation for the high—Ilying states of molecules is extremely difficult. To obtain
the PESs of high—lying Rydberg states, we first investigate the PESs of the excited
states of NO™, to which the Rydberg states converge. Two ionic states leading to the
products of O + N and N+ + O, respectively are calculated. The calculations are
performed with the MOLPRO software package at CASSCF/avqz level [62]. In the
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Figure 3.27: The observed atomic lines in Figure 3.25 attributed to twenty transitions
of atomic nitrogen (2]

energy diagram (Figure 3.30), the dashed lines represent the ionic states at different
inter—nuclear distances. The solid curves are the related Rydberg states, which are
obtained by shifting down.the ionic curve. The energy limit on the long—distance side
is adjusted by the experimental data [2]. With these Rydberg PESs of NO, we are able
to trace the dissociation pathway of the superexcited NO molecules, and to provide
the possible dissociation mechanisms of superexcited NO** molecules. In the strong
laser fields, NO molecules may absorb many photons immediately accompanying with
a vertical excitation. The equilibrium distance of the ground state of NO is 1.15 A.
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Figure 3.28: Nitric oxide full spectra versus pressure of nitric oxide molecules.
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Figure 3.29: Fluorescence intensity dependence on the laser intensity The fluorescence
is collected and integrated around 615.6, 744.2, 777.4, 844.6 and 868.3 nm, respectively.

A Franck—Condon transition can create superexcited NO™ molecule as indicated by
the arrow in the energy diagram. After the laser excitation, the wave packet produced
moves on the Rydberg PECs (shown by blue color in Fig. 3.30). Then the moving
wave packet splits into two parts in the curve crossing region around 2.0 A. Each
part of the wave packet leads to a pair of dissociation products. A direct dissociation
pathway shown by blue color in Fig. 3.30 produces the fragments of O(3P) + N
(25*2p?3p,2S5° or 4P° or 1D°), which emit at the wavelengths of 746.9, 818—824, and



Chapter 3. Neutral dissociation of simple molecules through super—excited states 50

24,

N
bl

3
RN R W N'(P)+O
@ + ;4 o, O,
------- O(S)+N
£ 20 L¥)
E +, 0 4,00 4,0
S [N'13p('s",'P",'D°)
£ 18] b
5 [0'13p('P)+N
[0'13p(*P+N
16 e
1.0 15 20 25 3.0 35 40 4.5
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868.3 nm, respectively. Another part of the wave packet crosses to the PESs shown in
Fig. 3.30 by red color in the diagram. The curve crossing results in a predissociation,
producing the products of N(*5°) + O*(2s*2p3p,° P or 3P), the products fluorescing
at the wavelengths of 777.4 and 844.6 nm respectively. '

To prove that those fluorescing fragments came from the SESs we have studied the
lifetime of the SESs resulting in the fragment emitting the 777 nm lines by a pump
and probe experiment (Figure 3.31). It is in the order of several tens of femtoseconds
(160fs).

3.4 Conclusion

Our studies range from the simplest molecule (hydrogen, H>) to the heteronuclear
molecule of nitric oxides (NO). We can claim that neutral dissociation happened through
all of them. Also, linear pressure dependent fluorescence signal was a proof that the
process is the results of direct laser excitation. Based on our knowledge from single
ionizing photon interaction with molecules we proposed multiphoton super—excitation
responsible for neutral dissociation of the molecules. Spectra and intensity dependent
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Figure 3.31: Integrated fluorescence signal around 777 nm versus the delay time between
the pump and probe pulses. Negative delay time means the probe pulses are behind
the pump pulses.

data show and strengthen our claim of multiphoton superexcitation in a strong laser
filed. Lifetime measurement of SESs is a cast—iron evidence. Therefore, at the end

of this chapter we would say that molecules in a strong laser field dissociate neutrally
through SESs.
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Wevelength  Excited Configuration terms
(nm) Fragments (2] 2]
532.9 0 2522p3(45°)5d — 25?2p3(45°)3p °D° =P
595.8 0 2522p3(45°)5d — 2522p3(45°)3p 3D° =3P
615.6 0 28°2p°(*5°%)4d -5 28°2p°(25°)3p SD° °P
645.4 0 25223 (457158 — 2°20%(18%)3p 55° H5P
700.2 0 20°2p7 (2 9%)4d — 2622972 5")3p 3D 3
725.4 0 2522p3(45°)5s — 2622p7(45%)3p 35° 3P
777.9 0 2522p3(415°)3p — 2522p3(158°)3s 5P —58°
844.6 0 2522p3(4159)3p — 2522p%(25°)3s 3P o38°
862.99 N 2522p%(3P)3p — 2s22p?(3P)3s  2P° 2P
856.9 N 2522p2(3P)3p = 25°2p%(3P)3s  2P° 2P
864.92 N 2522p?(3P)3p — 25222 (3P)3s  2P° 2P
859.46 N 2522p2(3P)3p — 25%2p2(3P)3s  2P° 2P
746.95 N 252207 (B P)3p — 282202 (3 P)3s 48° AP
744.36 N 2522p?(3P)3p — 252292 (3P)3s  18° -4P
742.49 N 252202 (3 P)3p - 28229°(3P)3s  15° =P
821.7 N 25%2p%(3P)3p — 25°2p°(3P)3s  ‘P° =P
818.65 N 25%2p%(3P)3p — 2522p°(3P)3s  4P° 4P
824.35 N 282207 (3 P)3p — 282277 (5P)3s  4P? P
821.12 N 252207 (3P)3p — 25%2p2(3P)3s  1P° 4P
818.83 N 25%2p°(3P)3p — 252202 (3P)3s  1P° 1P
822.39 N 2522p2(3P)3p — 25°2p°(3P)3s  4P° —4P
820.07 N 25222 (3P)3p — 252202 (3P)3s  4P° %P
868.17 N 25202 (3 P)3p — 25°2p%(5P)3s 4D tP
871.97 N- 252207 (3P)3p — 25°29°(3P)3s  1D° 4P
868.53 N 25?2p?(3P)3p — 2s22p%(3P)3s  *D° —*P
871.25 N 2522p°(3P)3p — 2522p%2(3P)3s  *D° P
868.63 N 2522p%(3P)3p — 25°2p?(3P)3s  1D° 1P
874.40 N 2522p?(3P)3p — 25%2p2(3P)3s  4D° —P

