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Abstract

The dynamic (ac) Stark effect refers to the energy shifting of
electronic states induced by an oscillating electric field. Conve-
niently, the magnitude of the ac Stark shift scales with the square
of the electric field amplitude, i.e. with light intensity. Using
this fundamental effect to reshape molecular potentials, and steer
the course of chemical reactions, is known as dynamic Stark con-
trol. The aim of this study was to investigate the dynamic Stark
effect on the photodissociation of molecular oxygen (O2) in the
Schumann-Runge continuum, SRC (130–175 nm). Absorption in
the SRC leads to dissociation via the so-called B state, yielding
O(1D) + O(3P ), or the J state, forming O(3P ) + O(3P ). Both
of these dissociative excited states may be well-described in terms
of mixed valence and Rydberg state character, in which each of
the two states are strongly coupled to a Rydberg state of similar
symmetry.
Due to the mixed character of the B and J states, simulations
predict that dynamic Stark shifting of the coupled Rydberg states
leads to a dramatic change in dissociation channel branching ratio,
as well as a red-shift of the absorption spectrum. This study aimed
at experimentally testing this theoretical prediction. A 400-nm
femtosecond laser pulse was employed as a combined pump and
control field, simultaneously inducing a three-photon transition
into the SRC and ac Stark shifting the potentials. A detection
scheme to detect the changes in absorption of the B channel with
pump pulse intensity was devised and implemented. The chosen
detection scheme, in which emission at 762 nm from the O2(b−X)
transition is measured, in principle monitors O(1D) from the B
channel via an energy transfer reaction.
The experimental results overall show consistency between simula-
tions and experiment. The measured 762-nm emission exhibited a
pump pulse intensity-dependence that likely reflects the dynamic
Stark reshaping of the excited state potentials. However, satu-
ration is clearly present in the data, complicating data interpre-
tation. Furthermore, deviations between experiment and simula-
tions are large at high pulse intensities, indicating that O(1D) is
additionally generated by absorption into higher excited states.
Finally, structured features that deviate from the simulations at
low pulse intensities may possibly be assigned to vibrational res-
onances to high-lying Rydberg states by four-photon absorption.



Sammanfattning

Den dynamiska (ac) Starkeffekten beskriver energiskiftet för elek-
troniska tillstånd som induceras av ett oscillerande elektriskt fält.
Storleken på detta skift ökar med kvadraten av den elektriska
fältstyrkan, det vill säga med ljusintensitet. Tillämpningen av
denna fundamentala effekt i syfte att omforma molekylära poten-
tialer, och därmed styra kemiska reaktioner, kallas för dynamisk
Starkkontroll. Syftet med denna studie var att undersöka hur den
dynamiska Starkeffekten påverkar den fotoinducerade dissociatio-
nen av molekylärt syre (O2) inom Schumann-Runge kontinuumet,
SRC (130–175 nm). Absorption i SRC resulterar i dissociation via
det så kallade B-tillståndet, som bildar O(1D) + O(3P ), eller via
J-tillståndet, som leder till bildandet av O(3P ) + O(3P ). Båda
dessa dissociativa tillstånd har en karaktär som kan beskrivas som
en blandning av ett valenstillstånd och ett Rydbergstillstånd.
Simuleringar antyder att, till följd av valens- och Rydbergskarak-
tären hos B och J-tillståndet, leder dynamisk Starkskiftning av
de kopplade Rydbergstillstånden till en dramatisk ändring i det
relativa utbytet för de två dissociationskanalerna, samt till ett röd-
skift av absorptionsspektrumet. Denna studie hade som ändamål
att experimentellt testa denna teoretiska förutsägelse. En fem-
tosekundslaser vid 400 nm användes som kombinerat excitations-
och kontrollfält, vilket parallellt inducerar en trefoton-övergång in
i SRC och ac Starkskiftar potentialerna. En detektionsmetod som
mäter variationer i absorptionen för B-kanalen som funktion av
pulsintensitet designades och implementerades. I den valda meto-
den detekteras emission vid 762 nm från O2(b − X)-övergången,
vilket i sin tur ger en mätning av O(1D) som genereras från B-
kanalen via en energiöverföringsreaktion.
De experimentella resultaten stämmer relativt väl överens med
simuleringarna. Den uppmätta emissionen vid 762 nm uppvisar
ett intensitetsberoende som i stora drag reflekterar ac Stark-
skiftningen av potentialerna. Utöver detta finns dock ett stort
bidrag från mättnad, vilket försvårar tolkningen av datan. Vi-
dare avviker den experimentella datan betydligt vid höga pulsin-
tensiteter, vilket sannolikt tyder på att O(1D) även genereras
genom absorption till högre exciterade tillstånd. Slutligen ob-
serveras mindre, men tydliga avvikelser vid låga pulsintensiteter.
Dessa kan möjligen tillordnas vibrationsresonanser med högre Ry-
dbergstillstånd genom fyrfoton-absorption.
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Chapter 1

Introduction

A fundamental goal in chemical science is to control chemical reactions. The advent
of femtosecond lasers has opened the door to novel ways of controlling chemistry,
beyond those of traditional chemical synthesis. Modern laser systems virtually offer
tailor-made laser pulses, with high peak intensities, as well as high-precision timing.
The ability to generate ultrashort pulses allow even fast chemical processes, on the
femtosecond timescale, to be targeted. A multitude of approaches for laser-control
of chemical reactions exist, sometimes collectively termed “quantum control”, in
which light essentially acts as a chemical catalyst or reagent [1][2].

In the presence of moderately strong oscillating electromagnetic fields the energy
levels of atoms and molecules are shifted through the dynamic (or ac) Stark effect.
Principally, the magnitude of the ac Stark shift depends on the intensity of the
light, as well as on the polarizability of the electronic state [1][2]. With the relative
shifting of different states emerges reshaped potential energies, often referred to
as light-induced potentials (LIPs) [3]. A key feature of the LIPs is that they are
reversible and only exist in the presence of the applied field. Furthermore, the
strong intensity-dependence of the ac Stark shifts enables convenient control of the
potential reshaping. The idea of dynamic Stark control (DSC) is to utilize the
dynamic Stark effect in order to control the dynamics and/or outcome of chemical
reactions [1][4]. That is, a well-tailored laser field, applied with optimal timing, can
potentially induce LIPs that can steer a reaction according to preference.

Blackwell et al. first demonstrated the concept of DSC experimentally in 1997
on the photodissociation of OClO induced by multiphoton excitation, showing that
the branching ratio of the two dissociation channels varies dramatically with pump
pulse intensity [5]. In the following decades, several studies reported on DSC on
reactions of various polyatomic molecules, including photodissociation [4][6][7][8]
as well as photoisomerization [9]. The control can be exerted by manipulating
the initial conditions, e.g. by temporal overlap of the pump- and a non-resonant
control field or, as in the above case of multiphoton excitation of OClO, by using an
intense pump field as control field. Alternatively, reaction control may be achieved
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CHAPTER 1. INTRODUCTION 2

by modulating the potentials, by applying a resonant or non-resonant control field,
during the movement of the wavepacket in the excited state, for instance to alter
crossing conditions between different adiabatic potentials. Typically, an infrared
(IR) pulse is used as non-resonant control field [1][2].

O(3P) + O(3P)
O(1D) + O(3P)

J3!u

F3!u

E3"u
-

B3"u
-

Figure 1.1: A schematic picture of the
excited state potential energy curves of
O2 forming the two dissociation channels
involved in the SRC.

