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Abstract
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Study of the acetylene photooxidation reaction in the 280-325 nm spectral range

by Papigkiotis Iraklis Marios Identification number: 784

In this work, we studied the photooxidation of acetylene throught the glyoxal
creation channel in the spectral region 280− 325 nm. A ns multiphoton ionization
study in this region revealed 2 major lines attributed to the partially dissociating
(Herzberg type II pre-dissociation) Valence state C̃′1Ag with lifetime of around 1 ps.
The impact of this state to the phootoxidation mechanism of acetylene is considered
negligible compared to the impact of the pre-dissociative Rydberg states C̃1Πu and
3p1Πg (with lifetime of around 50 f s) although absent in typical ionization stud-
ies. The photooxidation of acetylene is believed to occur in the early stages of
the fragmentation process of the parent molecule after excitation to the aforesaid
pre-dissociating Rydberg states. The creation of C2H radicals seems to initiate the
glyoxal production (the more the dissociating channel produces C2H radicals, the
more the reactivity gets maximized). The reaction is supposed to proceed via a four-
membered ring re-arrangement of the C2H radical with the molecular Oxygen (dur-
ing the pre-dissociation process) in the molecular skeleton and with the addition of
a free Hydrogen, glyoxal is created.
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Chapter 1

Introduction

The acetylene molecule, the simplest unsaturated hydrocarbon, is an important start-
ing material in the creation of various organic compounds such as plastics, pharma-
ceuticals, and chemicals [1]. In terms of spectroscopy, Acetylene gas is applied in
analytical chemistry and as a fuel material and carbon source, due to the fact that
acetylene is very flammable, in flame tests [2]. Is is also widely present in both the
interstellar medium and planetary atmospheres [3]. Its abundant presence and dis-
tinctive spectral characteristics make observations of acetylene a significant tool for
studying the atmospheric chemistry of planets and moons within our solar system
[4], [5], [6], [7]. Additionally, acetylene, along with the ethynyl radical, plays a cru-
cial role in hydrocarbon combustion and the formation of soot [8].

When acetylene undergoes oxidation, it produces a great variety of products,
including carbon monoxide, carbon dioxide, formaldehyde, glyoxal, formic acid,
hydrogen, and water [9]. Among these products, glyoxal stands out due to its sta-
tus as a Volatile Organic Compound (VOC), which can be detected both easily and
remotely. Due to its relatively short lifetime in the atmosphere, glyoxal serves as a
valuable indicator of local photochemical activity [10], [11]. Notably, nearly 20% of
atmospheric glyoxal originates from the oxidation of acetylene [12] while the rest
is still unknown. Recent investigations highlight the uncertainty surrounding the
source of elevated glyoxal concentrations over equatorial oceans [10].

The focus of this research lies in examining the rate at which glyoxal forms
through the photooxidation of acetylene [4]. This investigation is conducted using
acetylene/oxygen mixtures at room temperature and employing tunable laser UV
radiation. Previous studies using thermal UV sources [13] or non-tunable excimer
laser radiation [14], [15] did not provide insights into how discrete excited states
impact the photooxidation process. In this study, two photooxidation pathways are
identified, corresponding to the excitation of either the excited Rydberg state C̃1Πu

or the 3p1Πg Rydberg state [16]. Both states, with an excitation energy falling within
the VUV (Vacuum Ultraviolet) region, are accessed through a two-photon absorp-
tion process. Due to its rapid predissociation, these states cannot be detected in
ns multiphoton ionization experiments. This research underscores the significance
of highly-excited Rydberg states, which, although not readily observable in typical
photoionization experiments, play a vital role in acetylene’s photochemistry.
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Ultimately, the involvement of excited states in various photo-induced reactions
has the potential to impact the behavior of reactions. This insight could aid in un-
derstanding observed VOC planetary budgets and astrochemical phenomena.

The purpose of this work is to study the role of predissociation and non-dissociating
states in the laser induced photooxidation of acetylene by using tunable radiation in
the range of 280− 325 nm. An outlook of the thesis is the following:

• Chapter 2 explains some molecular physics elements that are needed through-
out the study.

• Chapter 3 describes the experimental apparatus of our experiments.

• Chapter 4 contains the results and the discussion that leads to the description
of the photooxidation mechanism.

• Chapter 5 pinpoints the conclusions of our study and some interesting propos-
als for further study.
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Chapter 2

Elements of molecular physics

2.1 Molecular Valence - Rydberg states

Molecular valence states are electronic configurations involving the outermost elec-
trons. In terms of chemical bonding, these electrons play a crucial role in determin-
ing the chemical and reactivity properties of the molecules. In a molecule, one or
more valence electrons can be promoted into higher electronic states (in terms of en-
ergy). The excited states can be divided into 2 main groups: excited Valence states,
excited Rydberg states. As far as atomic physics is concerned, Rydberg states are
characterized by the large principal number n (50-100) and the atom’s behaviour
(after excitation to such state) approaches assymptotically the behaviour of the cor-
responding cation [17], while its energetics can be approximated using the Rydberg
formula:

1
λe

= RH

(
1
n2

1
− 1

n2
2

)
(2.1)

with n1, n2 being the principal quantum number of the electronic states that partici-
pate in the transition, RH the Rydberg constant and λe the wavelength of the emitted
radiation. In contrast, molecular Rydberg states are states with much lower princi-
pal number n where, due to the extra degrees of freedom (including vibrations and
rotations), a mixing of the excited electronic-rovibronic states approaches some kind
of continuum of states similar to the atomic case. The molecular Rydberg states are
severely more complicated than atoms due to the presence of more than one nuclei
[18]. Therefore, a theory is required to handle the presence of bound and slowly
fragmenting states in a compact way.

For Rydberg alkali atoms the energy can be given by the approximated formula:

Enl = I −
Ry

(n− µl)2 (2.2)

where Enl being the energy of the Rydberg state, I the ionization potential of the
atom, Ry the Rydberg energy constant, n the principal quantum number and µl the
quantum defect. On the other hand, the corresponding energy for the molecular
Rydberg states can be expressed in a first approximation with the following formula
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[18] (for a simple diatomic molecule) :

Vnlλ = V+(R)−
Ry

(n− µl)2 (2.3)

where Vnlλ being the ab initio potential function for principal quantum numbers
and V+(R) being the potential energy as a function of the inter-nuclear distance
of the positive ion [19]. Such formulae [19] can predict with high-precision low-
lying potential energies for small molecules, including Rydberg states up to n =

4. However, the extension to higher members of the series is prohibitive due to
the very diffuse outer parts of the orbitals which cannot be approximated correctly
with Gaussian functions. In contrast, Molecular Quantum Defect Theory (MQDT)
techniques which use exact Coulomb wave functions in the asymptotic region, take
into account the necessary interactions with the nuclei can extract quantum defect
functions from the molecular analogue of Eq. 2.2 and predict the energy levels in
states with n>4.

2.2 Selection rules

After a brief description of the Valence and Rydberg states, it is time to mention the
selection rules which determine whether an optical transition is permitted or not.
Before we begin, we explain the terminology of gerade and ungerade which refer to
the symmetry of the wavefunction [20].

Gerade and ungerade states, respectively, are some of the terms commonly used
in molecular spectroscopy in order to describe the symmetry properties of molecular
electronic states under the action of certain symmetry operators regarding molecules
which possess a center of inversion.

As gerade, we symbolize the electronic states that exhibit symmetry with respect
to the inversion around the molecule’s center of symmetry. In simple words, if the
molecule is inverted through its center then the wavefunction describing the elec-
tronic state stays intact or is symmetric. On the other hand, ungerade states are
electronic states that do not exhibit symmetry with respect to the inversion around
the molecules’ center. In such states, the inversion through the center of symmetry of
the molecule gives rise to a sign change in the wavefunction, the so-called antisym-
metric wavefunction. Therefore, we can infer if an electronic state is either gerade
or ungerade by inverting the molecule around a plain perpendicular to the molecu-
lar axis and checking if the wavefunction maintains its sign as shown on Figure 2.1
regarding linear molecules.

The study of both gerade and ungerade states play a significant role in the un-
derstanding of the electronic and vibrational properties of molecules. The symmetry
properties of these states influence their behavior upon excitation by giving rise to
certain selection rules, which lead to characteristic patterns in molecular spectra.
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FIGURE 2.1: Qualitative representation of gerade and ungerade states in the mixing of a) 1s
orbitals and b) 2px orbitals in a homonuclear diatomic molecule.