Table 3.3: Details of the observed atomic lines after the dissciation of NO[2].



Chapter 4

Neutral dissociation of some
hydrocarbons by super—excited
states

In this chapter, we present the experimental results of neutral dissociation of some
simple hydrocarbons in a strong laser field. For brief reviews see ref. [73, 74]'.All ex-
periments were carried out by the candidate. Also this chapter is a completion of [38].
It will be emphasized that the fragmentation of hydrocarbon molecules in a strong laser
field is a universal phenomenon. Due to the complexity of theoretical calculations, it
is nearly impossible to analyze the data theoretically. We have investigated superexci-
tation in methane, acetylene, ethylene, propylene, 1—butene and cis — 2—butene. The
spectra of all the above mentioned hydrocarbon molecules are obtained and discussed.
Various fragments with different excitation energy imply superexcitation unambigu-
ously. The emission intensity of some of the strongest lines versus laser intensity in a
log—log plot are obtained and interpreted. It strengthens our claim about superexcita-
tion in hydrocarbon molecules. Finally, due to some experimental difficulties we have
only measured the lifetime of super—excited states of methane molecules.

1This chapter is based upon the following paper:

e A. Azarm, H. L. Xu, Y. Kamali, J. Bernhardt, D. Song, A. Xia, Y. Teranishi, S. H. Lin, F.
Kong, and S. L. Chin. Direct observation of super—excited states in methane created by a
femtosecond intense laser field. Journal of Physics B: Atomic, Molecular and Optical Physics,
41(22):225601, 2008.
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4.1 Spectra

For the simplest hydrocarbon molecule, methane C H,, the fluorescence of the prod-
ucts is recorded by the technique of time—resolved spectroscopy. Figures 4.1 and 4.2
show the fluorescence spectra emitted from the excited products in the range from
200 to 700 nm. The emission bands in the spectra are assigned as the transitions of
CH(A’A — X*I1), CH(B?Z* — X2II) and CH(C?EL* — X*II) and the Balmer lines
of hydrogen atom (first and second line). CH bands and their different vibrational
excitations are discussed in ref. [38]. Moreover, the Balmer series was discussed in the
previous chapter. The reason why we do not see clearly the Balmer line in Figure 4.1
could be explained as follow: In Figure 4.1 the gate width is set to integrate the fluo-
rescence signal over the longest lifetime of the excited fragments (CH(A*A — X*II) a
few hundred nanoseconds). On the other hand in Figure 4.2 the gate width is chosen
to be equal to the lifetime of the Balmer line from excited hydrogen atom which is the
shortest one (few nanoseconds). Therefore, in Figure 4.2 with the shorter gate width
we did not collect all of the florescence signal of the fragments with the exception of the
Balmer lines. That is why the Balmer lines in Figure 4.2 are clearer than the Balmer
lines in Figure 4.1. This is shown in the inset of Figure 4.2 and 4.1.

In all of the experiments, we measured the lifetime of each detected species to define
the proper gate width. This task was carried out in a sequence mode of the gating
system. In the sequence mode we fixed the gate width and change the gate delay,
therefore we obtained the time dependent florescence signal (see Figures 4.3 and 4.4 ).
In addition, the pressure dependence of the fluorescence signal is obtained to find out
the strongest signal and simultaneously avoid the collisional processes. The collisional
processes could result in the quenching of florescence signal and/or population of some
excited states (see previous chapter).