The photochemistry of molecular oxy-
gen (O2) plays a vital role in the atmo-
sphere, such as in the formation of ozone
and radical oxygen species. The photo-
absorption and photo-fragment spectra of
O2 have therefore been extensively studied,
not least the well-known Schumann-Runge
continuum (SRC). Photo-absorption in the
SRC (130-175 nm) almost exclusively re-
sults in dissociation via either the B 3Σ−u
state, known to produce O(1D) + O(3P),
or the J 3Πu state, yielding O(3P) + O(3P)
[10]-[13]. The adiabatic potential energy
curves belonging to the B and J states are
depicted as solid lines in figure 1.1, together

with two Rydberg states, E 3Σ−u and F 3Πu, also shown with solid lines. Interest-
ingly, the physical nature of the B and J states is twofold, where the potentials at
lower energies mostly have valence state character, while the potentials at higher
energies have more of a Rydberg state character. This behaviour may be explained
by strong couplings of the B and J states with Rydberg states of similar symmetry,
the mentioned E 3Σ−u and F 3Πu state, respectively [14][15]. Furthermore, the
mixed state character of the B/E and J/F states can more readily be disentangled
by considering each of them as consisting of two crossed diabatic potentials, indi-
cated by the dashed lines in figure 1.1, where one has valence character and the
other has Rydberg state character [15].

The mixed valence and Rydberg nature of the SRC could potentially be ex-
ploited in DSC of the photodissociation of O2. The large difference in polarizabil-
ity between Rydberg and valence states, the former being free-electron like, implies
that Rydberg states should experience a significantly larger ac Stark shift com-
pared to less polarizable valence states in an applied field. In fact, the ac Stark
shift of a Rydberg state should nearly equal that of a free electron – the pondero-
motive energy (Up) [16][17]. In theory, this would allow reshaping of the B/E and
J/F potentials described above. In relation to this hypothesis, Kloda et al. found
strongly intensity-dependent Freeman-type peaks in the photoelectron spectrum of
O2, resulting from multiphoton ionization with femtosecond 800-nm pulses. These
peaks were assigned to resonances with vibrational levels of ac Stark-shifted Ry-
dberg states, with energy shifts ∼ Up [18]. Although only observed for Rydberg
states with principal quantum number n ≥ 5, it is indeed a clear demonstration
of significant laser-induced ac Stark shifting of Rydberg states of O2. Noteworthy,
the E and F Rydberg states of O2 involved in the SRC have only n = 3, i.e. are
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low-lying Rydberg states, meaning that they should experience a certain degree of
shielding, and the ac Stark shifts of these states would be expected to be less than
Up. For instance, Lopez-Martens et al. observed in an experimental study that the
similar low-lying 3sσ A2Σ+ Rydberg state (n = 3) of NO experiences an ac Stark
shift ∼ 0.4Up [19].

In the vicinity of the avoided crossings of the valence and Rydberg potentials,
around ∼ 9.15 eV, the contributions of the B and J dissociation channels vary sub-
stantially with only small shifts in photon energy. Even minor ac Stark shifts of the
Rydberg states, induced by an excitation pulse field, would likely cause a significant
change in dissociation channel branching ratio. It is therefore an excellent energy
region to test DSC on the photodissociation of O2. In fact, quantum mechanical
calculations have been carried out in an, up to this date, unpublished work by T.
Hansson aiming to test exactly this theory. These calculations were based on a
three-photon excitation laser pulse at 400 nm (∼9.3 eV) with a pulse duration of 60
fs, as illustrated in figure 1.2. As expected, the results indicate significant reshap-
ing of the two adiabatic B/E and J/F potentials, due to ac Stark shifting of the
Rydberg states. Furthermore, the calculated absorption cross-sections of the B/E
and J/F potentials yield an increasing field-induced red-shift of the absorption
spectrum with higher pump pulse intensity. As the spectrum is ac Stark-shifted
over subsequent local maxima and minima in the J/F and B/E absorption, the
calculations also foresee a substantial change in branching ratio.

This work aimed at experimentally testing the above hypothesized dynamic
Stark shaping of the B/E and J/F potentials. Similarly to the above mentioned
theoretical study by T. Hansson, a femtosecond 400-nm pulse was employed as
pump field, to induce a three-photon transition into the SRC, and simultaneous
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400 nm
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Figure 1.2: A schematic diagram illustrating the targeted three-photon transition (indicated
by the red dashed line).



CHAPTER 1. INTRODUCTION 4

control field, to evoke ac Stark shifting. A pivotal part of the project was to devise,
implement and evaluate a detection scheme to monitor the potential changes in
the branching ratio of the dissociation channels with pump pulse intensity. Due to
practical reasons, and based on previously reported success, the choice of detection
method to implement and evaluate landed on the of sole detection of the relative
O(1D) yield, using an indirect method based on the detection of the O2(b − X)
emission band at 762 nm [10]-[12], [20]-[22]. Although well-established, the chosen
detection scheme nevertheless had to be adapted and optimized for the specific aim
of this study and existing conditions. Finally, the measured relative O(1D) yield
versus pump pulse intensity was evaluated and compared with simulations.



Chapter 2

Background

2.1 Overview

This chapter aims to provide the reader with a deeper theoretical background to the
main topics and methods in the study. The first section highlights the character-
istics of ultrafast laser pulses and how these are generated in modern femtosecond
laser systems. In the following section, in connection to generation of the 400-nm
pulses used in the study, second harmonic generation is explained and given a phys-
ical origin. In the next section, about radiative transitions, the reader is given a
taste of the quantum mechanical description based on perturbation theory, from
which selection rules and dependencies on excitation intensity can be derived. The
latter is especially important in the analysis in the present study. Additionally,
a mathematical term known as the interaction energy presented there is further
developed in the following section about the dynamic Stark effect. In this section,
the quantity known as the ponderomotive energy is also introduced. The mathe-
matical and physical differences between adiabatic and diabatic potentials, which
are of importance to understand the theory and simulations that motivated the
study, are presented in section 2.6. Last but not least, the photochemistry of O2 in
the Schumann-Runge continuum is described in more detail in the last section of
this chapter. At that stage, the reader is assumed to be familiar with the concepts
presented in the previous sections.

2.2 Ultrashort Laser Pulses

Ultrashort laser pulses are defined as having a pulse duration of less than tens
of picoseconds. The ability to generate such short laser pulses has revolutionized
chemistry, for instance giving birth to the field of femtochemistry, in which ultrafast
phenomena in chemical systems are studied. Ultrashort laser pulses are a key in
this field since the time resolution in time-resolved spectroscopic studies is often
limited by the temporal pulse length. When employed in pump-probe experiments,

5



CHAPTER 2. BACKGROUND 6
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Figure 2.1: (a) An ultrafast laser pulse with a Gaussian spectral profile. ∆ω is the
bandwidth at FWHM. (b) A schematic illustration of the temporal profile of a (Gaussian)
ultrashort laser pulse with the red line indicating the time-dependent field envelope E(t).

such as transient absorption spectroscopy, these fast processes can essentially be
followed in real-time [23][24]. Furthermore, as previously mentioned, ultrashort
pulses have also found promising use in quantum control of chemical reactions, as
processes involved in reactions on the femtosecond to picosecond timescales can be
precisely targeted [1][2].

In addition to ultrashort pulse duration, ultrashort laser pulses are further char-
acterized by high peak intensities and large bandwidths. The former is obviously a
favorable property for instance in driving nonlinear optical processes, e.g. second
harmonic generation (see section 2.3), and for inducing radiative transitions with
low transition probability, e.g. multiphoton transitions (see section 2.4.2). The
broad spectrum of ultrashort pulses is a direct consequence of the time-energy un-
certainty relation which arises in quantum mechanics. In terms of frequency ω it
can be expressed as

∆t∆ω ≥ 1
2 , (2.1)

where ∆t and ∆ω is the uncertainty in time and frequency, respectively [25].
Commonly for laser pulses, equation (2.1) is reformulated for the full-width half-

maximum (FWHM) of the pulse, where ∆ω and ∆t hence describe the bandwidth
and pulse duration at FWHM, respectively. This gives the so-called time-bandwidth
product:

∆t∆ω = K, (2.2)

where K is a constant. For Gaussian-shaped pulses, as illustrated in figure 2.1,
K = 0.441 [25].
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From the time-bandwidth product it is apparent that a short pulse duration ∆t
must be accompanied by a large bandwidth ∆ω. Consequently, gain media used
for generation of ultrashort laser pulses should have a large gain bandwidth, which
in turn also means that its laser-active transition must provide a broad emission
spectrum. A commonly used gain medium that satisfies these criteria is Titanium-
doped Sapphire crystal (Ti:Sapphire), which has the chemical formula Ti:Al2O3.