In order to study the structure of molecules via electronic spectroscopy, one has
to understand the conditions under which the transition from the initial to the final
state is attainable. We assume a molecule in the framework of the Born-Oppenheimer
approximation [21] where the nuclei are assumed to be fixed due to the fact that nu-
clei are much heavier compared to the electrons and therefore the wavefunction of
the electrons can be treated separately. The total wavefunction can be expressed as a
product of an electronic Ψel and a vibrational Ψvib part as follows:

Ψtot = ψel(r)ψvib(R) (2.4)

where r shows the distance of the electron from the molecules’ center of mass and
R being the distance between the atoms that participate in the vibration. In order to
calculate the transition rates, we introduce the electric dipole operator as follows:

µ̂ = ∑
i

qi r̂i (2.5)

with qi being the charge of each individual electron and r̂i the distance from the
center of mass. The transition dipole moment is equal to:

R21 =
∫

ψ∗2 µ̂ψ1dτ = ⟨ψ2|µ̂|ψ1⟩ (2.6)
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with dτ being the volume element. By combining Eq. 2.4 and 2.6, the transition
dipole operator R21 becomes

R21 = −e
∫

ψ′∗el (r)rψ”el(r)dr
∫

ψ′∗vib(R)rψ”vib(R)dR (2.7)

where the notations ψ′, ψ” corresponds to ψ2, ψ1 respectively. The first integral of
Eq. 2.7 refers to the electronic transition moment, while the second integral is the
vibrational overlap of the participating vibrational states. The transition probability
is proportional to the quantity

R2
21 ∝

( ∫
ψ′∗el (r)rψ”el(r)dr

)2(
ψ′∗vib(R)rψ”vib(R)dR

)2

(2.8)

where the second factor is the Frank-Condon factor expressing the square of the
vibrational overlap integral. The first factor gives rise to the selection rules regarding
the electronic transitions as:

∆Λ = 0,±1

∆S = 0 and ∆Σ = 0

g↔ u (where g, u exist)

+↔ +; − ↔ − ( f or Σ− Σ transitions)

(2.9)

where Λ = ∑i λi is the overall angular momentum on the intenuclear axis and Σ is
the projection of S on the internuclear axis (see Figure 2.2).

FIGURE 2.2: Qualitative representation of L and S projected on the internuclear axis giving
rise to Λ and Σ respectively.

For centrosymmetric molecules, the two-photon selection rules can be expressed
as:

g↔ g and u↔ u. (2.10)

Although the selection rules come from the transition between the electronic
states, the Frank-Condon factor determines the strength of the transition [20]. For
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simplicity reasons, we refer to diatomic molecules. As mentioned before, the Frank-
Condon factor strongly depends on the overlap of the vibrational part of the wave-
functions of the initial and final state which introduces a further dependency on the
geometry of the participating states.

FIGURE 2.3: Plots of Frank-Condon values for different shapes and equilibrium geometries
between the states participating in the transition. The transition probability is expressed as
a coloured map while the vertical axis refer to the vibrational levels of upper and lower
states [22], [23].

FIGURE 2.4: Qualitative representation of short (long) progression that gives gives rise to
poor (rich) spectra [24].
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Supposing that the upper and lower potential wells are similar (similar equilib-
rium geometry and depth), the vibrational wavefunctions are almost the same which
means that transitions occur between states of the same ν giving rise transitions with
∆ν = 0 being the strongest transitions and the mapping of the Franck-Condon val-
ues (see Figure 2.3) gives rise to the shape of a line with a 45◦ slope. Now, imagine
that the upper state has a similar potential well but centered at a bigger equilibrium
geometry (Rupper > Rlower). The ν = 1 upper vibrational level has a better overlap
with the ν = 0 lower vibrational level as the vibrational part of the wavefunction
is the same but shifted towards the right. In this case, the mapping of the Frank-
Condon values has the shape of a parabola. For different equilibrium geometries
between the states and different shapes of the potential well, this parabola changes
shapes giving rise to the so-called Frank-Condon parabola. Examples of the various
Frank-Condon parabola are shown on Figure 2.3.

The study of the absorption spectra of such transitions can help us explain the
structure of the excited states. Figure 2.3a represents 2 states with similar quantum
wells. In this cases, the spectrum contains very few, lines, due to the very small
overlap between vibrational wavefunctions of different ν vibrational levels [22]. On
the other hand, the difference on the geometry of the 2 states, gives rise to non-
zero transition probabilities of multiple vibrational levels leading to a rich spectra.
These two categories of spectra are called short and long progression spectra and are
useful indicators of the geometry changes during an electronic transition (see Figure
2.4). M. Takahashi [25], using a 2 color double resonance spectroscopy, studied the
geometry of the Ã1Au excited valence state of acetylene from the long progression
that appeared in the spectra.

Now, for a purely vibrational transition occurring in the same electronic state, the
description is simplified [22]. The selection rule in this case applies as ∆ν = ±1. For
example, if a ν = 5 vibrational level is occupied then, a step by step de-excitation
will take place by the following vibrational transition: ν = 5 → ν = 4 → ν =

3 → ν = 2 → ν = 1 → ν = 0. Though, in reality the ∆ν = ±1 selection rule
is not that strong which gives rise to the so-called overtones ∆ν = ±1, ±2, ±3....
Every overtone appearing is weaker than the previous by approximately an order of
magnitude.

This sub-section will close by mentioning as well the selection rules regarding
the rotational degrees of freedom [22]. In order for a purely rotational spectra to
exist, the molecule must have a permanent dipole moment. Going back again to
the Fermi’s Golden rule, the selection rules regarding the quantum numbers of the
angular momentum due to rotation comes out as:

∆J = ±1. (2.11)
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2.3 Dissociative states

In order to define the term "pre-dissociation" we must first refer to the potential en-
ergy surfaces of the excited states. Figure 2.5 illustrates qualitatively a slice of the
potential energy surfaces of the ground state, an excited bound state and a disso-
ciative state. These potential energy ’curves’ describe the motion of only one atom
in the polyatomic molecule and result from slices of the potential energy surfaces.
The first 2 potential energy curves have a local minima which makes these 2 states
"stable" while the latter does not possess such a minimum, which makes the state
dissociative. Now, imagine an electronic transition from the ground state to the dis-
sociative excited state. After such an excitation, the molecule will eventually be led
to fragmentation. Not all dissociative states end up to the same fragments. In gen-
eral, the dissociation channels may vary depending on the dissociative state. For
the acetylene molecule, the dissociation channels are shown on Section 2.4. Regard-
ing pre-dissociation, there is a chance that the potential curves cross at some point
which is the case presented on Figure 2.5. A cross between an excited bound state
and a dissociative state via conical intersection processes is capable of leading the
molecule to dissociation. From now on, we will refer to this type of fragmentation
as pre-dissociation.

Concerning the electronic, vibrational and rotational degrees of freedom of a
molecule, one may distinguish 3 main cases of pre-dissociation according to Herzberg
[26] namely:

• Case I: Pre-dissociation by electronic transition

• Case II: Pre-dissociation by vibration

• Case III: Pre-dissociation by rotation

The first case refers to the pre-dissociation by radiationless transition between the
electronic state of one state with the continuum of another, while for the rest cases
there is no change in the electronic state. Case II refers to the transition from a vibra-
tion to the continuum (see Figure 2.5), while case III pre-dissociation can occur in the
transition from high rotational levels of a vibration to the continuum of the same vi-
bration [26]. Case II cannot be met in diatomic molecules while case III has only been
observed in diatomic molecules and it is unimportant for polyatomic molecules.
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FIGURE 2.5: Qualitative representation of the pre-dissociation after conical intersection
crossings of the excited bound state and the dissociative state.
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2.4 Acetylene molecule

Acetylene is a highly reactive molecule with a chemical formula C2H2 and exhibits
both Rydberg and valence molecular states, which play a crucial role in the under-
standing of both its chemical and spectroscopic behavior. Our study deals with
the laser induced oxidation of acetylene (photooxidation). In order to explain the
photooxidation mechanism, we have to describe the electronic states (Rydberg and
Valence) accessed by our experiment which is also the content of this section. In
particular, this section will be divided into 3 parts, each referring to different states
according to this outline:

• Sub-section 2.4.1 will refer to the ground state of Acetylene and molecular Oxy-
gen.

• Sub-section 2.4.2 will refer to the Rydberg states C̃1Πu and 3p1Πg of Acetylene.

• Sub-section 2.4.3 will refer to the Valence states C̃′1Ag and Ã1Au of Acetylene.

2.4.1 Ground state of Acetylene and Molecular Oxygen

According to [16], the ground state of Acetylene is the gerade singlet state X̃1Σ+
g

while the corresponding ground state of O2 is the ungerade triplet state X3Σ−u [27].
Figure 2.6 shows not only the geometry of the ground state of both Acetylene and
molecular Oxygen but also the distances between the atoms calculated by a sim-
ple geometry optimization in Avogadro [28]. Since these molecules are linear, they
belong to the D∞h point group [29] with ionization potential of 10.40 eV for Acety-
lene [16] and 12.06 eV for O2[27]. Figures 2.7c, d show the HOMO orbital of the 2
molecules visualized with the help of Multiwfn [30], where the wavefunctions were
built within GAMESS US1 [32].

1Setting up and using these programs for the simpler case of atoms was the subject of my gradua-
tion thesis [31], and during my masters i developed further use of these programs to generate results
for ground state molecules
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FIGURE 2.6: Schematic representation of the geometry of the ground state of a) Acetylene
and b) molecular Oxygen including the distances of the atoms in the molecular skeleton
calculated by a geometry optimization in Avogadro [28].

FIGURE 2.7: Schematic representation of the molecular skeleton of a) Acetylene, b) O2
combined with their HOMO orbital on c), d) respectively.
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2.4.2 Rydberg states C̃1Πu and 3p1Πg

After discussing first the ground state of Acetylene, we move on to the characteri-
zation of the excited (Rydberg) electronic states that appear to have impact on the
photooxidation process and which are within reach with the dye lasers we are using.