The ionization potential of the investigated hydrocarbons is listed in table 4.1. As
it is shown in the methane spectra (Figure 4.2), the Balmer line Hj is detected as
well. Hy line comes from the transition 4/ — 2l. It means that the 4/ level of atomic
hydrogen was populated. We know from the previous chapter that the energy level of
H(4l) is at 12.74 €V above the ground state [2]. The dissociation process of methane
was proposed by Kong et al. [38] to be CHy + nfiw — CH* — CH + Hy + H(4l). It
thus needs at least 12.74 eV energy. Together with the energy necessary to dissociate
the molecule into the other fragments, we can see that the energy absorbed by the
parent molecule namely, nhw, is larger than the ionization potential of C'H4 which is
12.61 eV. This indicates that the molecule is excited into some super—excited state.
The same argument applies to all the other hydrocarbons studied in this chapter. The
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Figure 4.1: Fluorescence spectra of C Hy molecule in the strong laser field. Methane
pressure was 20 torr, the gatewidth (GW) is equal to the longest lifetime of dissociated
fragment and the inset shows the signal around the first Balmer line.
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Figure 4.2: Fluorescence spectra of C'Hy molecule in the strong laser field. Methane
pressure was 20 torr, the gatewidth (GW) is equal to the shortest lifetime of dissociated
fragment and the inset shows the signal around the first Balmer line.

only difference is using the first Balmer line (H,) instead of the second Balmer line
(Hg). The observation of the first Balmer line H, in the other hydrocarbon spectra
(see Figures 4.5, 4.6, 4.7, 4.8 and 4.9) indicates that the 3l level of atomic hydrogen
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Figure 4.3: Fluorescence signal of C H{A?A — X*II) transition in different time delay
from methane at the pressure of 20 torr. Gatewidth for each gate delay time is fixed to
20 ns.
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Figure 4.4: Fluorescence signal of H, transition in different delay time from methane
in 20 torr. Gatewidth for each delay time is fixed to 1 ns.

was populated. The energy level corresponding to H(3l) is 12.08 €V [2]. Therefore the
excitation energy in the dissociation process of CoHsy or CoHy or C3Hg or 1 — Cy4Hy or
cis — 2 — CyHg +nhw —" The other fragments in their ground states” + H(3l) needs
an energy more than 12.08 eV which is greater than the ionization potential of each
of them (acetylene 11.4 eV, ethylene 10.51 €V, propylene 9.73 eV, 1—butene 9.55 eV
and cis — 2—butene 9.11 V). Again it indicates that these molecules are excited into
the super—excited states. Therefore multiphoton superexcitation seems to be a general
phenomenon even in the complex molecules.
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methane acetylene ethylene propylene 1—butene cis—2—butene
CH,4 CyHs CoHy C3Hg CyHg CyHg
12.61 [75]) 11.4 [76] 10.51 [77] 9.73 (78]  9.55 [79] 9.11 [80]

Table 4.1: Ionization potential of studied hydrocarbons in eV

All the five hydrocarbon molecules (Co Hy, CoHy, C3Hg, 1—CyHg and cis—2—C, Hg)
dissociate under the irradiation of the intense laser at the same wavelength of 800 nm,
regardless of their bond type, absorption wavelength, or molecular size. This indicates
that neutral dissociation is one universal behavior of polyatomic molecules in intense
laser fields. Figures 4.5, 4.6, 4.7, 4.8 and 4.9 show the spectra from acetylene, ethylene,
propylene, 1—butene and cis — 2—butene molecules in a strong laser field, respectively.
The gate width is selected to be the longest lifetime of fragmented species (1000ns).
The main feature of all of them is the swan bands which are absent in the spectra of
methane. The swan system of C (A%Il, — X 3L, (¢" — v')) with different Av = " —v/
from -2 to 2 is observed in all of the spectra. The observed swan system of (), is listed
in Table 4.2.
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2 ™07 acetylene
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Figure 4.5: Fluorescence spectra of CyH, molecule in the strong laser field. Acetylene
pressure was 0.8 torr.

According to the assignment of the lines and bands observed in the spectra, the
bright fragments are the electronically excited species. The appearance of the small
products means that many bonds in each molecule have been cleaved. Such disintegra-
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Figure 4.6: Fluorescence spectra of CoHy molecule in the strong laser field. Ethylene
pressure was 0.8 torr.
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Figure 4.7: Fluorescence spectra of CsHg molecule in the strong laser field. Propylene
pressure was 0.8 torr.

tion of the molecule has been accomplished even with a single laser pulse. The excited
fragmented products generated in the intense laser field are different from those in
conventional synchrotron radiation dissociation. That is to say each excited fragment
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Figure 4.8: Fluorescence spectra of CyHg molecule in the strong laser field. 1—Butene
pressure was (.8 torr.
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Figure 4.9: Fluorescence spectra of CyHg molecule in the strong laser field. Cis — 2 —

butene pressure was (.8 torr.

has its own appearance energy threshold. Therefore with lower energy SR’s photon we
cannot observe the fragment fluorescence signal. For example, with a photon energy of
around 14.5 eV, the Balmer lines have not been observed in the dissociation of methane
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Ay ¥ o Observed from
wavelength (nm) ref.[81]

2 6 8 590.17 589.93
4 6 596.14 595.86

3 9 600.80 600.49

2 4 606.13 605.97

1 3 612.43 612.21

0o 2 619.36 619.12

-1 4 5 547.28 547.03
3 4 550.46 550.19

2 3 554.28 554.07

1 2 558.74 558.55

0 1 563.77 563.55

0 2 2 509.95 309.77
1 1 513.20 512.93

0 0 516.68 516.52

1 6 5 468.16 468.02
4 3 468.66 468.48

3- 2 469.90 469.76

2 1 471.74 471.52

1 0 473.92 473.71

2 4 2 436.66 436.52

Table 4.2: Swan system observed in hydrocarbon spectra AIl, — X 311, (v — v")

molecules [82]. Hence more study is necessary to find out the differences between the
two cases.