As in any laser, the gain medium is placed in a so-called cavity, or optical res-
onator. The cavity consists of two mirrors, one of which is a partial mirror, called
the output coupler, which transmits a small percentage of light. When the gain
medium is pumped to populate its upper laser level and population inversion is
reached, e.g. by using a pump laser within the absorption spectrum of the gain
medium, photons are emitted and start to bounce back and fourth between the
cavity mirrors. Due to interference, emitted light with certain wavelengths forms
standing waves, while emitted light at other wavelengths are more or less cancelled
as a result of destructive interference. Emission wavelengths that form standing
waves are called longitudinal modes and fulfil the condition for constructive inter-
ference:

mλ

2 = L, (2.3)

where m is an integer (the mode order), which specifies the number of modes for a
given wavelength λ and cavity length L.

Moreover, the standing waves stimulate more emission from the pumped gain
medium. This in turn leads to further amplification of these longitudinal modes,
and as long as the gain medium is continuously pumped, laser action prevails. As
indicated above, the number of laser-active longitudinal modes that a gain medium
can support is crucial for its ability to generate ultrashort laser pulses. Once a
single laser pulse is formed and oscillates in the cavity, a small fraction of the
pulse is periodically transmitted out of the output coupler. The repetition rate, or
inversely, the period of the output pulse train, is related to the roundtrip of the
single pulse in the cavity. That is, the period T is given by

T = 2L
c
, (2.4)

and 1/T is the repetition rate.

2.2.1 Mode-locking
For normal laser action, the longitudinal modes oscillate inside the cavity with
random phases. As the modes interfere with each other randomly, this yields a
more or less even distribution of output intensity maxima in the time domain,
producing a continuous wave (CW) laser. To generate a single oscillating pulse,
i.e. a periodic series of output intensity maxima, there needs to be a constant
phase relation between the different modes. Establishing such a phase relation is
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called mode-locking. In that way, the modes can interfere to form a periodic series
of stronger intensity maxima and minima, respectively. Upon oscillating back and
forth in the cavity, stimulating more emission, these maxima gain more intensity
while the minima shrink until there is finally only one single pulse oscillating. The
larger the number of phase-related longitudinal modes that participate the shorter
may the resulting pulse become.

In principle, there are two main ways to achieve a mode-locked laser – by active
or passive mode-locking. The former can further be divided into amplitude modula-
tion (AM), typically using an acousto-optic modulator, and frequency modulation
(FM), which commonly utilizes an electro-optic modulator. A drawback is that
both types of modulators are driven by external electric signals which limits the
shortening of the pulses. In addition, the FM type generates chirped pulses, i.e.
pulses with time-dependent instantaneous frequency.

Passive mode-locking, on the other hand, is not limited by any external signal,
enabling generation of much shorter pulses, e.g. in the femtosecond range, by self-
amplitude modulation. One of the most popular methods of passive mode-locking
is known as Kerr lens mode-locking (KLM). KLM relies on the optical Kerr effect, a
nonlinear optical phenomenon in which a material’s refractive index increases with
light intensity. A material that strongly displays the optical Kerr effect, known as a
Kerr lens, is Ti:Sapphire. Ti:Sapphire was also the gain medium in which KLM was
first observed back in the 1990’s [26]. The lens analogy is due to the self-focusing
property of a Kerr lens. High intensity light induces a higher refractive index in the
material than low intensity light. A large refractive index reduces the velocity of
the light passing through and, by Snell’s law, causes the light to refract, i.e. bend.
As a result, intense light at the center of a pulse is more bent towards its center, i.e.
it is focused. Now, placing an aperature of suitable size in the beam path will let
the focused intense light through with minimal losses. On the contrary, unfocussed
low intensity light will experience more losses. As the optical Kerr effect requires
very high light intensities, the focusing effect is selectively significant only for strong
intensity maxima, such as that of mode-locked pulses, leading to self mode-locking.

2.2.2 Amplification of Ultrashort Laser Pulses
Initially generated mode-locked pulses usually have total pulse energies of only a
few nanojoules. For practical purposes the pulses first have to be amplified. The
amplification is, similar to normal laser action, based on the principle of population
inversion. Additional energy required to amplify existing laser pulses are provided
by a pump laser, which pumps the gain medium inside a resonator. When a laser
pulse is allowed into the cavity it stimulates emission, which is coherent with the
pulse, meaning that the pulse becomes amplified. Hence, the energy stored in the
gain medium from the pump laser is transferred into the pulses. The number of
round-trips of the pulse in the resonator determines how much it is amplified.

A common type of amplification is regenerative amplification. In regenerative
amplification, the resonator contains a so-called Pockels cell and a polarizer, in
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addition to the gain medium. The Pockels cell and the polarizer together function as
an electro-optical gate to the resonator, alternately trapping incoming short pulses
and releasing amplified pulses after a certain number of round-trips. When voltage
is applied to the Pockels cell it basically functions as a waveplate and switches the
polarization of light passing through it. Initially, when a pulse enters the amplifier
resonator, voltage is applied to the Pockels cell and switches the light polarization
such that it is transmitted through the polarizer and the pulse becomes trapped in
the cavity. Another voltage is applied after some delay time, and switches back the
light polarization. This time when the pulse hits the polarizer it is reflected out of
the resonator.

A major issue arises in amplification of ultrashort pulses. This has to do with
the extremely high peak powers reached in amplification of such pulses, which
are above the damage threshold of the amplifying medium. To come around this
problem, an in principle simple but revolutionizing method called chirped pulse
amplification (CPA) is commonly employed. Prior to amplification, the ultrashort
pulse is temporally stretched by inducing a positive chirp, meaning that blue light is
delayed with respect to red light. The stretched pulse can then be amplified below
the damage threshold. Following amplification, the pulse is compressed again back
to its original pulse duration in the opposite manner, i.e. inducing a negative chirp.

2.3 Second Harmonic Generation

Typically, especially in weak external electric fields, the field-induced polarization
P of a material is linearly dependent on the electric field amplitude E. That is,
the polarization in principle follows,

P = ε0χE, (2.5)

where ε0 is the vacuum permittivity and χ is electric susceptibility of the medium.
The relation (2.5) is known as the linear response and is the basis for linear

optics. However, when the applied field is stronger, such as that of intense lasers,
higher order terms may no longer be neglected [27]. In that case, the polarization
of a dielectric medium in response to an external electric field may be expressed as

P = ε0χ
(1)E + ε0χ

(2)E2 + ε0χ
(3)E3 + · · ·+, (2.6)

where χ(n) (n = 1, 2, ...) is the n:th order electric susceptibility of the medium, for
which any frequency-dependence has been neglected [27].

Materials that possess significant higher order nonlinear susceptibilities, χ(n)

(for n ≥ 2), give rise to a nonlinear response to an electric field and are known as
nonlinear media. Common nonlinear media include crystals, e.g. β-Barium Borate
(BBO).

If a dielectric medium possesses a nonzero second order nonlinear susceptibility,
χ(2), the second order nonlinear polarization is
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P (2) = ε0χ
(2)E(t)2, (2.7)

where χ(2) is the second order nonlinear susceptibility. Moreover, the electric com-
ponent of a linearly polarized electromagnetic field can, dropping the vector nota-
tion, be expressed as

E(t) = E(t) cos(ωt), (2.8)

i.e. a harmonic wave with time-dependent amplitude E(t) and carrier frequency ω.
In that case,

P (2) = ε0χ
(2)E2 cos2(ωt) = 1

2ε0χ
(2)E2 + 1

2ε0χ
(2)E2 cos(2ωt) (2.9)

The first, constant term in the above equation corresponds to optical rectifica-
tion. Notice that the second term oscillates at twice the frequency of the applied
field. In other words, the second order nonlinear interaction results in a partial
conversion of the fundamental wave (ω) into a frequency-doubled wave (2ω). This
process is called second harmonic generation (SHG) or frequency-doubling [27]. In
addition to this second order non-linear response, the stronger linear response to
the electric field regenerates the fundamental wave with frequency ω.