One of the Rydberg states that appear to impact the photooxidation of acetylene
is the electronic state C̃1Πu. According to the two-photon selection rules excitation
from the (gerade) ground state should not be possible. However, there exist several
low lying ungerade vibrations in the ground state [33] which can be populated in
the conditions of our experiment, and which can be excited to the C̃1Πu with two
photon absorption.

The excitation to such a state does not change the geometry of the molecule, but
the distances between the atoms in the molecular skeleton slightly changes. Ac-
cording to theoretical calculations presented in [16] for the Rydberg state C̃1Πu, the
distances change to: RCC = 1.254 Å and RCH = 1.073 Å. Fabrice Laurelle and
co-workers [16] mention the pre-dissosiating character of the C̃1Πu Rydberg state
which is confirmed in an extensive study made by Y. Zhang and co-workers [34] us-
ing the H-atom Rydberg tagging time-of-flight (HRTOF) technique at two excitation
wavelengths in the VUV region.

In their work, below the first ionization limit they mention the 3 mainly disso-
ciating channels where the C2H2 breaks down in the following fragments: C2H, C2,
CH, H2, H. The dissociating channels are shown below:

C2H2 → C2H + H, D0 = 46074 cm−1, (2.12)

C2H2 → C2 + H2, D0 = 50000 cm−1, (2.13)

C2H2 → CH + CH, D0 = 79800 cm−1, (2.14)

with the first channel being the dominating one according to [35].
In his work, Y. Zhang [34], found the lifetime of the C̃1Πu excited state to be

around 47 f s while the trans-bend vibration and rotation excitation of this state fur-
ther reduces the lifetime (22 − 39 f s) of the aforesaid electronic state leading to a
faster dissociation process. The equilibrium geometry of the C̃1Πu state of acety-
lene is linear which is also the case for the product C2H(Ã2Π). From a dynamical
point of view [34], a trans-bending vibrational excitation will make the Hydrogen
atom leave the molecular skeleton in a non-linear way as shown on Figure 2.8 and
the movemennt of the partner carbon in an opposite direction will enhance a bend-
ing excitation on the product C2H(Ã2Π) which can be observed in Zhang’s HRTOF
experiment [34].

As far as this dissociation route is concerned, although there are some works
proposing the exact path of the dissociation ([16], [34], [36],), the detailed energy
surface crossing that effect the pre-dissociation of the C̃1Πu state is still unknown.
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FIGURE 2.8: Schematic representation of the trans-bending of the C2H2 molecule during
pre-dissociation resulting in the vibrationally excited product C2H(Ã2Π).

On the other hand, the second Rydberg state within reach in our experiment is
the 3p1Πg which, to the best of our knowledge, has yet to be observed experimen-
tally. According to theoretical calculations ([16], [37]), the vertical energy of this state
is around 8.4 eV and the molecule adopts a linear geometry with intemolecular dis-
tances between the atoms not so different compared to the C̃1Πu. The corresponding
distances of the 3p1Πg state calculated in [16] are: RCC = 1.266Å and RCH = 1.112Å.
Figure 2.9 shows a quantitative representation of the Rydberg molecular orbitals cal-
culated by F. Laurelle and co-workers [16] where the blue (red) lines correspond to
the negative (positive) values of the wavefunction in the isocontour map of step
value 0.002.

FIGURE 2.9: Quantitative representation of the Rydberg molecular orbitals of the a) C̃1Πu
and b) 3p1Πg Rydberg states. The blue (red) lines correspond to negative (positive) values
of the wavefunction. The isocontour map was calculated by F. Laurelle’s work [16] with an
isovalue of 0.002.

2.4.3 Valence states C̃′1Ag and Ã1Au

The C̃′1 Ag Valence state is within reach via a multiphoton absorption process (2+1
to ionization) in our experimental setup, so the theoretical and experimental back-
ground of such a state is important. Lundberg and co-workers [38] studied the
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geometry of the C̃′1Ag excited state through Ultraviolet-Optical Double-Resonance
spectroscopy (UVODR) by recording fluorescent spectra of the intermediate Ã1Au

state with a vertical energy of 5.23 eV calculated experimentally. At the same year,
J. Lievin [39] using ab initio calculation, characterized theoretically the aforesaid Va-
lence state, while more recent studies managed to characterize all the excited states
[16]. The vertical energy of the excited state C̃′1Ag was found experimentally at
7.72 eV by Lundberg [38] while Laurelle [16] calculated the same state lying at 7.52
eV similar to the work done by Lievin [39]. M. Fujii and co-workers [40] using 3
different techniques (fluorescence excitation spectrum, MPI spectrum and absorp-
tion spectrum of the electronic transition Ã1Au ← X̃1Σ+

g ) studied the Ã1Au excited
valence state which was found to be pre-dissociating.

FIGURE 2.10: Schematic representation of the a) ground state X̃, b) C̃′ and c) Ã excited
valence states of acetylene. The apex angles were predicted theoretically by Laurelle and
co-workers [16].

In terms of geometry, the excited state C̃′1Ag adopts a trans-bend structure as
shown on Figure 2.10 and belongs to the point group C2h [39]. In particular, Lund-
berg [38] calculated the rotational constants of the molecule by studying the long
progression in the C-C stretch, the trans-bending vibration, and a combination of
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them in his spectra due to the geometry change of the molecule in the transition
from Ã1 Au to the C̃′1Ag state. The apex angle between C-C-H changes from 120◦

to 103◦ while RCC and RCH were found to be equal to 1.652 and 1.143 respec-
tively. The theoretical study performed by Laurelle and co-workers [16] revealed
good agreement with the experimental values. Moreover, Lundberg unraveled the
pre-dissociating character of the C̃′1Ag Valence state which is labeled as Herzberg’s
type II pre-dissociation [26] as the molecule is led to fragmentation through addi-
tional vibrational excitation [38]. As far as the Ã1Au excited valence state is con-
cerned, Ingold, King [36] and Innes [41] studied extensively the absorption spectra
of acetylene in the spectral range 210− 240 nm and found that the state possesses a
trans-bend planar geometry (see Figure 2.10c) compared to the linear structure of the
X̃1Σ+

g ground state leading to a long-progression spectrum in the excitation spectra
to this state from the ground state. The intermolecular distances were found to be in
good agreement with calculations made by Laurelle [16].
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Chapter 3

Experimental setup

The main purpose of this chapter is to describe the experimental setup that was used
throughout the study of the laser induced photooxidation of acetylene. The study
was carried out using 2 experimental setups. The first setup was used to record
the multiphoton ionization spectra of acetylene between 280 and 325 nm, while the
second setup was used to study the time evolution of the absorption spectra of gly-
oxal which was also the case in the work done by P. Kalaitzis and co-workers [4].
However, in the current study of the photooxidation reaction, several experimental
upgrades have been added, such as the inclusion of a Frequency Convertion Unit,
the increased range of the study and a more controlled environment of the pulse
energy. Before we discuss the setups, let’s briefly discuss the laser dyes, as well as
how the second harmonic is produced and isolated from the fundamental and how
it reaches the experiment. Overall, this chapter will be divided into 3 sections as:

• A brief discussion about the laser dye compounds, the pumping fundamental
beam and the Frequency Convertion Unit (FCU) responsible for the second
harmonic generation.

• Multiphoton ionization setup and acquisition process.

• Photooxidation setup and acquisition process.

3.1 Laser dyes - FCU

Dye lasers use certain compounds, known as laser dyes, as gain media and pro-
duce a narrow and tunable laser light [42]. Laser dyes are organic compounds
with unique optical properties designed to efficiently absorb light energy and emit
it as coherent laser light [42]. These dyes are typically dissolved in a suitable sol-
vent to form a dye solution. Common examples of laser dyes include rhodamines,
coumarins, fluoresceins, and perylene derivatives [43]. Each dye has its own charac-
teristic absorption and emission spectrum which allow tunability over a wide range
of wavelengths [42]. The choice of dye affects the output wavelength and properties
of the dye laser, making it an essential component in tailoring the laser to specific
applications, such as spectroscopy, biomedical research, and materials processing.
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The versatility of laser dyes, combined with the ability to fine-tune the output wave-
length, makes dye lasers valuable tools in a variety of scientific and technological
fields [44].

A dye laser is a type of laser that utilizes the optical properties of some organic
molecules containing double and triple bonds as the gain medium in order to pro-
duce laser light which has a narrow spectral range and is tunable. In order to pro-
duce the tunable radiation, a high-intensity pulse at 532 or 355 nm (originating from
an Nd:YAG Laser at 1064 nm) excites the dye molecules which produces coherent
laser light as well as incoherent radiation (Amplified Spontaneous Emission (ASE)).
The coherent laser light gets trapped in an optical resonator which acts as an ampli-
fier by reflecting the light back and forth inside the resonator and thus stimulating
more molecules. The wavelength that comes into resonance and is amplified inside
the cavity is selected with the help of a grating.

Compensator

BBO

Autotracker diode

4-Pellin-Broca
separation

Trigger diode

Fluorescence from excited dye

Dye laser beam

(1) (2)
(3)

(4)

(5)

FIGURE 3.1: Schematic illustration of the Frequency Conversion Unit (FCU).