4.2 Fluorescence signal versus intensity

In the multiphoton regime, molecules can be excited to the highly excited electronic
states after absorbing many photons within a laser pulse. This is shown in Figure 4.10,
4.11, 4.12, 4.13, 4.14 and 4.15 for methane, acetylene, ethylene, propylene, 1—butene
and cis — 2—butene molecules respectively. In each set of data, the gas pressure was
the same for each corresponding spectra. This pressure is written in the caption of each
figure.

In the simplest hydrocarbon, methane C'H,, three of the fluorescence signals (from
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the spectra in Figure 4.2) were selected. Transitions from CH(A2A — X2IT), CH(C?L+
X?TI) and H, at around 430, 315, and 656 nm versus intensity of the laser pulse are
shown in a log—log plot in Figure 4.10. The horizontal axis is not the peak intensity
of the laser field. It is the energy of the laser pulse which is proportional linearly to
the intensity. Although we calculated the intensity based on gaussian pulse propaga-
tion (1—2 mJ corresponds to 1.4 x 104 — 2.9 x 101 Wem~2), we do not know exactly
the pulse duration and focusing area. Therefore we use the energy of each pulse. In
fact the physical quantity we derive from Figure 4.10 is independent of using intensity
or energy in the x axis. The integrated fluorescence signal around 430, 315, and 656
nm (CH(A?A — X2I), CH(C?*S* — XP°II) and H, ) versus energy of laser pulses
shows initially a linear behavior at lower energy in the log—log scale (see Figure 4.10)
and tends to saturate at higher energy. The slope of the linear part indicates the ef-
fective number of photons absorbed on the average in each process. In the previous
study [38], the slope of CH(A?A — X?II) transition versus intensity was 1041 which
has a good agreement with the current value of 9. We interpret this slope as being
the effective number of photons acquired by this species from the super—excited state.
That is equivalent to saying that there is an effective 9—photon absorption. Nine pho-
ton absorption corresponds to the absorption of 13.95 eV (=number of photonsx photon
energy = 9x1.55 eV) which is higher than the ionization potential of methane molecules
(12.61 €V see table 4.1). Figure 4.10 shows two different sets of slopes, one set for CH
radicals (9 and 9.67 for transitions of CH(A?A — X?II) and CH(C?*Z*t — X°II)
respectively (13.95—14.98 eV)) and another set for the Balmer line 8.44 (8.44x1.55
eV=13.08 eV). We do not know yet which reaction channel gives rise to these products.
It could be that each product comes from a different channel. It could also be that all
these products arise from the same channel. However, we can see in all these probable
cases, the total energy absorbed giving rise to each or all the products is higher than
the ionization potential of methane, confirming that some states above the ionization
potential were populated, hence, super—excitation. Moreover, similar to the previous
chapter, different slopes imply different sets of excitation to SESs. Therefore different
SESs were populated in a strong laser field interaction with methane molecules.

Figure 4.11 shows the integrated florescence signal of CH(A2A — X211), Co(A*, —
X3, (Av = v" — v = 1)) and Cy(A%M, — XM, (Av = v — V' = 0)) at around
430, 470 and 515 nm from acetylene versus the energy of the laser pulses. Similar to
methane molecule, the integrated florescence signal versus the energy of laser pulses
in the log—log scale shows a linear behavior at lower energy region. The number of
photons absorbed in each process or the line slopes of 9.15, 8.7 and 9.17 were mea-
sured for transition of CH(A?A — XI0), Co( A%, - X *I,(Av =v" — ' = 1)) and
Ca( A%, — XBI,(Av =" — ' = 0)) at around 430, 470 and 515 nm. Indeed the to-
tal energy absorbed (effective number of photons participating in each process xphoton
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energy= 8.7—9.17x 1.55 eV) 12.4 —13.9 eV in this process is higher than the ionization
energy of acetylene molecules 11.4 eV (see table 4.1). Unambiguously, multiphoton
super excitation is confirmed in acetylene molecules exposed in a strong laser field.

In the rest of the hydrocarbon gases (ethylene CyHy, propylene C3Hg, 1—butene
1—C4Hy and cis —2—butene cis — 2 — Cy Hy), six fluorescence signals were chosen from
transitions of CH(A?A — X?M), CH(C?T* — X?I0), Cy(A%ll, - X3, (Av =" —
v = 1)), Co(A, — X°II,(Av =" — v =0)), Co(A%, —» XL, (Av =" — v =
—1)) and H, at around 430, 315, 470, 515, 555 and 657 nm, respectively. In all of them
(Figures 4.12, 4.13, 4.14 and 4.15) all of the six integrated fluorescence signals versus
energy of laser pulses show a linear behavior in the lower energy part of the log—log scale.
The slopes of these lines is an indication of the effective number of photons absorbed
in each process. In ethylene (Figure 4.12), the highest total energy absorbed 11.93 eV
(=7.7 x 1.55 €V) is larger than the ionization potential of ethylene 10.51eV" (see Table
4.1). In addition two distinct sets of slopes are recognized (see Figure 4.12). One set
with slope of around 7 (from transition of CH(A?A — X?’II), CH(C?’Tt — X?II),
Co(A%M, = X®I,(Av = v" — ' = 1)) and Co(A%M, = X3, (Av = v — v = 0))
at around 430, 315, 470 and 515 nm respectively) and another with slope of around 5
(from transition of Cy(A%, — X IL,(Av = »" —»' = —1)) and H,, at around 555 and
657 nm respectively). Considering that in one of the sets the total energy absorbed 8.74
to 9.02 eV (=(5.64 to 5.82)x1.55 eV) on the average is not more than the ionization
potential of ethylene (10.51 eV). It does not support our hypothesis. In this case we
have to consider non perturbative regime. Consequently, the slopes do not reperesent
number of photons absorbed in the process.