2.3.1 Phase-Matching
In order to frequency-double a significant fraction of the fundamental beam it has
to traverse a certain length of the nonlinear medium. As the fundamental wave
propagates through the material the SHG process is repeated, converting an in-
creasingly larger portion into second harmonic waves. Though, due to dispersion,
the fundamental and the second harmonic waves travel at different speeds inside
the material. Resulting phase-differences will cause more or less constructive inter-
ference between the two waves. For maximum output intensity, the phase-matching
condition states that

2kω − k2ω = 0, (2.10)

where kω and k2ω are the wave vectors for the fundamental and the second harmonic
wave, respectively.

Equation (2.10) basically ensures that momentum is conserved. The frequency
subscripts implicitly refers to simultaneous energy conservation. It then follows
from the relation k = 2π/λm = ω/vm = nω/c, where λm and vm is the wavelength
and velocity in the medium, respectively, and n is the medium’s refractive index,
that equation (2.10) can be rewritten as

n(ω) = n(2ω). (2.11)
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Hence, the phase-matching condition in equation (2.10) is satisfied if and only if
the index of refraction of the fundamental wave equals that of the second harmonic.
Fulfilling this condition is not straightforward as dispersion is present in all media,
such that n(ω1) 6= n(ω2) for ω1 6= ω2. However it can be achieved by utilizing
birefringence. Birefringent materials have different indices of refraction depending
on the direction of propagation and the polarization angle with respect to the optical
axis. Incident light propagating in a direction orthogonal to the optical axis is split
into an ordinary ray, with polarization perpendicular to the optical axis for which
the index of refraction is no, and an extraordinary ray, with polarization parallell
to the optical axis for which the index of refraction is ne. At other propagation
directions through the material, where the angle between the propagation direction
and the optical axis θ 6= π/2, the extraordinary ray experiences a refractive index
in between no and ne. By rotating the birefringent, nonlinear crystal one can thus
choose a propagation direction such that n(ω) of the ordinary ray equals n(2ω)
of the extraordinary ray, or vice versa. As a result, the fundamental and second-
harmonic waves can remain in phase while travelling through the medium. This is
called phase-matching [27].

2.4 Radiative Transitions

The above section described important light-matter phenomena from a macroscopic
perspective. In this section, light-matter interactions are introduced and examined
with basis in quantum mechanics and perturbation theory. In this approach an as-
sumably small time-dependent potential is added to the ground-state Hamiltonian,
causing a perturbation of the electronic system. Thus, in the case of an externally
applied electromagnetic field, the amplitude of the wave, or the light intensity, is
assumed to be sufficiently low as to not significantly alter the system. This range
of light intensities is known as the perturbative regime. At moderately high in-
tensities, the electric field can induce shifting of the energy levels of atoms and
molecules, which we will see in more detail in section 2.5. In the strong-field limit,
or the non-perturbative regime, the electronic potentials are largely distorted by
the field and processes such as tunneling ionization can occur. Nonetheless, the per-
turbative approach is the basis for the description of common radiative transitions,
i.e. absorption and stimulated emission of light.

2.4.1 Perturbation Theory
To begin with, the time-dependent Schrödinger equation (TDSE) may be written
as

ĤΨ = ih̄
∂Ψ
∂t
, (2.12)
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where Ψ is the total wavefunction of the system. The time-dependent Hamiltonian
Ĥ can be expressed as the sum of a time-independent “unperturbed” Hamiltonian
Ĥ0 and a time-dependent perturbation V̂ (t) as in

Ĥ = Ĥ0 + V̂ (t). (2.13)

The unperturbed system is thus

Ĥ0Ψ = ih̄
∂Ψ
∂t

(2.14)

with general solution

Ψ(r, t) =
∑
j

cj(t)ψj(r)e−iεjt/h̄, (2.15)

where |cj(t)|2 is the probability of the system being in state ψj and
∑
j |cj(t)|2 = 1.

If the system is perturbed by a linearly polarized electromagnetic field with
electric component E(t) = E(t) cos(ωt), the perturbation, or interaction energy, is
given by

V̂ (t) = −µ̂ · E(t), (2.16)

where µ̂ is the dipole moment operator. Furthermore, the pulse envelope E(t)
is assumed to vary slowly compared to the fast oscillation defined by the carrier
frequency ω. For a simple two-state system, j = {1, 2}, the expectation value of
the interaction energy is

V12 = −µ12E(t), (2.17)

where µ12 is the expectation value of the dipole moment operator, µ12 = 〈µ̂12〉, or
commonly referred to as the transition dipole moment. The dipole moment operator
moreover takes form µ̂ = er, and hence

µ12 = −e〈ψ1|z|ψ2〉, (2.18)

where the linear polarization of the electric field was arbitrarily chosen along the
z-axis.

Finally, the transition probability based on the so-called first order approxima-
tion, assuming that ω0 ≈ ω such that |ω0 − ω| << ω0 + ω, may be expressed
as

P
(1)
1→2(t) =

(
|µ12|E(t)

h̄

)2 sin2[(ω0 − ω)t/2]
(ω0 − ω)2 , (2.19)

which has the resonance condition ω = ω0 [28]. Since the light intensity I [W/m2]
is proportional to the square of the electric field amplitude, i.e.
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I = cε0E2

2 , (2.20)

where c is the speed of light and ε0 is the vaccum permittivity, the transition
probability for one-photon transitions scales linearly with light intensity.

Another important result from above is the significance of the transition dipole
moment µ. It turns out that, within the electric dipole approximation, the interac-
tion energy of equation (2.17), and likewise the transition probability in equation
(2.19), is zero unless the transition dipole moment is nonzero. This fact, and its
mathematical expression in equation (2.18), is the basis for the derivation of the
selection rules for radiative transitions. Transitions between states for which the
transition dipole in equation (2.18) is nonzero are referred to as (electric) dipole-
allowed.

2.4.2 Multiphoton Transitions
With second and higher order perturbation theory one arrives at transition prob-
abilities for two- and multiphoton transitions [29]. Similarly to one-photon transi-
tions, as shown above, the resonance condition for a multiphoton transition requires
that the sum of the photon energies equals the energy difference between the two
states in question, i.e. nh̄ω = h̄ω0 where n is the number of photons. However,
such higher order transitions have in general much lower transition probability as
they scale nonlinearly with light intensity according to

P
(n)
1→2 ∝ In. (2.21)

As a result, multiphoton transitions are usually negligible at low light intensities,
and in contrast to one-photon transitions they require much higher light intensities
to become significant. For instance, the transition probability for a two-photon
transition is proportional to the square of the intensity and that of three-photon
transitions depends on the cube of the intensity [29].

2.5 The Dynamic Stark Effect

In the beginning of the previous section it was mentioned that at moderately high
intensities the electric field of light may cause electronic states to shift in energy.
We will see in this section that the magnitude of this energy shift is proportional
to light intensity as well as depends on the polarizability of the electronic state.
Furthermore, we will consider only the case of a non-resonant field here, as it is the
simplest scenario and, nevertheless, applies to the study in question (neglecting the
tree-photon resonance).