For the production of the fundamental beam in our experiment, we use a tun-
able Lambda Physic Scanmate laser utilizing an Nd-YAG laser source. The Nd-YAG
beam at 1054 nm is frequency doubled with a BBO crystal and then splits into 3
parts. The oscillator, pre-Amp and Amp beams. The first 2 beams are driven to the
quvette containing the dye compound (albeit in a different concentration) and with
the help of an optical cavity containing a reflecting mirror and a grating (for tuning
purposes), the beam gets pre-Amplified. The pre-Amplified beam reaches a second
quvette (which is already pumped by the Amplifier beam) which contains the same
dye compound and by stimulated emission the final fundamental beam is further
amplified.

The laser dyes we worked with are: DCM, LC6100 and LC5900 covering the
ranges 606− 650 nm, 584− 614 nm and 558− 579 nm respectively. The absorption
of these dye compounds as well as their specifications are shown in Appendix B.
In order to have a better insight on the distribution of the intensity throughout the
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whole spectral range the dye covers, we record the dye profile of each dye as shown
in Figure 3.2 with the setup shown on Figure 3.3.

In order to record the dye profiles, a photodiode was placed in front of the laser
beam which is passed through a diverging lens to increase the beam radius reducing
the likelihood of photodiode damage. Then, the signal is inserted to a boxcar and
analog-to-digital converter system and is recorded using a computer and specialized
LabVIEW software1.

FIGURE 3.2: Normalized dye profile of the dyes used (DCM, LC6100, LC5900).

Now, for the production of the second harmonic, we use a BBO crystal as the
non-linear material where 2 photons of the same wavelength interact with it and
produce a 3rd photon with twice the energy and half the wavelength of the 1st. The
BBO crystal is located inside the Frequency Conversion Unit (and hence FCU) which
has 2 majors roles. The ionization experiment exploits the scanning ability of the
Autotracker Unit (AT) while the photooxidation experiment uses the FCU just to
select the wavelength by turning the BBO crystal semi-automatically. A complete
description of the FCU can be found in Appendix A and the schematic illustration
is shown in Figure 3.1. In our experiments, we require tunable radiation in the UV
range. This is achieved by propagating the dye laser beam into the Radiant-Dyes
Frequency Conversion Unit which incorporates an AutoTracker (AT) unit. In Figure
3.1 we show the optical layout of the FCU unit used for the production of the UV

1The LabVIEW software was developed by the group o S. Cohen.
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radiation. The elements it incorporates are: (1) a compensator, (2) a frequency dou-
bling crystal, (3) a set of four Pellin-Broca prisms, (4) a beam splitter , (5) a photodi-
ode, and incorporates an autotracker (AT) unit. The complete description regarding
the operation of the AT can be found in Appendix A.

FIGURE 3.3: Schematic illustration of the setup used to record the dye profile.

The tunable radiation passes through a compensator-BBO crystal system to cor-
rect the path of the beam so that the harmonic and the fundamental beam come out
parallel to the original beam as shown in Figure 3.1. When changing the fundamen-
tal wavelength, both compensator and BBO crystals have to turn in different direc-
tions in order to minimize deflection which is done with the help of the AT circuit.
This BBO crystal is designed to produce second harmonics in the range of 220-320
nm with efficiency up to 25%. Acorrding to manufacturer’s test, 5 mJ of input pulse
energy produce a second harmonic of 1.6 mJ pulse energy and these specifications
are verified in our experiment. After passing through the BBO crystal, both funda-
mental and second harmonic propagate in parallel and enter an assembly of 4-Pellin
Broca prisms. Due to the fact that the prisms have different refractive indices for
each wavelength, the two-color beam splits and eventually the fundamental beam
gets blocked. As a result, only the second harmonic comes out of the Pellin Broca
system making it an efficient way to filter out the radiation that is not needed for the
experiment. Finally the beam reaches a beam splitter which splits it into 2 parts, a
small one (order of 4%) which is fed to the autotracker diode, while the other is used
at the experiment.

3.2 Multi-photon ionization setup

Multi-photon ionization can be used to detect and study the excited states (Rydberg
or Valence) involved in our experiment. Excitation to a Rydberg state can be per-
formed using either one or more photons, depending on the energy of the state, the
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photon energy and the selection rules. For a given number of photons, a transition
can be allowed or forbidden. In our experiment, acetylene ionization proceeds via a
2+1 Resonance Enhanced Multiphoton Ionization (REMPI) scheme. In these experi-
ments, only the relatively long-lived Rydberg states can be observed. Rydberg states
that dissociate rapidly, say a few tens of fs, cannot be observed using ns lasers and
REMPI and require specialized techniques.

In order to obtain the multi-photon ionization spectra we used the setup shown
in Figure 3.4. Similar to the photooxidation experiment, the fundamental dye beam

FIGURE 3.4: Schematic illustration of the multi-photon ionization experimental scheme.

is subject to frequency doubling. The second harmonic is focused using a 5 cm fo-
cal length converging lens between 2 metallic plates (distance between the metallic
plates is about 1.5 cm) of a capacitor placed inside the ionization cell. The pulse
energy of the laser beam varied between the runs from 0.8 mJ to 1.4 mJ. This varia-
tion is due to the inability of the AT to maintain constant intensity as it follows the
dye profile while scanning. When ionization occurs, electrons, which are no longer
bound to the acetylene molecule, accelerate due to BIAS DC voltage applied between
the metallic plates of the capacitor and hit them, creating a small voltage peak which
is amplified in Ortec’s 142B PreAmp [45] as shown in Figure 3.5. Then, the signal is
recorded in a computer using the same LabVIEW program after getting digitized by
Boxcar-AtoD system.
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FIGURE 3.5: Schematic illustration of the circuit inside Ortec 142B (pre-Amplifier) [45].

To briefly describe the circuit we must first refer to Ortec’s manual [45] for the in-
dications BIAS, INPUT, TEST, E and T. BIAS accepts the external DC voltage from a
power supply while INPUT accepts input signals from the charged-particle detector
[45]. The Test indication is used for instrument calibration with input voltage pulses
from a pulse generator of Rin = 93Ω, E stands for energy measurements while T
stands for timing applications. There is also a protection circuit installed, to protect
the input Field Effect Transistor (FET) from large transient voltages which are capa-
ble of damaging the transistor. The applied bias is furnished to the detector with the
help of resistors R2 and R3 [45]. If there is a noticeable current leakage in the detector
then, a resistor R3 must be inserted in parallel with R4 [45].

In our experiment, the BIAS input that was used did not exceed 250 V rang-
ing from 40 V to 250 V. Regarding the multi-photon ionization spectra, the cell
contained only acetylene in various pressures depending on the measurement. The
starting pressure (pressure at the beginning of the experiment) varied in the range
1 − 3 Torr depending on the scan. The velocity of the wavelength scanning was
0.01 nm/sec and the scanning region that was studied lied between 558− 650 nm
(and hence 0.005 nm/sec in the second harmonic). Due to the small step, which led
to an increased duration of the scan, the pressure inside the ionization cell was con-
stantly increasing. The scanning velocity cannot increase much otherwise the AT
will not work. For this reason, it has often been necessary to break the scan into
smaller parts and renew the sample, in order to get the best possible result. In a
fixed BIAS input, electrons bump into the metallic plates more often in low pres-
sure than in high pressure due the decrease in the mean free path of the particles
inside the cell. As collisions between electrons and molecules become more often,
less electrons hit the plates.
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3.3 Photooxidation setup

In order to study the acetylene photooxidation reaction, we used an experimental
setup consisting of the following elements:

• a Frequency Conversion Unit

• an SL201 L/M broadband source

• UV absorbing filters

• a ×1/3 telescope

• a hollow parabolic mirror

• a 1 m fused silica cell with a diameter of 1.1 mm

• 4 lenses

• an Andor Shamrock SR-301-iB spectrometer.

The experimental setup is shown on Figure 3.6. The second harmonic propagates

FIGURE 3.6: Experimental setup for the study of glyoxal production [4].

into the fused silica cell after passing through an (×1/3) optical telescope and through
the hole of a parabolic mirror. The light coming from the broadband light source
(SLS201 L/M) is focused from the parabolic mirror into the fused silica cell. This
light is used to record the absorption spectra of the products within the fused silica
cell. After the fused silica cell, there is a lense (L4) which focuses the light on the
input of a spectrometer (Andor Shamrock SR-301-iB, utilizing a Newton EM CCD
camera [46]). UV filters (UVF) are used to block the laser incoming radiation. Within
the cell, the acetylene and oxygen gases are inserted (Air Liquide, purity > 99.6%)
and the mixing ratio was 1:1 throughout the whole experiment (400 Torr O2 and 400
Torr C2H2).

As mentioned earlier, the experiment was performed using tunable radiation in
the range of 279-325 nm generated by frequency doubling of the tunable dye laser
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radiation. Our first observation was that the glyoxal production increases as the
wavelength of the second harmonic decreases. Glyoxal has a lifetime of a few min-
utes and after it decays, various compounds are produced that stick to the walls
of the cell and change the color of the cell. Thus, we worked at low intensities to
keep the cell as clean as possible. The pulse energy of the frequency doubled beam
right after the pumped fused silica cell varied from 0.28 mJ to 0.7 mJ depending
on the measurement. For a better mixing efficiency, the mixture was prepared in a
pre-chamber before entering the fused silica cell.