In propylene (Figure 4.13), contrary to others, we can not find one of the slopes
to support the claim that the fragments absorbed more energy than the ionization
potential. The maximum slope in Figure 4.13 is 6.22; it is equal to the total energy
of 9.64 eV which is less than ionization potential of propylene molecules 9.73 eV (see
table 4.1). Finally two isomers of butene show that they also absorbed many photons in
dissociation process by SESs. In Figure 4.14 the maximum slope is 7.59. It corresponds
to 11.76 eV (ionization potential of 1—butene is 9.55 eV see table 4.1). Moreover,
in Figure 4.15 the maximum slope is 6.8 for cis-2-butene. It corresponds to 9.3 eV
(ionization potential of czs — 2—butene is 9.11 eV, see table 4.1).
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Figure 4.10: Fluorescence signal versus laser energy which is proportional to inten-
sity. The fluorescence is collected and integrated for transitions of CH(A’A — X°TI),
CH(C?L*+ — X?1) and H, at around 430, 315 and 656 nm, respectively, for methane.

Methane pressure was 20 torr.

4.3 Lifetime measurement of SESs

Currently, precise pathways and the final states in such super—excitation by fs lasers
are still unknown because not much has been done in this direction yet. Even though
we do not know exactly what these states are, it is expected that such SESs which are
coupled to the continuum should have a very short lifetime. In previous SR studies,
the lifetime of SESs (7 = A/T") can only be determined indirectly by measuring the
line width (') of the SESs. In theory, several methods have been used to calculate the
line width of SESs [83]. Indirect experimental estimate of SESs lifetime was provided
through the linewidth of SESs by measuring the ratio of kinetic energy spectra of
different isotopes of hydrogen atoms [84]. However, a simple and direct measurement
of the SES fs short lifetime is essential. This is done in the current work, using a pump
probe technique.

We experimentally demonstrated for the first time that SESs of CH, excited by a
fs Ti—sapphire laser indeed have a very short lifetime of about 160 fs. This observation
establishes unequivocally the existence of SESs and could open up a new direction in
more complex molecular superexcitation which could not be studied directly temporally
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Figure 4.11: Fluorescence signal versus laser energy which is proportional to inten-
sity. The fluorescence is collected and integrated for transitions of CH(A*A — X*1I),
Co(A’, - XM, (Av = v' — v = 1)) and Cy(A%1, — X°IL,(Av =" — v = 0))
at around 430, 470 and 515 nm ,respectively, for acetylene. Acetylene pressure was (.8
torr.

using synchrotron radiation. The main idea in this experiment is the following. We
assume that the fs laser pulse excites the C'Hj into one of its SESs that decays quickly
into the CH excited fragments which subsequently fluoresce. A delayed probe pulse at
a different wavelength may destroy the SESs. Consequently, there will be a decrease
in the CH fragments, hence a reduction in the CH fluorescence. This idea 1s shown
schematically in Figure 4.16. The excited state inside the ionization continuum is just
a representation of the SES which is not yet precisely defined. The current experiment
monitors only the strongest CH(A?A — X*II) band.

In the recent work of Kato et al. [82], the SESs of the methane molecules were
studied by synchrotron radiation from 12.65 to 41 €V in which five SESs had been
found and discussed. One of them is populated by photons with an energy of around
14.5 €V resulting in CH(A?A), CH(B?Z") through neutral dissociation. It was noted
that through this state excited hydrogen atoms cannot be generated because of the low
energy of this state [82]. Although, in principle, fs laser excitation could be different
from the VUV excitation, we observed the fluorescence emissions from CH(A’A —
X?), CH(B?*S* — X?II) and CH(C?*3* — X*II) and Balmer lines of Hydrogen atom
(first and second line). This agrees with the CH(A?A — X?II), CH(B*T* — X?°II)
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Figure 4.12: Fluorescence signal versus laser energy which is proportional to inten-
sity. The fluorescence is collected and integrated for transitions of CH(A?A — X?II),
CH(C?’T+ — XI), Co(A*, — X, (Av = v — ' = 1)), Co(A%], - X®IL,(Av =
V' —v = 0)), Co(A%, - XPO,(Av = v" — v = —1)) and H, at around 430, 315,
470, 515, 555 and 656 nm ,respectively, for ethylene. Ethylene pressure was 0.8 torr.