The interaction energy of a two-level system with a linearly polarized electric
field was presented in equation (2.17). Dropping the subscripts yields
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V (t) = −µE(t). (2.22)

Expanding µ as a Taylor series further yields

µ(E) = µ0 + αE + · · ·+ . (2.23)

Hence, the interaction energy can also be expressed as

V (t) = −µ0E(t)− 1
2αE(t)2 + · · ·+ . (2.24)

Using the exponential representation of the cosine function in E(t), i.e. cos(ωt) =
1
2 (eiωt + e−iωt), the second term of equation (2.24) can be rewritten yielding

V (t) = −µ0E(t)− 1
8αE(t)2(eiωt + e−iωt)2 + · · ·+ . (2.25)

Upon neglecting the fast oscillating terms, i.e. those containing ±i2ωt, one finally
finds that

V (t) ≈ −µ0E(t)− 1
4αE(t)2. (2.26)

The former approximation, known as the rotating wave approximation (RWA),
is based on the assumption that the timescale of the interaction is long compared
to the fast oscillations defined by the carrier frequency ω. The first term in the
resulting equation, −µ0E(t), is the dipole interaction energy and dominates in the
weak-field limit. Note that this energy shift scales with E(t) and is thus only weakly
dependent on light intensity. In the presence of a moderately strong electric field
the second term, often referred to as the Raman limit, dominates the interaction
energy. This energy shift is known as the dynamic (or ac) Stark effect (DSE)
[30][1][2]. That is, the ac Stark shift, V DSE(t), is given by

V DSE(t) ≈ −1
4αE(t)2. (2.27)

In contrast to the dipole interaction energy, the ac Stark shift is proportional
to the square of the field envelope, i.e. E(t)2, and hence scales linearly with light
intensity. Furthermore, the magnitude of the ac Stark shift also depends on the
dynamic polarizability (α) of the electronic state. From second order perturbation
theory the dynamic polarizability is defined as [2]

α =
∑
j

µ1jµj1
εj − ε1 − h̄ω

, (2.28)

where j = 1, 2 for a two-level system.
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2.5.1 Ponderomotive Energy
Setting quantum mechanics aside for a moment, we may consider a simpler, but
nevertheless extreme case of free electrons in light fields rather than atomic and
molecular electronic states. From a classical physics point of view, a free electron
in an oscillating electric field, i.e. a particle with charge q = e in a harmonic
potential with amplitude E and frequency ω, experiences a force F ,

F = eEcos(ωt), (2.29)

and acceleration a = d2x/dt2,

a = F

m
= eE
m
cos(ωt), (2.30)

where x is the position. The velocity v is thus given by

v = dx

dt
= − eE

mω
sin(ωt). (2.31)

Since the instantaneous energy U = mv2/2, the time-averaged energy of the electron
is 〈U〉 = m〈v2〉/2. Thus, with Up ≡ 〈U〉 and using 〈sin2(ωt)〉 = 1/2, we have

Up = e2E2

4meω2 . (2.32)

The average energy Up, sometimes referred to as wiggle energy, is formally known
as the ponderomotive energy [16]. Similarly to the ac Stark shift for electronic states
in atoms and molecules, the magntitude of the ponderomotive energy increases
linearly with light intensity, or E2. Moreover, one can consider Up as an upper limit
to ac Stark shifts of atomic and molecular states.

According to equation (2.27), the magnitude of the ac Stark shift of an electronic
state depends on its polarizability. This means that low polarizable states, such
as ground states, are negligibly distorted by an applied field [16][17]. For very
polarizable electronic states, i.e. electrons that are loosely tied to the atomic core(s),
on the other hand, the ac Stark shift approximately equals the ponderomotive
energy, |V DSE | ∼ Up. This applies for instance to high-lying Rydberg states,
i.e. electronic states with high principal quantum number n, which lie close in
energy to the ionic limit [16]. By being extensively shielded from the positively
charged nuclei such electronic states are consequently highly affected by external
electric fields. While the energy of high-lying Rydberg states increase by nearly
Up, the ac Stark shift of the ground state is minimal in comparison. As a result,
ionization potentials also increase approximately by Up [17]. This phenomenon can
readily be utilized to determine the intensity of an applied electric field, e.g. using
photoelectron spectroscopy [31].

In between the extremes of low polarizable and free electron-like states there
exists electronic states of intermediate energy and polarizability. These, partially
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shielded states, may experience a significant ac Stark shift, corresponding to some
fraction β of the ponderomotive energy [31][32],

|V DSE | = βUp. (2.33)

Examples of such intermediate states are low-lying Rydberg states, i.e. Rydberg
states with fairly low principal quantum number n.

2.6 Adiabatic versus Diabatic Potentials

The full time-independent Schrödinger equation (TISE) is

Ĥ(r,R)Ψ(r,R) = EΨ(r,R), (2.34)

where Ψ(r,R) is the total electronic and nuclear wavefunction, r and R being the
electronic and nuclear geometry, respectively, and E is the total energy of the
system. Ĥ is the full time-independent Hamiltonian, which for a molecular system
may be expressed as

Ĥ =
∑
i

−
h̄2∇2

e,i

2m +
∑
j>i

e2

|ri − rj |
+
∑
i

−
h̄2∇2

N,i

2Mi
+
∑
j>i

ZjZje
2

|Ri −Rj |
−
∑
ij

Zje
2

|ri −Rj |

≡ T̂e + V̂e + T̂N + V̂N + V̂eN ,
(2.35)

where the terms, in order, represent the electronic kinetic energy, electron-electron
potential energy (repulsive), the nuclear kinetic energy, the nuclei-nuclei potential
energy (repulsive) and electron-nuclei potential energy (attractive). Moreover, the
subscripts e and N refer to electronic and nuclear coordinates, respectively, and Zi
and Mi is the charge and mass, respectively, of the i:th nuclei.

In order to solve the full TISE of equation (2.34), one may assume that the total
wavefunction Ψ(r;R) can be written as a product of the electronic wavefunction
ψ(r;R), at a fixed nuclear geometry R, and the nuclear wavefunction χ(R):

Ψ(r;R) =
∞∑
n=0

ψn(r;R)χn(R). (2.36)

This basis set expression is called an adiabatic basis. This representation allows
the full TISE to be separated into an electronic and a nuclear equation. At fixed
internuclear geometry R the electronic TISE is given by

Ĥeψ(r;R) = E(R)ψ(r;R), (2.37)

where Ĥe = T̂e+V̂e+V̂eN is the electronic Hamiltonian. To point out, the electronic
energy E(R) here represents the average energy of electron-electron and electron-
nuclei interactions.
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Now, substitution of equation (2.36) into (2.34), and applying left-side projec-
tion with ψm(r;R), yields the following set of coupled equations:

∑
n

Ĥmn(R)χ(R) =
∑
n

(
[TN + En(R) + VN (R)] δmn + 2T (1)

mn(R) · ∇+ T (2)
mn(R)

)
χn(R)

= Eχm(R),
(2.38)

where
T (1)
mn(R) = 〈ψm|∇ψn〉 T (2)

mn(R) = 〈ψm|∇2ψn〉. (2.39)

Notably, integration above is only over electronic coordinates and ∇ is a multi-
dimensional derivative with respect to mass-weighted nuclear coordinates. As is
apparent, the above set of equations contain fairly complicated terms with deriva-
tives of the electronic wavefunction with respect to nuclear coordinates. However,
considering the fact that the mass ratio of electrons to nuclei is extremely small and
since these derivative terms are proportional to this mass ratio (to some power),
one may neglect them. This is the famous Born-Oppenheimer approximation. In an
alternative, qualitative explanation, the approximation considers the much heavier
nuclei as stationary as their movements are very slow relative to the fast electrons.

Ignoring the derivative terms with respect to nuclear coordinates also means
setting all of the off-diagonal elements in equation (2.38) to zero. Furthermore,
if T (1)

mn(R) is chosen to be real-valued it will be the case that all of its diagonal
elements vanish, i.e. T

(1)
nn (R) = 0. It thus follows that the remaining, diagonal

terms of equation (2.38) becomes

∑
n

Ĥmn(R)χ(R) =
∑
n

(
[TN + En(R) + VN (R)] + T (2)

nn (R)
)
χn(R)

= Eχn(R)
(2.40)

and is formally the adiabatic Schrödinger equation [33]. Furthermore, the total en-
ergy E as a function of nuclear geometry R form adiabatic potential energy curves.
The characteristics of these potentials is that as the interatomic separation ap-
proaches zero the energy goes to infinity, while at large internuclear distances it
reaches an asymptotic value. If there is a minimum in between these extremes,
the state is stable and the geometry at the minimum corresponds its equilibrium
geometry. The depth of the potential well is the bond dissociation energy.