The spectrometer used in the experiment, it is an Andor Shamrock SR-301-iB
[46] spectrometer, with a motorized slit which is controlled with the Andor Solis for
Spectroscopy software [47]. In our case, the slit was set at 100 µm (optimal condition
for our experiment), the grating lines were set to 150 l/mm and the blaze to 500 nm.
A Newton EM CCD camera is used by the spectrometer in order to record the spec-
tra. A charged-coupled device (CCD) is a small light sensitive circuit which converts
light signal to electron signal (charge). Light impacting on a pixel leads to the pro-
duction of electric charge which is proportional to the intensity of the light captured
by that particular pixel. Figure 3.7 shows the panel of the Andor SOLIS for Spec-
troscopy software [47], where one can see a spectrum of the SLS201 L/M lamp. In
this panel, we can also see the settings used in our experiment inside red rectangles.
As shown in figure 3.7, the CCD camera operated at −30 ◦C for high signal to noise
ratio (SNR). In the following sub-section, we will provide a detailed description on
how the data were extracted and manipulated.

3.3.1 Data acquisition

In this sub-section, we will discuss the extraction and manipulation process of the
data produced in our photooxidation experiment. Firstly, we will discuss the step
by step acquisition process and then get into details about the spectrometer.

A gas mixture consisting of 400 Torr of Acetylene and 400 Torr of molecular Oxy-
gen are mixed in a pre-chamber before entering the cell. The measurement starts at
time t = 0 sec. We record the spectra every 2.125 sec while the laser enters the cell at
time t ≈ 8.5 sec, and using a Wolphram Mathematica [48] software2 we extract the
absorption of glyoxal over time.

For our measurements, we use the Andor Shamrock SR-301-iB spectrometer in
the ’Kinetic Measurement’ mode. In this mode, a series of spectra are recorded at
equal time intervals. The exposure time and the number of accumulations were set
to 0.085 sec and 25 respectively. Due to the nature of each measurement (reactivity
varies in function with the wavelength of the incoming radiation), the kinetic cycle
also varied. Figure 3.8 shows the settings used in our measurements. After extract-
ing the spectra, we use a Wolphram Mathematica [48] software to calculate the area
of one of glyoxal’s absorption peak in each kinetic cycle and produce the absorption

2The Wolphram Mathematica software was developed by P. Kalaitzis [4]
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FIGURE 3.7: Panel of the Andor SOLIS for Spectroscopy software [47], showing the
spectrum of the SLS201 L/M lamp. We can see the spectrometer settings used in our
experiments in red rectangles.

of glyoxal as a function of time, showcasing quantitavely the time evolution of gly-
oxal production. In greater detail, the software divides each spectrum by the first
spectrum where the amount of glyoxal is zero as the reaction has not yet started.
Figure 3.9a shows the time evolution of the glyoxal absorption. We see that in this
particular example, the absorption at time t = 22.5 sec is about 7%. At this point,
we should mention that, time t = 0 sec was defined as the moment when the laser
starts interacting with the gas mixture, while in terms of measurement, the actual
time when the gas mixture starts interacting with the laser is about t = 8.5 sec.

The area under the glyoxal main peak around 285 nm was calculated by integrat-
ing the spectral region between 284 and 290 nm as shown on Figure 3.9b. The time
dependence of this signal, for radiation at 284 nm is shown in Figure 3.10. Laser ini-
tiates the reaction at t ≈ 8.5 sec and glyoxal increases. In order to extract the reaction
rate

κ =
1
τ

(3.1)

with κ being reaction rate τ the reaction time, we fit our data to the following for-
mula:

A(t) = Ae(t−t0)/τ + B (3.2)
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FIGURE 3.8: Spectrometer settings used in the Kinetic Measurements.

with t0 being the start time of the reaction, A(t) being the time dependent absorp-
tion, A, B being free fit parameters related to the absorption and τ being the charac-
teristic time constant to be extracted [4]. Such a fit is shown in Figure 3.10 for laser
radiation at 284 nm.

FIGURE 3.9: a) Time evolution of glyoxal absorption. b) Spectral window of integration
utilized by the Wolphram Mathematica software.
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FIGURE 3.10: Glyoxal production as a function of time for 284 nm laser radiation along
with the exponential fit for the extraction of τ.
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Chapter 4

Results - Discussion

In this chapter, we are going to present and manipulate the data derived from our
experiments as well as discuss our results. This chapter will be divided into 4 sec-
tions:

• Results and discussion of multiphoton ionization experiment.

• Results and discussion of photooxidation experiment. [4].

• Discussion on the mechanisms of photooxidation observed in our experiment.

4.1 Multiphoton ionization - Results

4.1.1 DCM (310-325 nm)

Starting from the Table (table 2) obtained from Fabrice Laruelle et al. [16] we deter-
mine the excited electronic states of the acetylene molecule.

According to Figure 4.1b the valence state C̃′1Ag is within reach via a 2 photon
absorption process and in order to obtain the ionization signal of this electronic state,
an extra photon must be absorbed. Figure 4.2 shows the uncalibrated multiphoton
ionization spectra around the C̃′1Ag line. Using the C̃′1Ag line we can estimate the
experimental error (shift) in the laser calibration. This shift was found to be 0.91 nm
compared to previous experimental works [38], [55] and is corrected in all measure-
ments hereafter. Figure 4.3 shows the multiphoton ionization spectra of acetylene
in the entire spectral region of the DCM’s laser second harmonic (310− 325 nm). In
this range, another line is observed centered at 314.4 nm that needs identification.

Before we try to identify this new line, let’s take a moment to discuss the shape
of the signal shown in Figure 4.3 as well as the factors that affect the signal. The
ionization signal consists of the resonant signal and a broad background. Both sig-
nal and background are proportional to the pulse energy. Since the laser output is
increased around 630 nm (fundamental wavelength) and decreased at 650 nm (see
laser dye profiles Figure 4.9), the background minimizes around 620 and 625 nm
and peaks around 635 nm. Although the pulse energy varied during the scan, both
in the beginning and at the end it was measured to 1.1 mJ. Moreover, the BIAS volt-
age applied to the metallic plates of the capacitor was 120 V. The last factor that
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FIGURE 4.1: a) Results from [16] determining bond lengths and energy of each excited state.
b) Calculation of 2+1 ionization energies and corresponding wavelengths. a All calculations
are performed at the VTZ+Ryd/CMRCI level of theory [16]. Te values in parentheses are
calculated with an AVQZ basis set at VTZ optimized geometries [16]. b From Zyubin and
Mebel [49]. The two levels of theory are using different basis sets. c From Malsch et al [50].
Values in parentheses correspond to optimized CASSCF geometries [16]. d From Blanchet et
al [51]. e From Pujii [40]. f From Foo and Innes [41]. g From Dressler and Allan [52]. h From
Lievin [39]. i From Lundberg et al [38]. j From Herman and Colin [53]. k From Ashfold et al
[54]. l From Herman and Colin [55]. m From Ashfold et al [56]. n From Fillion et al [57]. o

From Tsuji et al. [58]. p From Boye´-Pe´ronne et al [59]. q From Ruppert and Merkt [60].

affects our signal is pressure. The study shown in Figure 4.3 was performed with a
0.0025 nm/sec scanning velocity making the measurement last about 100 minutes.
During the measurement, the pressure increased linearly as shown in Figure 4.4. The
increasing pressure lowers the signal as the mean free path (in our case, the mean
free path is around 3 mm when the cell is filled with 1.5 Torr of Acetylene and the
distance between the metallic plates is around 1.5 cm) between molecules decreases
which means that more collisions occur inside the cell and thus less electrons reach
the capacitor. In our experiment, the increase in pressure is explained by the fact
that atmospheric air enters the cell.

In order to be sure that the spectral lines that we observe indeed come from
Acetylene ionization, we perform the following tests:

• fill the cell with molecular Nitrogen and Oxygen.

• pump the cell multiple times both before and after a measurement and search
for differences.
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• perform the same measurement the same measurement at different times of
the day

FIGURE 4.2: Uncalibrated 2+1 Multiphoton ionization spectra around the C̃′1 Ag valence
electronic state.

FIGURE 4.3: Calibrated 2+1 multiphoton ionization spectra of acetylene regarding the
second harmonic of DCM dye laser.
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The cell was filled with molecular Nitrogen and Oxygen (after pumping the cell
for a day), and a small scan around C̃′C̃′1Ag was performed but revealed no evidence
of the line. The scan was performed multiple times and the result was the same, no
signal. But when we filled the chamber with acetylene and then pumped it in order
to make the same measurement with atmospheric air, we saw some evidence of the
line which is attributed to the fact that acetylene stack to the walls of the cell (Figure
4.5).

FIGURE 4.4: Pressure over time during DCM dye scan. The initial and final output pulse
energy was 1.1 mJ.