and CH(C?*Xt — X?II) results observed by the synchrotron radiation excitation and
contains richer information. ‘

In the current experiment, the fluorescence signal of the CH(A?A — X?II) band
at 431 nm was measured as a function of the delay time between the pump and probe
pulses. The data were averaged over 100 laser shots and the fluorescence signals were
integrated within the wavelength range from 428.5 to 433.5 nm, as well as within a time
interval of 600 ns, in order to add up all the fluorescence in the temporal domain. Figure
4.17 shows the fluorescence signal as a function of the delay time. It can clearly be seen
that when the delay time between the pump and probe is around zero, an obvious
decrease in the fluorescence signal takes place. The fluorescence decrease occurs within
a dip width of about 160 fs (FWHM). Since the maximum correlation time of the pump
and probe pulses is less than the dip fs temporal width, we exclude the possibility of
cross correlation of two pulses. It is noted that outside the dip the fluorescence signals
keep almost constant; i.e. the probe pulse does no longer affect the dissociation. Qur
results clearly indicate that a dissociation channel of the CH excited fluorescing state
has an intermediate state having a life time of about 160 fs that can be destroyed by
the present probe pulse. Considering the effect of the pump and probe pulse durations
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Figure 4.13: Fluorescence signal versus laser energy which is proportional to inten-
sity. The fluorescence is collected and integrated for transitions of CH(A*A — X*II),
CH(C?St — XI), Co(AL, — XL, (Av =" — v/ = 1)), Co( A%, — X3, (Av =
V' — v =0), Co(A%, - X3, (Av = V' — v = —1)) and H, at around 430, 315,
470, 515, 555 and 656 nm ,respectively, for propylene. Propylene pressure was 0.8 torr.

on the dip shape, the lifetime would be in the range of 50 to 160 fs.

The decrease in the fluorescence signal is slightly more than 5% of the value obtained
when the probe beam does not temporally overlap the pump pulse. This may mean
that the SES can be destroyed only with a small probability by the present probe pulse,
or there are other channels having intermediate states that are not destroyed by the
present probe. If an SES has a small destroying probability, it would mean that the
state is really imbedded inside the ionization continuum. This is because the probe
pulse would not be able to efficiently couple a state inside the continuum (SES) to
another state in the continuum such as ionization, etc. Further information on the
SES could be given by future detailed experiments with probe pulses having various
intensities and frequencies.

We emphasize that the fluorescence depletion could not be explained by a simple
ionization scheme where the neutral CH products are generated by the disintegration
of the CHJ ion or generated by electron ion recombination, since the lifetimes of these
two processes are very long, in the nanosecond time scale. We would not have observed
the depletion of the fluorescence only in a time zone of around 160 fs. Similarly, the
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Figure 4.14: Fluorescence signal versus laser energy which is proportional to inten-
sity. The fluorescence is collected and integrated for transitions of CH(A?A — X?II),
CH(C?L+ — X?10), Co( AT, — XM, (Av = v — ' = 1)), Co( A%, — X 3T, (Av =

v' =V =0)), Co(A%, - X, (Av = v' —v' = —1)) and H, at around 430, 315,
470, 515, 555 and 656 nm ,respectively, for 1 —butene. 1—Butene pressure was 0.8 torr.

fluorescence depletion does not refer to the direct interaction between the probe laser
pulse and CH, or CH(A®?A) species either, because the depletion takes place immedi-
ately after the first excitation without any time delay while the fluorescence lifetime of
CH(A%A) is normally in the nanosecond time scale.

4.4 Conclusion

In the current chapter our studies extended to some more complicated molecules. By
observing many highly excited fragments with the spectroscopy method, we can claim
that neutral dissociation happened through highly excited states (SESs) in all of the
studied hydrocarbons. Intensity dependent data strengthen our claim of multiphoton
superexcitation in a strong laser field. Hence, we could claim that neutral dissociation
in a strong laser field by mutiphoton superexcitation is a universal pathway.
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Figure 4.15: Fluorescence signal versus laser energy which is proportional to inten-
sity. The fluorescence is collected and integrated for transitions of CH([A*A — X*II),
CH(C?’Z = X210), Ca(A%l, = X, (Av = v' — v =1)), Co( A%, — X*II,(Av =
V' — v =0)), Co( AT, - X, (Av = v' — v = —1)) and H, at around 430, 315,
470, 515, 555 and 656 nm ,respectively, for cis — 2—butene. C'is — 2 — butene pressure
was 0.8 torr.
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Figure 4.16: Schematic diagram of the SESs excitation of C' Hy: (a) the process is just
with the pump pulse to excite the SESs (the regions except for the dip in Figure 4.17)
and (b) the process of how the probe pulse depletes the SESs (the dip region in figure
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Figure 4.17: Integrated fluorescence signal of CH(A*A — X°*II) at around 431 nm

versus the delay time between the pump and probe pulses; negative delay time means

the probe pulses are behind the pump pulses.



Chapter 5

Summary and conclusion

In this chapter, first we summarize our results from previous chapters. Then, we
conclude that neutral dissociation in a strong laser filed is a universal phenomena which
we think is happening through excitation of superexcited states. Finally, based on our
last studies, we propose to put more efforts to understand the mechanism or process re-
sponsible for the excitation of the superexcited state which could be population trapping
(interference stabilization). Therefore it is worthwhile to study population trapping in
the strong laser field interaction with molecules.