The neglected non-diagonal terms of equation (2.38) are called non-adiabatic
matrix elements. Although usually vanishingly small, the derivatives in these terms
can sometimes become significant, particularly close to an avoided crossing between
adiabatic potentials. In such cases, switching from the adiabatic basis to a so-called
diabatic basis may be a solution to circumvent calculating these complicated terms
[33].



CHAPTER 2. BACKGROUND 18

In the diabatic representation, the electronic wavefunction is simply chosen to
be independent of nuclear geometry. The full wavefunction, i.e. the diabatic basis
(sometimes called a crude adiabatic basis), has the form

Ψ(r;R) =
∞∑
n=0

ψn(r;R0)χ(0)
n (R), (2.41)

where ψn(r;R0) is the electronic wavefunction, in which R0 is one single nuclear
geometry, e.g. the geometry at the asymptote of the potential. Substitution of the
diabatic basis into the TISE of equation (2.34), and projecting from the left with
ψm(r;R0), yields

∑
n

(Tnnδnm + Umn)χ(0)
n (R) = Eχ(0)

m (R),

Umn = 〈ψm(R0)|V (r,R)− V (r,R0)|ψn(R0)〉,
(2.42)

where the integration is over electronic coordinates and V (r,R0) is the sum of Ve,
Ve,N and VN . The diabatic potentials are given by the diagonal elements of U,
while the off-diagonal elements of U are what causes transitions between different
diabatic potentials. The main point in using the diabatic representation, rather
than the adiabatic, is that the above form of coupled equations are markedly easier
to solve than the corresponding with the adiabatic basis, specifically the coupling
elements U(R)mn. A drawback is however that the diabatic representation often
requires a larger basis [33].

In contrast to adiabatic potentials, the diabatic potentials of similar symmetry
can cross one another, as illustrated in figure 2.2. The crossings represent points
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Figure 2.2: Illustrative figure highlighting the relation between adiabatic (solid lines) and
diabatic potentials (dashed lines).
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at which the physical character of the electronic state changes, e.g. going from
a covalent to an ionic state. In other words, while the character of the electronic
state may change dramatically along adiabatic potentials, it remains constant along
diabatic potentials [33].

2.7 Photochemistry of Molecular Oxygen

2.7.1 The Schumann-Runge Continuum
As an abundant atmospheric species the photochemistry of molecular oxygen has
large impacts on atmospheric chemistry and hence indirectly on the global climate.
Its implications range from the transmission of solar radiation and atmospheric
heating rate, to the formation of the ozone layer and the production of reactive
radical oxygen species.

Many of the transitions between the triplet ground-state, X 3Σ−g , and excited
states of molecular oxygen are optically forbidden. Nevertheless, transitions from
the ground state to the excited electronic states with symmetries 3Σ−u and 3Πu

are electric-dipole allowed. These transitions consequently dominate the elsewhere
weak absorption and give rise to the Schumann-Runge (SR) bands (205-175 nm)
and the Schumann-Runge continuum (SRC) (175-130 nm) in the vacuum ultravi-
olet (VUV), the latter shown in figure 2.3a [13][34]. The SR bands can generally
be assigned to transitions directly into the B 3Σ−u electronic excited state, a dis-
sociative (adiabatic) state whose dissociation limit (∼ 175 nm) is associated with

(a) (b)

Figure 2.3: (a) The measured photoabsorption cross section of O2 (grey solid line),
photodissociation cross section for formation of O(1D) + O(3P) (black solid line) and
difference spectrum accounting for formation of O(3P) + O(3P), and (b) the corresponding
quantum yield of O(1D), defined as the ratio of the photodissociation cross section and the
photoabsorption cross section. Reprinted with permission from (J. B. Nee, P. C. Lee, J.
Phys. Chem. A, 101, 6653, 1997). Copyright (2019) American Chemical Society.
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Figure 2.4: (a) A simple schematic illustration of the potential energy curves involved in the
SRC. Solid lines refer to the adiabatic potentials while the dashed lines indicate the diabatic
potentials. (b) Calculated rotationless differential optical oscillator strengths (solid lines) for
transitions into the B and J channel, respectively. The bottom diagram shows the result for
the sum of the two channels together with experimental data (open circles). Reprinted figure
with permission from (B. R. Lewis, J. P. England, S. T. Gibson, M. J. Brunger, and M.
Allan. Phys. Rev. A, 63, 022707, 2001). Copyright (2019) by the American Physical Society.

formation of an excited singlet oxygen atom, O(1D), and a ground-state (triplet)
oxygen atom, O(3P):

O2 + hω −→ O(1D) +O(3P ) (2.43)

For the higher photon energies that comprise the SRC, a two-state model is
no longer sufficient to describe the absorption spectrum. The spectral features of
the SRC can however be well-described in terms of mixed valence and Rydberg
states, as has been demonstrated by coupled-channel Schrödinger equation model
calculations [14][15]. In fact, strong coupling between the adiabatic B potential
and the E 3Σ−u Rydberg state can largely explain the observed spectral features
> 140 nm [14][15]. Experiments have shown that the quantum yield for formation
of O(1D) is close to unity in the SRC, down to ∼140 nm (up to ∼ 8.8 eV) as shown
in figure 2.3b, in agreement with photodissociation via the B potential [10][11].

A perhaps simpler way to understand the coupling between the B and E states
is, as previously mentioned, to describe them in terms of crossed diabatic potentials,
as depicted in blue in the schematic diagram in figure 2.4a. Upon approaching the
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avoided crossing of the coupled B and E states above ∼ 8.8 eV (below ∼ 140 nm),
i.e. the crossing of the corresponding diabatic potentials, photoabsorption into the
B channel decreases, leading to substantial deviations from unity quantum yield of
O(1D) [10][11]. Meanwhile, contribution from the likewise coupled J 3Πu state and
the F 3Πu Rydberg state (depicted in yellow in figure 2.4a), becomes significant
[11][15]. The J state is correlated with dissociation into two ground-state oxygen
atoms, O(3P) + O(3P):

O2 + hω −→ O(3P ) +O(3P ) (2.44)

The varying contribution from the B/E and J/F channel, respectively, to the SRC
spectrum is clearly shown in figure 2.4b.

At wavelengths shorter than 130 nm, which formally does not belong to the
SRC, absorption is mostly into the bound Rydberg states [12][34]. The mixing of the
dissociative B and J states and the E and F Rydberg states is especially manifested
here by discrete peaks in the absorption and photofragment yield spectra, present
above ∼ 9.8 eV in figure 2.4b. These narrow features, although broadened by pre-
dissociation, may be explained by vibrational resonances with the bound Rydberg
states. The spectral broadening due to pre-dissociation is a key example on the
coupling of the Rydberg states to the dissociative states [13][15].

Reactions of Photochemically Produced of Oxygen Atoms

The three-body reaction of ground-state oxygen atoms, produced by photodisso-
ciation, with O2 is the main route for production of ozone, O3, although the rate
constant at 298 K is only 6.0 ·10−34 cm6s−1 [35][36]. Excited singlet oxygen atoms,
O(1D), on the other hand plays an important role in forming radical oxygen species
by reactions with atmospheric molecules such as H2O and N2O [36][37].