Now, for the line around 314.40 nm, the same procedure was applied and the
results are shown in Figure 4.6. Both scanning velocity and pressure varied between
the scans but the pulse energy remained unchanged at 1.1 mJ. The peak is present
in all of our measurements even though the cell was not filled with acetylene. On
Figure 4.7, we show the first and the last measurement of the day. The first mea-
surement was performed before filling the cell with acetylene (we pumped the cell
for a day) while the last was made after pumping the cell multiple times and using
only atmospheric air. In the first measurement we observe no sign of the unknown
line while in the last measurement there is clear evidence of the line demonstrating
that acetylene sticks to the walls of the cell. Both measurements were taken with
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pure atmospheric air but between the measurements acetylene was present inside
the ionization cell.

FIGURE 4.5: Intermediate scans with or without acetylene. Nitrogen and Air measurements
were performed after the acetylene measurements.

According to Fabrice Laurell and James K. Lundberg’s work [16], [38], the elec-
tronic state C̃′1Ag belongs to the trans-bent C2ν point group with bond distances and
apex angle that are shown in Figure 4.1. James K. Lundberg et al. [38] found experi-
mental evidence of the same line centered at 314.4 nm by using Ultraviolet-Optical-
Double-Resonance (UVODR) [38] spectra via individually selected rotational - vi-
brational intermediate levels in the 1Au state. Lundberg et al attribute this line to a
vibrational normal mode v3 of the trans-bent C2ν acetylene with energy 1303 cm−1

(theoretical value 1386 cm−1 [39]), while in our case, we observe this line at around
1354 cm−1. It is also stated that Valence state C̃′1Ag assisted by a vibration v3 is a
partially dissociating state with a lifetime on the order of a few hundreds of ps [38].
By performing a fit with Lorentzian type functions we calculate the width at the
FWHM and end up with a lifetime of 0.6 ps. This type of pre-dissociation occurring
after vibrational excitation is called Type II predissociation, in contrast to Type I pre-
dissociation where only the electronic excitation leads to pre-dissociation via conical
intersection crossing [26]. Type II dissociation is about 10 times slower that Type I
dissociation [26].
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FIGURE 4.6: Same measurement under similar conditions. The cell was filled with
acetylene unless otherwise indicated. Step: scanning velocity in nm/sec

FIGURE 4.7: Ionization signal as a function of the wavelength at different times.
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4.1.2 LC6100 - LC 5900 scans (278-307 nm)

In this sub-section, we are going to discuss ionization studies performed using the
dye compounds LC6100 and LC5900 in the range 278− 289 and 292− 307 nm re-
spectively. Before we show the spectra in this particular region, let’s turn back to
Figure 4.1 and identify the states accessible and within reach with our dye laser.

As shown in Figure 4.1, C̃1Πu is the first Rydberg state with energy 8.16 eV.
Although C̃1Πu is within reach with the dye laser LC6100, the excitation from the
ground state to this Rydberg state is forbidden via a 2 photon absorption and thus,
ionization signal is not expected with a 2+1 photon absorption. Even if the transi-
tion to this state is forbidden with a 2 photon absorption, it is possible to access this
state (but not obtain the ionization spectra) with the presence of low-lying ungerade
C − H bend mode ν5 at 730 cm−1 [33] (this vibrational normal mode correspond to
the ground state). Moreover, 3p1Πu has a highly dissociating character with lifetime
around 47 f s [34]. The temporal window of our measurement is similar to the pulse
duration (6 ns) making the state pre-dissociating as the molecule initiates fragmen-
tation before ionization occurs. If this state was accessible in our experiment, we
would expect a 2+1 multiphoton ionization signal at around 307 nm.

FIGURE 4.8: Schematic representation of: a) the ν5 normal mode of the ground state of
acetylene and b) the ν3 trans-bend normal mode of the C2ν excited acetylene [38].

Another highly pre-dissociating state within reach is the 3p1Πg. To the best of
our knowledge, this state has yet to be observed with a calculated energy of 8.433
eV [16] as shown in Figure 4.1. Both states have a linear geometry with slightly
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different bond lengths [16]. Even though none of these states is detectable in our
ionization experiment, we show the spectra for completion purposes on Figure 4.9.

FIGURE 4.9: Calibrated 2+1 multiphoton ionization spectra of acetylene regarding the
second harmonic of the 3 dye lasers. Black line: LC5900, Red line: LC6100, Blue line: DCM.

As expected, no ionization signal was observed in the spectral areas 279− 289
and 282 − 307 nm. Both in LC5900 and LC6100 the pulse energy remained un-
changed at 1.1 mJ while the initial pressure inside the cell was 1.5 Torr. In the LC5900
scan, pressure was increasing very fast so we had to break the scan into smaller parts
and combine all of them at the end. That is the main reason behind the strange shape
of the signal at this scan. In the next chapter we will analyze the results of the pho-
tooxidization experiment.

4.2 Photooxidation - Results

In this section, we are going to present the results extracted from the photooxidation
experiment. Before we start discussing each spectral region, we will first present
all the results of the photooxidation experiment regarding the reaction rate (κ). To
keep the text simplified we make the correspondence between laser dye and spectral
region as follows (no use of the Autotracker):

• DCM: 310− 325 nm
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• LC6100: 284− 307 nm

• LC5900: 270− 280 nm.

According to both Figure 4.1 and the results from our multiphoton ionization ex-
periment, C̃′1Ag state lies inside the range of the DCM dye that we are using. Previ-
ously, we mentioned that both absorption and reactivity depends on the wavelength
of the incoming radiation. Indicatively, we present on Figure 4.10 the time evolution
of glyoxal absorption as extracted from the Mathematica software and show the de-
pendency of the phenomenon on the wavelength of the laser.

FIGURE 4.10: Time evolution of glyoxal absorption for different wavelengths of laser
radiation

For the purposes of our work, we are only interested in the creation of glyoxal
until it reaches its maximum value. In order to quantify the process, we extracted
the reaction rate κ as described in sub-section 3.3.1 by fitting our data to the formula
shown in Eq. 3.2.

Our study is comprised of several sets of measurements and in order to limit the
error as much as possible, we measured the intensity both before and after the cell
without the presence of the broadband source. Each measurement lasts a few min-
utes so we had to measure the pulse energy both before and after the measurement.
If a significant change in the pulse energy was detected, the measurement was per-
formed again. The pulse energy used in this series of experiments was kept close to
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0.7 mJ. Figure 4.11 shows the results of our measurements showcasing the reaction
rate of the photooxidation reaction in the glyoxal production channel.

FIGURE 4.11: a) Reaction rate vs wavelength and fit with Eq. 4.1. b) Separate plots of the
Gaussian curves contained in (a).

In the spectral region between 315 − 325 nm, the reaction rate seems to drop
almost linearly in contrast with the region below 315 nm where the scattering of the
reaction rate increases just around the 1Πu Rydberg state. No change is observed in
the neighborhood of the C̃′1Ag (around 320 nm) regarding the reaction rate showing
no particular impact of this state in the photooxidation of acetylene. On the other
hand, regarding the reaction rate, the gradient seems to slightly change near the
second line at 314.4 nm around the C̃′1Ag + v3 line which is also noticed in Figure
4.11a. The difference between these 2 lines may correspond to the fact that C̃′1Ag

is a stable Valence state while adding a vibration v3 to this state inserts a partially
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dissociating character (type II pre-dissociation according to Herzberg [26]) which
possibly affects the whole process.

According to Figure 4.1, both 3p1Πg and 1Πu are within reach via a 2 photon
absorption. In fact, 1Πu Rydberg state is forbidden via a 2 photon absorption pro-
cess making the 3p1Πg Rydberg state the only state to be accessed through purely
electronic excitation. On the previous chapter, we mentioned that both states have
a pre-dissociating character (life time on the order of fs) as the molecule initiates
fragmentation through conical intersection processes [26]. Both of these states are
projected in Figure 4.11 but, due to the fact that these lines lie on the edges of the
spectra (LC6100), we cannot observe any significant change in their neighborhood.
On the other hand, the LC5900 datasets (280− 290 nm) reveal a small spectral plateau
where the reaction rate of the photooxidation remains almost constant.

Now, we will attempt to quantify the reaction rate of the photooxidation of acety-
lene in order to shed light into the mechanism responsisble for the photooxidation
process. Although Figure 4.11b shows the C̃1Πu Rydberg state accessed by a 2 pho-
ton absorption process, the direct transition to such a Rydberg state from the ground
state is only allowed with the absorption of odd number of photons due to selec-
tivity rules. Adding the effect of vibrational excitation can lead to hot-bands in the
absorption spectra in room temperature [7]. In fact, the low-lying ungerade C-H
bend mode at 730 cm−1 [33] should be taken into consideration as it is expected to
participate in the reaction [4]. Thus, the absorption of 2 photons from the excited
C-H bend mode (hence v5 normal mode) of the ground electronic state activates the
process of exciting acetylene molecules to the C̃1Πu Rydberg state.

In order to elucidate the photooxidation mechanism we first fit our data with the
following formula:

R(λ) = C
(
G(Ã1Au) + G(3p1Πg) + G(C̃1Πu − v5)

)
(4.1)

with C being a free fit parameter and G(X) being a Gaussian function of the form:

G(X) = Ae−
(

λ−λX
∆X

)2

(4.2)

where A is the height of each Gaussian function, and λX, ∆λX are the two-photon
resonant wavelength and the linewidth of each state considered, and which are left
as free fit parameters. Figure 4.11 shows the result of such a fit. The nominal val-
ues for the resonant wavelengths are shown with dashed lines, while the fit results
are indicated with solid lines in Figure 4.11a. In Figure 4.11b, we see each of the
Gaussian curve, according to Eq. 4.2, plotted separately.