5.1 Summary

For the simplest molecule, hydrogen H,, we found that it undergoes neutral dis-
sociation in a strong laser field at intermediate intensities. The fluorescence spectra
of the dissociation products are attributed to the Balmer series of the hydrogen atom
(n—2), from n=3 up to n = 14. These excited products imply that parent molecules
are excited to highly excited states, i.e. SESs, in intense laser fields. This point is sup-
ported by the laser intensity dependence of the fluorescence intensity of the hydrogen
atom. After multiphoton excitation, superexcited Hs molecules undergo spontaneous
dissociation. To understand the dissociation mechanism of the SESs of H; molecules,
empirical PECs for different SESs are built. Only repulsive PECs are used to interpret
neutral dissociation. Using a pump—probe technique, the lifetime of transient SESs is
measured to be around 180 fs.

For oxygen molecule O3, we find that also it undergoes neutral dissociation in strong
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laser fields at the intensity of 2 x 10'* W/em?. Thirty three emission lines have been
recorded in the fluorescence spectroscopy. These emissions are caused by the excited
oxygen atoms, which are the dissociation products of the oxygen molecules. Ten of them
are the new Rydberg transitions, which have not been reported. Three new Rydberg
states 2522p*(*5°)11s 55° , 25%2p*(*5°)12s *S° and 25%2p3(*5°)10d ®D° are identified
for the first time. Laser power dependence of the fluorescence intensity shows that each
oxygen molecule absorbs ten laser photons on an average. The total energy absorbed is
about 15.5 eV which is higher than the first ionization potential (IP) of the molecule.
This is an alternative method to prepare SESs as compared to the conventional method
of SR excitation. After the multiphoton excitation, the superexcited Oz molecules un-
dergo spontaneous dissociation. To understand the dissociation mechanism of the SESs
of O, molecules, Morse PECs for different SESs are built. Predissociation mechanism
is suggested to explain the O—0O bond cleavage. An ultrafast laser diagnostic exper-
iment is performed for Oy dissociation. A second laser pulse is employed to deplete
the fluorescence intensity. The measured lifetime of 150 fs for the intermediate state is
consistent with predissociation mechanism. QCT calculation shows that the predisso-
ciation process requires a short time of about 100 fs while direct dissociation needs a
much longer time of 600 fs.

For nitric oxide molecules NO, we have found that it undergoes neutral dissociation
in strong laser fields at the intensity of 2 x 10" W/cm? as well. Twenty eight emitting
lines have been recorded in the fluorescence spectroscopy. The emissions are assigned
to the transition of excited N and O atoms. The emitters are the dissociation products
of NO molecules. Intensity dependence of the strongest florescence signal confirms
multiphoton superexcitation in nitric oxide molecules. After multiphoton excitation,
the superexcited NO molecules undergo spontaneous dissociation. The upper limit life
time of assigned SESs was measured to be about 160 fs. To understand the dissociation
mechanism of the SESs of NO molecules, the ionic core model is used. The related
PECs are built. Direct dissociation mechanism is suggested to explain the N—O bond
cleavage leading to N* and O*. Pre—dissociation mechanism is suggested to explain
the N—O bond cleavage leading to N* and O~ fragments.

For the hydrocarbon molecules (CHy, CoHy, CoHy, C3Hg, 1 — CyHg and cis — 2 —
CyHyg), we report a new type of photodissociation in the intense laser field. All the above
mentioned hydrocarbons are exposed to the laser intensity of 2 x 10 Wem™2. The
transitions of CH(A?A — X?M) ,CH(B*L+ — X2M) and CH(C?Z+ — X21I) plus
Balmer lines of hydrogen atom and swan system of C, (AT, — X °I1,(v" — »')) with
different Av = " — /' from -2 to 2 are observed in the fluorescence spectrum. Due to
the lack of C; radical in C H,, swan system was not observed in methane molecule. The
dissociation is vigorous, producing highly vibrationally excited CH* and C; products,
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as well as H*. All of the hydrocarbons absorbed a number of photons with total energy
more than the ionization potential. This is shown with comprehensive study of each
band versus intensity of the laser field. Moreover, different channels were observed
for multiphoton superexcitation. In addition, by using a pump—probe technique, we
demonstrated direct evidence of SESs using, as an example, C'H, in femtosecond intense
laser fields. The decrease in the fluorescence signal of CH(A?’A — X?2II) has been
observed and attributed to the depletion of the SESs of CH,.

5.2 Conclusion

In conclusion, we found that many molecules (from the simplest molecule to com-
plex hydrocarbons) undergo neutral dissociation in a strong laser field at intermediate
intensities. We have enough evidence to claim that neutral dissociation is a universal
phenomenon in strong laser field interaction with molecules. One of the evidences is the
observation of many excited neutral fragments. The other is the intensity dependent ex-
periment. And last but not least is an unambiguous depletion of the fluorescence signal
from neutral excited fragments as a function of the delay time. Therefore, excitation of
SESs during the interaction of an intense fs laser with a molecule is a universal reaction
pathway that has not been considered so far by the intense laser science community:.
A new era is opened up to study SESs of molecules, in particular, their dynamics and
characteristics induced by intense laser field.