O(3P ) +O2
M−−−→ O3, M = O2, N2 (2.45)

O(1D) +H2O −→ 2OH · (2.46)

O(1D) +N2O
M−−−→ 2NO· (2.47)

Removal of O(1D) can further proceed by collisional electronic quenching, not
least by O2 and N2 [36][37]. That is,

O(1D) +N2 −→ O(3P ) +N2, (2.48)

where the rate constant k = 3.1 · 10−11 cm3s−1 [36], and

O(1D) +O2 −→ O(3P ) +O2(b1Σ+
g , ν

′ = 0, 1), (2.49)

where k = 3.95 · 10−11 cm3s−1 [36]. In comparison, electronic quenching of O(1D)
by the rare gases He, Ne and Ar are negligible [11][37][38][39]. O(1D) can also relax
radiatively via the transition O(1D) → O(3P), but since this transition is strongly



CHAPTER 2. BACKGROUND 22

electric-dipole forbidden, with an upper state lifetime in the order of 100 s, the
resulting emission at 630 nm is extremely weak [10][20][37][38], [40]-[42].

The electronic quenching of O(1D) by O2 (reaction (2.49)) is an energy-transfer
reaction that produces the metastable molecular oxygen, O2(b1Σ+

g ), with high effi-
ciency [10]-[12], [20]-[22]. Pejakovic et al. showed that this reaction preferentially
populates the ν′ = 1 over the ν′ = 0 vibrational level of O2(b1Σ+

g ), with a frac-
tional yield of ν′ = 1 of approximately 0.8 [21]. Population of ν′ > 1 is endothermic
and negligible at room temperature [21]. Radiative transitions of O2(b1Σ+

g ) to the
ground state, known as the O2(b − X) transition, although optically forbidden,
yields emission bands centered at 762 nm and 771 nm, for the 0-0 and 1-1 vibra-
tional transition [21][22][42]. The former has a radiative lifetime of 12 s [10].

Detection of O(1D)

Various detection schemes of O(1D) have been proposed in previous studies. Al-
though extremely weak, the 630-nm emission has been used to monitor O(1D)
[38], [40]-[42]. Other possible, yet technically demanding, direct measurements of
O(1D) involve laser-induced fluorescence (LIF) at 115.2 nm (single-photon transi-
tion) [43][37] and resonance-enhanced multiphoton ionizaton (REMPI) [13]. Sev-
eral studies also report successful, although indirect, detection methods of O(1D).
These include for instance reacting O(1D) with H-donor species, such as H2O, and
detection of the produced OH radicals using LIF [37][44].

Another indirect approach is to measure the O2(b − X) emission band at 762
nm [10]-[12], [20]-[22]. Even though the 12 s radiative lifetime of this emission also
results in a fairly weak signal, it is comparatively easier to detect than that at 630
nm. Furthermore, addition of a buffer gas, e.g. Ar or He, to low pressures of O2
has been shown to significantly improve the signal by reducing radial diffusion of
excited species out of the detection volume [11][21][41].

As mentioned, O2(b1Σ+
g ) is primarily produced in its first vibrational excited

state, ν′ = 1. However, Pejakovic et al. further found that collisions with excess
O2 causes vibrational quenching to the lowest vibrational level, ν′ = 0, leading to
a fast decay of the 771-nm 1-1 emission and build-up of the 762-nm 0-0 emission
signal [21]. That is,

O2(b1Σ+
g , ν

′ = 1) +O2 −→ O2(b1Σ+
g , ν

′ = 0) +O2, (2.50)

where k = 1.57 · 10−11 cm3s−1 [21]. In the photolysis of O2 at 157.6 nm in mix-
tures of 47 mTorr of O2, 90 mTorr of N2 and 2 Torr of He, the rise and decay
771-nm emission occur within ∼ 150 µs, while at the same time the 762-nm emis-
sion increases to a maximum [21]. Favourably, the electronic quenching rate on
O2(b1Σ+

g , ν
′ = 1, 2) is very slow for O2 (k = 3.9 · 10−17 cm3s−1) [11].
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Methods

A key task of this thesis was to devise and implement a detection scheme to de-
tect changes in photodissociation channel branching ratio of O2, or in other words
monitor the variations in the photoproduct yield of O(1D) + O(3P ), i.e. the B/E
channel, versus O(3P ) + O(3P ), i.e. the J/F channel. Successful measurements
of O(1D) yield using the previously described detection of the O(b −X) emission
band at 762 nm, e.g. by Nee and Lee [11][12], motivated the choice to test this
method, as well as its technical simplicity. Although only measuring O(1D) does
not yield the branching ratio itself, the idea was that acquiring the relative O(1D)
yield as a function of pump pulse intensity would, as O(1D) is an observable of the
B/E channel, indeed describe how the absorption into the B/E potential changes
with intensity, i.e. with ponderomotive shift.

Despite all, using the O(b − X) detection scheme is not trivial. Firstly, as
pointed out in section 2.7.1, the O(b −X) emission is long-lived and rather weak,
meaning one obvious disadvantage of the detection scheme is that it sets high
demands on the signal collection and detection sensitivity. Moreover, previous
studies employing this method used one-photon excitation into the SRC with VUV
radiation [11][12], as opposed to three-photon excitation at 400 nm in this study.
Not to mention, the high light intensities used in this study, required for inducing
the simultaneous three-photon transition and ac Stark shift of the potentials, could
potentially stimulate other processes, e.g. other multiphoton transitions as well as
ionization, that may interfere.

3.1 Experimental Setup and Procedure

The initial approach to test the detection scheme based on the O(b−X) emission
for the aims and conditions of the study was (1) to measure an overview spectrum
of the O2 emission around 762 nm upon the 400-nm excitation, and (2) if possible,
to identify and characterize the O(b − X) emission band(s), and (3) to identify
potentially interfering processes in the emission spectrum. Next, as the first steps
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Figure 3.1: A schematic diagram of the experimental setup. Additional optics (mirrors and
irises) have been omitted for simplicity.

proved successful, the 762-nm emission signal collection and detection sensitivity
was optimized. This partly meant optimizing the optics leading the emission signal
into the detector as well as the detector itself. Additionally, this step also included
finding the optimum O2 pressure and flow velocity through the sample cell.

3.1.1 Laser System and Sample Cell Setup
A schematic overview of the final experimental setup is depicted above in figure
3.1. Femtosecond pulses of ∼ 20 fs (∼ 50 nm bandwidth) centered at 800 nm were
generated by a mode-locked Ti-Sapphire laser (Coherent Mira Seed Oscillator, 78
MHz, output power∼ 600 mW), driven by a CW pump laser (Coherent Verdi V5 ) at
532 nm. The femtosecond pulses from the oscillator were amplified by chirped pulse
amplification in a regenerative amplifier (Coherent Legend-USP-HE), powered by a
Q-switched pump laser (Coherent Evolution-30 ) operating at 1 kHz. This produced
an output 1 kHz pulse train of linearly polarized ∼ 3.5 mJ femtosecond pulses at
800 nm.
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As depicted in figure 3.1, the amplified beam was initially passed through a beam
splitter such that only half of the beam was used in the experiment. Two curved
mirrors were employed as a telescope in order to reduce the beam diameter and cor-
rect for beam divergence. A SHG setup, consisting of an adjustable half-waveplate
and a BBO crystal, generated 400-nm pulses of about 60 fs. The half-waveplate
allowed for manual rotation of the linear polarization of the light incident on the
BBO crystal. Since the incident polarization angle affects the phase-matching in
the SHG process (see section 2.3), rotation of the linear polarization in turn al-
lows for direct adjustment of the SHG efficiency, and hence the output intensity
of the second harmonic light. After passing the BBO crystal the remainder of the
fundamental 800-nm beam was filtered out using dichroic mirrors, which transmits
800-nm light while reflecting the 400-nm light.

The reflected 400-nm beam was focused into the sample, a cylindrical glass gas
cell with a continuous flow of oxygen gas (provided by AlphagazTM , < 3 ppm H2O,
< 0.2 ppm CnHm), using a focusing lens. The effective beam waist of the laser focus
was estimated to about 30 µm (i.e. a FWHM radius of ∼ 15 µm). The oxygen gas
flow through the gas cell was achieved by connecting the inlet and outlet of the gas
cell to an oxygen gas source and a vacuum pump, respectively. Gas pressure and
flow velocity was controlled using pressure gauges (TPR 280, Pfeiffer vacuum) and
adjustable valves at the inlet and outlet of the gas cell.