The theoretical values for λÃ1 Au
, λC̃1Πu

and λ3p1Πg
are found in Figure 4.1 (the-

oretical predictions), while the value of the vibrational energy v3 is found in [33]
(experimental values). Using the ∆λ3p1Πg

and ∆λC̃1Πu
values extracted from the fit

we can estimate the lifetimes τ3p1Πg
and τC̃1Πu

of the corresponding states. A value
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for τC̃1Πu
has been reported in [34] to be 47 fs, while there is no value for τ3p1Πg

since,
to the best of our knowledge, this state has not been observed experimentally. The
values for τC̃1Πu

and τ3p1Πg
extracted from our data are 5 times smaller. However,

the data presented in Figure 4.11, are in no way a spectroscopic study, but a study
of reactivity, thus it is possible that additional, experimentally induced broadening
mechanisms might contribute to the observed linewidths.

4.3 Photooxidation Mechanism

FIGURE 4.12: a) Reaction rates vs wavelength and fit with Eq. 4.1. b) Ionization rate as a
function of the wavelength.
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In this section we will try to elaborate on the photooxidation mechanism. In Fig-
ure 4.12, we see again the evolution of the reaction rate as a function of the wave-
length and we compare it to the ionization rate versus wavelength. The 3p1Πg and
C̃1Πu are known to be absent in ionization experiments due to rapid dissociation.
However, in the ionization spectra another state, the C̃1Ag is detected, along with
a line at the wavelength corresponding to the excitation energy of Ã1Au + v3. In
this case, nominal values for the C̃1Ag and Ev3 are found in [38] (experimental in-
vestigation using UVODR spectroscopy). It is apparent that excitation to the rapidly
pre-dissociating 3p1Πg and C̃1Πu increases the photooxidation reactivity, while the
C̃1 Ag is not observed to significantly contribute to the reaction.

Which mechanism is responsible for the different contribution between the 3p1Πg,
the C̃1Πu and the C̃′1Ag states to the photooxidation reaction? Is the molecule more
reactive while being excited to a Rydberg state or is it more reactive after first be-
ing led to dissociation? The 2nd scenario leads to the creation of free neutral C2H
radicals. Hay and Norish [9] observe glyoxal in their experiment in which they mix
Acetylene and molecular Oxygen without the presence of a laser system and mea-
sure the pressure of each product by changing the temperature inside the chamber.
They propose that the glyoxal formation is the product of the following reaction:

CH2CHO + O2 → (CHO)2 + OH (4.3)

where the CH2CHO is produced by the following reaction [9]:

C2H2 + OH → HC = CH(OH) (4.4)

where the HC = CH(OH) can exist in the tautomeric form [9] CH2CHO leading
to glyoxal formation through a chain reaction mechanism. Bowman et al. [61] dis-
cusses the mechanisms (pathways) of the chemical reaction between ethynyl radical
C2H with molecular Oxygen. More specifically, they mention that the pathway S3

ends up with the production of HCCOO four-membered ring radical (see Figure
4.13). The addition of a neutral hydrogen to the reaction pathway produces glyoxal
(CHOCHO → (CHO)2). In our experiment, the transition to both states C̃1Πu and
3p1Πg drives acetylene to dissociation through the following pathway:

C2H2 → C2H + H (4.5)

which leads to the production of the C2H radical needed to initiate the reaction.
Kalaitzis et al. [4] performed the same experiment around 220 and 320 nm. Regard-
ing the spectral range around 320 nm the results were in good agreement with those
that came up in our experiment. The reaction time in the spectral range around
220 nm is way lower than the reaction time observed near the 320 nm spectral re-
gion. The intensity difference between 320 and 220 nm is an order of magnitude due
to the fact that the latter spectral region is accessed via single photon absorption.
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Although the state is accessed through single photon absorption, the reaction time
(glyoxal production) is much slower which is attributed to the fact that more than
one dissociative channels participate reducing the amount of C2H needed for the
production of glyoxal as shown on sub-section 2.4 and [35].

FIGURE 4.13: Qualitative representation of the four-membered ring produced in the S3
pathway.

On the work done by Kalaitzis and co-workers, the reaction time is plotted as a
function of the single photon energy. After a linear fit (we focus on the study around
220 nm) and an extrapolation process around τ = 0 sec, the single photon energy
that arises is 5.72 eV which is exactly the energy stated in [35] where the dissociating
channel concerning the C2H radicals production (through dissociation) appears. In
their work, they used 193 nm laser radiation which corresponds to about 6.5 eV and
found the that the dominant channel of dissociation is the first (85%). This leads us to
believe that the more we reduce the wavelength of the incoming radiation, the more
we increase the possibility of different channels participating in the reaction and
thus, shutting down the glyoxal production (less C2H produced means less glyoxal).
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Chapter 5

Conclusions

In this work, we studied the photooxidation of acetylene using tunable UV radiation
in the spectral range of 280− 325 nm. Mainly, 2 experimental setups were used to
extract the multiphoton ionization spectra and the time evolution of the absorption
of glyoxal respectively. The first experiment revealed 2 ionization lines attributed
to the ˜C′ 1Ag Valence state around 321.2 and 314.4 nm via a 2+1 absorption process
(where the +1 photon ionizes the molecule). The first line corresponds to a direct
transition from the electronic ground state X̃ 1Σ+

g to the ˜C′ 1Ag Valence state, while
the second one corresponds to the transition from the ground state to the excited
trans-bend vibrational state C̃′ 1Ag + v3. The energy of this vibration was calculated
to 1354 cm−1 which is in good agreement with previous theoretical [39] (2% shift)
and experimental works [38] (4% shift). Applying a Lorentzian fit to the peaks, re-
vealed a lifetime of around 1 ps very close to previous works [38].

Now, regarding the second experiment, photooxidation seems to initiate after ex-
citation to a predissociating Rydberg state which gives rise to neutral C2H radicals.
The Rydberg states observed to impact the process are 3p1Πg and C̃1Πu with lifetime
around 50 f s, values that are 5 times greater than those observed in our experiment.
The direct excitation to the latter Rydberg state is forbidden and only allowed as-
sisted via vibrational excitation as well. The vibration that appears to be present is
the trans-bend v5 normal mode at 730 cm−1. Our research is by no means a spectro-
scopic study but a study of reactivity which implies that further lifetime broadening
mechanisms may take place. The absence of these 2 lines in typical ionization exper-
iments is attributed to their pre-dissociating character which minimizes the chances
of detection.

We conclude that the photooxidation reaction mainly proceeds though reaction
of oxygen molecules and the radicals produced by dissociation. The predissociation
mechanism that results to the small lifetimes of the 3p1Πg, and C̃1Πu states, and
which prevents their detection using conventional ionization spectroscopy is what
mainly drives the reaction. Additionally, the width of the spectral feature of these
states appearing in the reactivity study reported here, might suggest that the reac-
tion can take place in the early stages of the dissociation process, i.e at relatively
small C-H distances. Reacting during the early stages of the dissociation process
might further decrease the lifetime of the Rydberg states, a fact that could explain
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the increased linewidths observed in the reaction rate experiment.
However, the non-silent C̃1Ag state is also considered to be predissociative, albeit

of a different type. The 3p1Πg, and C̃1Πu states are believed to undergo Herzberg
type I predissociation [26], were dissociation proceeds via crossings between elec-
tronic states, and is very fast. On the other hand, the C̃1Ag state is believed to un-
dergo Herzberg type II pre-dissociation [26]. This process proceeds through vibra-
tional excitation and it is in general much slower. The lifetime of the C̃1Ag state
has been found to be on the order of ps [38], a value that is in accordance with the
lifetimes we extract using the ionization linewidth in our experiment (≈ 1ps). The
much larger lifetime of the C̃1Ag state indicates that predissociation of this state is
much less efficient compared to predissociation in the 3p1Πg, and C̃1Πu states, and
this indication is in agreement with our observation that ns ionization of the C̃1Ag

state is efficient, while ns ionization of the 3p1Πg, and C̃1Πu states is not (i.e the
fact that the C̃1Ag state is not silent). Overall, we believe that these results strongly
indicate that the acetylene photooxidation reaction mainly proceeds via fragmenta-
tion, end they elucidate the role of the Rydberg and Valance states accessible in the
280-325nm.