5.3 Proposal

Based on our current understanding of SESs of molecules pumped by intense fem-
tosecond laser pulses from this thesis and the results from single photon process of
populating SESs [33], there are some similarities in between single and multiphoton
superexcitation. However, there are some differences as well. The fundamental differ-
ence is the way SESs are populated. For example single photon process excites SESs
through resonance processes. Apparently, the resonance process could not be responsi-
ble for multiphoton superexcitation. Hence multiphoton superexcitation process is still
not clear. Therefore, we propose that using an intense femtosecond laser pulses, the
excitation of SESs of molecules are mainly due to population trapping [85].

Interference stabilization of Rydberg states of an atom results in the trapping of
population in some long lived Rydberg states. Interference stabilization (population
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trapping) was first proposed by Fedorov and Movsesian in 1988 [86]. Essentially, when
an atom is prepared in a highly excited state (e.g. a Rydberg state) and interacts with a
short intense laser pulse, there is a probability that the atom resists being ionized and is
trapped in a neighboring Rydberg state in the strong laser field. We would deduce that
because any atom and molecule, including more complex molecules, possesses highly
excited states and Rydberg states, the consequence of its interaction with a short intense
laser pulse would result in some trapping (interference stabilization). In the other way
we would claim that SESs are those Rydberg states converging to ionic state that could
be excited by population trapping process.

Recently, we studied the fluorescence emitted from filaments in air using a pump
and probe scheme with a femtosecond Ti—sapphire laser. The fluorescence intensities
from the first negative band and the second positive band of nitrogen molecules show
enhancement and change periodically as a function of the pump and probe time delay.
We attribute this phenomenon to the universal yet probably forgotten phenomenon of
population trapping of nitrogen molecules in highly excited states together with field
induced alignment of nitrogen molecules followed by revivals of the rotational wave
packets. Theoretical calculation of the alignment dynamics of nitrogen molecules is
consistent with the experimental data. Population trapping of nitrogen molecules in
highly excited states seems to be at the origin of the enhancement. We would like to
underline the importance of the phenomenon of population trapping. Though proposed
more than twenty years ago [86] and demonstrated [87, 88, 89] more than fifteen years
ago, it received little attention in recent years. Our results show that trapping is
an important phenomenon accompanying ionization during ultrafast strong laser field
interaction with atoms and molecules. This phenomenon also shows up in the field of
femtosecond laser filamentation in air, where the enhancement of nitrogen fluorescence
by terahertz field is shown to be a new technique to remotely detect terahertz radiation,
which otherwise would be absorbed by the humidity in air [90, 91].

As we know from the first chapter, superexcited states of a molecule are defined
as those neutral states whose energy is higher than the first ionization potential [29].
Using synchrotron radiation, chemists have observed many such states in molecules
through single photon excitation [29]. Superexcited molecules will decay through-several
channels, one of which being neutral dissociation resulting in the fuorescence of the
dissociated particles [29]. Using intense femtosecond laser pulses, we have observed
neutral dissociation of some molecules resulting in their characteristic fluorescence. We
experimentally demonstrate that superexcitation is due to a highly nonlinear process.
We analyze the data with semiempirical calculation in such a way that multiphoton
resonant absorption into the superexcited states is responsible for this excitation.
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Since the resonance process can not be responsible for population of SESs, we suggest
to study interference stabilization and its connection to multiphoton superexcitation
phenomena in details. Let us look closer. Such a resonant absorption in a high intensity
laser field would only give rise to resonant ionization so that there is no more population
left in the supei"—excited state. In the vertical multiphoton transition a resonance with a
Rydberg state converging to an excited ionic state takes place. Because of the resonance
with the Rydberg state, the excited electron would have a high probability to absorb
one more photon to the continuum. It will then leave the parent ion with a kinetic
energy leaving behind the ion in the excited state. No significant neutral Rydberg
state would be left behind. However, if the intensity is strong enough satisfying the
condition of trapping, a A—type transition would occur together with an interference
stabilization. This trapping (stabilization) process would compete with the resonant
ionization process. This is very similar to the trapping during a dynamic resonance
with the Rydberg states in atoms and molecules described above. The fact that we
have observed super—excitations in many molecular systems experimentally proves that
such trapping would have been the excitation process of super—excited states using a
short intense laser pulse. This idea can be further extended to the trapping onto a
molecular neutral repulsive surface in the continuum at the initial internuclear distance
through vertical transitions. From this position on the repulsive surface, the molecules
will immediately undergo dissociation. This seems to be the case in H> whose neutral
dissociation originates from some neutral excited dissociative surfaces.

We would propose that population trapping or interference stabilization in the mul-
tiphoton regime first proposed by Fedorov et al [86] seems to be a universal phenomenon
in atoms and molecules interacting with an ultrafast intense laser pulse. Population
trapping would also be responsible in the excitation of some super—exbited states of
molecules using intense short laser pulses. Finally, we propose deeper studies in inter-
ference stabilization to understand the mechanism of multiphoton superexcitation.
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