Before closing this thesis text, we would like to make some proposals for further
investigation regarding the photooxidation of acetylene. In order to have a better
insight on the time evolution of the reaction pathways, someone has to use different
broadband sources of radiation so the time evolution of the absorption spectra of
more products could be monitored. Moreover, the reaction rate study until the first
dissociative Valence state Ã1Au (spectral region 220− 280 nm) is necessary in order
to validate the assumption of the S3 reaction pathway that the C2H radical follows by
reacting with O2 to form glyoxal. As the wavelength of the incoming radiation de-
creases the dissociating channel changes according to sub-section 2.4 and [35] which
minimizes the production of C2H radicals and will probably have an effect in the
production of glyoxal. Another interesting approach is to use a fs pulse to drive
the reaction (despite the large spectral width) in order to minimize the vibrational
excitation via crossings that occur continously during the 6 ns long pulse. Last but
far from least is to make a VMI study of the acetylene in multiple spectral regions
that will reveal all kind of Rydberg states by monitoring the Freeman resonances
that will appear in the spectra. This technique, combined with a time of flight mass
spectroscopy, will shed light to the dissociation pathways of the acetylene molecule.
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Appendix A

Frequency Conversion Unit (FCU)

In this work, a frequency conversion unit was used to produce the 2nd harmonic of
the fundamental frequency of the dye laser in order to be able to record the multi-
photon ionization spectrum of acetylene. This frequency conversion unit comes with
an Autotracking system that helps us automate the 2nd harmonic production while
scanning the permissible wavelengths of the dye laser. Figure A.1 shows the Auto-
tracker system. The role of the compensator is to correct the direction of the laser

FIGURE A.1: Schematic illustration of the individual parts of the Autotracker.

beam so that it always falls into the center of the nonlinear BBO crystal to produce
the 2nd harmonic. After the 2nd harmonic has been produced, it must be separated
from the fundamental by a system of 4 pellin Broka prisms. The 2nd Harmonic is
driven to the BS-A beam splitter where one part is directed outside the FCU, while
the other part of the beam ends in the Autotracker Diode.
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A.1 Operation of the Autotracker

The Autotracker can operate in 2 independent ways when it comes to scanning. In
order to understand the process, we should mention at this point that the base of
both the Compensator and the BBO Crystal are rotated with the help of a motor
which has 3× 105 positions for the completion of a full rotation. Each step-position
corresponds to 0.0012◦. The 1st way is through lookup tables, where the user stores
in a table the wavelength and step-position of the crystal so that when loading this
table on the Autotracker, it finds the optimal position of the 2 motors to produce the
2ης harmonic. In our case this was not possible, as this method requires compati-
bility of the dye laser with the FCU. The 2nd mode exploits the photodiode which is
depicted in Figure A.2.

FIGURE A.2: Qualitative representation of the 2 area photodiode.

The Autotracker takes advantage of the distortion of the beam shape when the
optically nonlinear production process of the 2nd Harmonic is no longer in the opti-
mal phase matching state. Under ideal conditions, the beam has a Gaussian profile
upon the 2 area photodiode. If the wavelength of the laser changes by a small frac-
tion(e.g. upon scanning), then the phase matching condition is not satisfied, and the
beam is distorted either to the left or right, showing a higher intensity on one side
compared to the other. This distortion can be quantified and exploited to generate an
error signal, which is driven towards the motor of the BBO and Compensator. Thus,
the Crystal rotates simultaneously and automatically while the laser scans, without
using any former calibration (lookup tables).

To measure the beam distortion, (we actually measure positive-negative signal
error) we use the so-called 2-area photodiode. Due to high intensity of the beam,
there is always the risk of burning out the photodiode. To overcome this, we use only
a small reflection. The reflection is driven to the center of the photodiode resulting in
the measurement of the same signal spliited equally to the 2 areas of the photodiode.
If the beam is now distorted, one area measures more signal. The signal from both
regions is directed to the FCU, the magnitude of the difference and the sign of this
deformation is calculated, so the motor is properly turned to bring the crystal back
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to the appropriate angle to satisfy the phase matching condition and minimize the
difference in the 2 areas of the photodiode.

A.2 Reliability of the Autotracker

To test how reliable the Autotracker (AT) is, it was considered necessary to study
the conditions under which the AT can hold the 2nd harmonic’s intensity constant
during the scanning process. For this purpose, 2 geometries were used with very
different results.

A.2.1 Geometry A

In the present geometry, a reflection from the 2nd Pelin Broka prism was used which
is driven to the 2-area photodiode with the help of the beam splitter. This particular
geometry failed due to geometry reasons. During scanning, when the wavelength
of the fundamental beam changes slightly, the refractive index of the prism for the
given wavelength changes, resulting in the beam being slightly deflected relative
to the position it fell on the prism at the previous wavelength. This results in the
constant shift of the beam onto the 2-area photodiode during scanning. Thus, the AT
fails to satisfy the phase matching condition for the production of the 2nd harmonic.

FIGURE A.3: Qualitative representation of Geometry A.

Figure A.4 represents the signal measured with the help of a external photodiode.
In the case that AT was turned OFF, the signal from the 2nd harmonic decreases
almost linearly until it disappears, while in the case that the AT is turned ON, the
signal drops immediately after 0.7 nm from the central wavelength of the scan. The
scan was performed with a scan speed of 0.01 nm/s. Further study on the scanning
velocity dependency revealed no dependency of the velocity in this geometry as
far as it did not overcome 0.02 nm/s. The scan fails and cannot keep stable the
output of the2nd harmonic due to the continuous shifting of the beam, resulting in a
breakdown of the reflection profile used by the 2-area photodiode. The photodiode
is unable to send the appropriate signal to move the turning motor of both the BBO
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FIGURE A.4: Normalized signal in relation to the wavelength of the fundamental beam. In
red, we show the scan in the presence of AT while in black we show the signal in the
absence of the AT.

and the Compensator. This problem was overcome with the installation of geometry
B, which is presnented in the next sub-section.

A.2.2 Geometry B

The problem that existed in geometry A was practically the continuous displace-
ment of the beam reaching the 2-area photodiode. This problem can be treated with
the geometry shown in Figure A.5. The displacement of the beam can be undone by

Compensator

BBO

Autotracker diode

4-Pellin-Broca
separation

Trigger diode

Fluorescence from excited dye

Dye laser beam

(1) (2)
(3)

(4)

(5)

FIGURE A.5: Qualitative representation of Geometry B.

placing the beam splitter behind the 4-Pellin-Broca splitter by feeding the reflection
of the front side of the beam splitter into the 2-area photodiode. In practice, the exis-
tence of 2 additional Pelin Broka prisms confers opposite displacement in relation to
the first 2 prisms resulting in the extinction of any beam deviations and the reflection
profile fed to the photodiode remains spatially stable.

To see the results of this particular geometry during scanning, we again placed
a photodiode that would measure the intensity of the2nd harmonic. The scan was
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performed in a 6 nm range and the results are graphically represented in Figure ??
for various values of the threshold. The threshold is a factory setting of the AT that

FIGURE A.6: I = f (λ) of the 2nd harmonic when scanning the fundamental beam in a range
of 6 nm for various threshold values.

qualitatively determines when the command is given to turn the BBO. The 2-area
photodiode, as was said earlier, sends the difference of signals it receives in the 2
regions. If the threshold is set to a large value, then the BBO Crystal will only turn
when the difference in the signals sent by the photodiode exceeds the value set by the
threshold. All 5 measurements were performed at the same scanning speed to arrive
at the optimal setting. What we observed is that as we increased the Threshold,
altought the AT continued to produce the 2nd harmonic, it failed in terms of stability
the same stability. For a threshold value 4 AT appeared to fail very quickly during
the scan. Optimal stability conditions of AT were observed for threshold value of 1,
which was held stable thereafter. Figure A.6 shows the scan for various threshold
values.

In Figure A.7, we studied the response of the AT for different scanning velocities
in different scanning regions. At first, what was observed was that the 0.02 nm/s
step (which was also the big step) followed the dye laser profile better in terms of
the intensity variations of the 2nd harmonic. At this point, let us remind you that the
lower axis is the wavelength of the fundamental beam and not the harmonic one.
When the AT was operating at a 0.01 nm/s step, the fluctuations in the intensity were
greater which also occurred at a 0.02 nm/s when we scanned a spectral area closer
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FIGURE A.7: I = f (λ) of the 2nd harmonic when scanning the fundamental beam in a range
covering the entire dye laser for various scanning velocities.

to the dye’s profile peak. Another equally important observation is that the AT fails
in all 3 cases to hold the production of the 2nd harmonic at the same spectral region.
However, we believe that this is the outcome of 2 factors. The first has to do with
the fact that the BBO crystal is designed to produce the 2nd harmonic in the spectral
region between 220− 320 nm, while the second has to do with the fact that in that
area there is a sharp decrease in the intensity of the fundamental beam and so the AT
is unable to correct this decrease and as a result fails completely. Another interesting
feature of AT that needs further investigation is the fact that it fails to carry out
reverse scanning (from longer wavelengths to shorter). However, we believe that
this problem is geometric and has to do with the difference signals sent to the AT
to move the motor. That is, practically, AT may have a preference for the sign of
the difference signals between the 2 photodiodes (software issue). It was previously
reported that all 3 scans fail at a similar wavelength, and one possible reason is how
steep the intensity decrease is at this point. It was observed, during the experiments,
that the higher the intensity of the dye laser the more difficult it is for the AT to
keep these variations in constant intensity, so it was considered necessary in some
cases to work at lower scanning velocities (0.005 nm/s). Figure A.8 shows the linear
dependency of the position (of the BBO crystal) on the fundamental wavelength of
the laser.
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FIGURE A.8: Schematic representation of the linear dependency of the position of the BBO
crystal on the fundamental wavelength of the laser.
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Appendix B

Laser Dyes and specifications

All references can be found in [62].
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