3.1.2 Detection Setups
Emission from the focal volume in the cell was collected and focused into a spec-
trometer entrance slit using a focusing lens positioned at a 90◦ angle with respect to
the laser beam axis. An aperature between the laser focus and the lens minimized
signal collection other than from the focal volume. In addition, a red filter, which
effectively blocked scattered 400-nm light, was placed in front of the spectrometer
entrance to reduce background signals and increase the signal-to-noise ratio.

Two types of detection setups were used for different purposes. Firstly, a UV-
Vis spectrometer in combination with a cooled (−40◦C) CCD camera was employed
to record the UV-Vis spectrum of O2 in order to (1) characterize the O2(b − X)
emission band at 762 nm, (2) to discover and characterize potentially interfering
signals, and (3) to record 400-nm pulse spectra for estimation of the pulse duration
(see section 3.2.2). In order to record the weak O2(b−X) emission, resolution had
to be sacrificed for increased signal collection using a broad monochromator slit
of 300 µm. The UV-Vis spectrometer was calibrated with known atomic emission
lines of Xenon and Krypton by recording the emission from a Xenon and Krypton
discharge lamp, respectively.

Secondly, a spectrometer (8-nm bandwidth) combined with a R928 photomulti-
plier tube (PMT) with enhanced red sensitivity (Hamamatsu Photonics K.K.) was
used for measurements of the relative O(1D) yield with varying pump pulse in-
tensity, where higher detection sensitivity was required. The same detection setup
was used for intensity-dependence measurements and time-resolved measurements
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of an emission band at 777 nm, although the latter was performed with a R666
PMT (Hamamatsu Photonics K.K.). Significant reduction of the background sig-
nal (to ∼ 15 counts/s) was obtained by cooling the PMT to a few degrees below
0◦C. It ought to be stressed that reduction of the background signal was crucial
in enabling detection of the weak 762-nm emission at low pulse intensities, i.e. at
small ponderomotive shifts. Detected photons were registered using a gated photon
counter (model SR400, Stanford Research Systems).

3.1.3 Analysis of the 762-nm Emission Band
The recorded spectra of the emission band at 762 nm exhibited a spectral band
shape reminiscent of P- and R-branches characteristic for a diatomic molecule. To
determine if the assignment of the band shape to P- and R-branches was plausible,
the separation between its presumed P- and R-maxima was analysed. Assuming the
rotational constants of the initial (ν′′) and final (ν′) vibrational states are constant
and independent of vibrational quantum number, and neglecting centrifugal distor-
tions, the separation between the P- and R-maxima in wavenumbers, ∆ν̃PR,max,
may be expressed as

∆ν̃PR,max =
√

8Bν′kT

hc
, (3.1)

where Bν′ is the rotational constant of the final vibrational state and T is the
rotational temperature [53]. Hence, rotational temperatures of the recorded 762-
nm emission bands were estimated from above relation using Bν′ = 1.4376766 cm−1

[46].

3.1.4 Measurements at 777 nm
Intensity-dependence measurements of a detected emission band at 777 nm were
performed at an O2 pressure of 17 mbar. The spectrometer bandwidth was centered
at 776 nm for maximum signal collection. Photons were counted using a gate width
of 200 ns, delayed by 50 ns with respect to the excitation pulse, and a total of 10 s
integration time. Emission intensity versus pulse excitation energy was measured
in the pulse energy range 50–200 µJ. Again, the pulse energy was varied by rotation
of the half-waveplate in the SHG setup. Corresponding background signals, here
in absence of excitation pulse, were subtracted from the data.

To obtain a time-resolved spectrum of the 777-nm emission, emission intensity
was measured at various time delays after excitation (at 200 µJ pulse energy). As
above, the spectrometer bandwidth was centered at 776 nm, although the measure-
ments were in this case performed at 100 mbar O2. Small gating widths for photon
counting of 10 ns, and total integration of time of 10 s were used. Due to the small
gating width there was no need for background subtraction in this case, i.e. the
background was equal to zero.
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3.1.5 Relative O(1D) Yield versus Pump Pulse Intensity
Dissociation of O2 via the B/E channel was monitored by detecting emission at
762 nm from the O2(b − X) transition. It was thus assumed that production of
O2(b1Σ+

g ) is directly correlated with formation of O(1D), which in turn was assumed
to originate solely from the B/E channel [10]-[12], [20]-[22].

To detect the O2(b −X) 0-0 emission band at 762 nm the spectrometer band-
width was centered at 761 nm. This setting yielded the highest photon count rate
and should in principle minimize any interference from the O2(b−X) 1-1 band at
771 nm [21], although no trace of such emission was detected. Gas flow velocity
was suitably adjusted to be sufficiently low as to maximize the residence time of
the long-lived excited species in the detection volume, whilst fast enough to prevent
repeated excitation of the same sample volume and build-up of photoproducts (e.g.
O3). Experiments were performed at O2 pressures of 100 mbar where the 762-nm
emission signal was at about its maximum. Notably, negligible signals could be
recorded at ≤ 10 mbar.

Due to the long radiative lifetime of the 762-nm emission, photons were counted
with a gating width of 950.4 µs delayed with 1 µs with respect to the 1 kHz pump
pulses. The delay time effectively excluded interference from a close-lying emission
band at 777 nm, as well as from any remaining scattered 400-nm light. The 762-
nm emission was measured versus pump pulse intensity, where the pulse energy was
varied by rotating the half-waveplate in the SHG setup, and the total pulse energy
more precisely determined with a powermeter. Total integration times spanned
from 10 s at pump pulses of ≥ 100 µJ to 33 min for 10 µJ.

The actual emission signal was defined as the difference signal between the signal
detected with and without O2, the latter being the average of a measurement before
and after each measurement with O2 to account for PMT drift. Reported difference
signals, i.e. each data point, represent the average of at least 3 such scans. A total
of 4 data series with pump pulse energies in the range 10-150 µJ were measured.
Lastly, spectra of the 400-nm pulse were recorded in order to estimate the pulse
duration (see further description below in section 3.2.2).

3.2 Analysis

This section describes the data treatment used to analyse the data retrieved from
the measurement of the relative O(1D) yield versus pump pulse intensity (section
3.1.5). Averaged difference signals, i.e. the average 762-nm emission intensity at
one pump pulse intensity, and corresponding uncertainties were calculated in Mi-
crosoft Excel version 16.25. The uncertainty in each data point was calculated as
the confidence interval (p = 0.05), thus taking account for the number of individ-
ual measurements performed to obtain the average. All further data analysis was
performed in Matlab R2018b.
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3.2.1 Data Representation
The experimental data was represented in three ways. First of all, (1) the 762-nm
emission signal intensity was simply plotted versus the peak ponderomotive shift
(Up, see definition below in section 3.2.2). Secondly, the measured 762-nm signal
intensity was plotted versus Up in logarithmic scales (2), and as signal intensity
divided by U3

p versus Up (3). As derived below, (2) provides information on the
kinetics of the O(1D) production, and (3) should yield the B/E absorption cross
section.

The three-photon absorption into the B/E potential, and production of O(1D)
from the B/E channel, is expected to have a cubic dependence on the pump pulse
intensity, as was derived in section 2.4. Since Up is proportional to intensity (i.e.
to E2, equation (2.32)), the absorption should likewise increase with U3

p . That is,
it is presumed that the signal intensity of the 762-nm emission (I762) depends on
the peak ponderomotive shift (Up) induced by the pump pulse according to

I762 ∝ σ(abs,BE)U
3
p , (3.2)

where the proportionality factor σ(abs,BE) is the absorption cross section of the B/E
potential. In other words, the ratio of the measured 762-nm signal intensity and U3

p

(i.e. I762/U
3
p ) should be proportional to the corresponding B/E absorption cross

section. Additionally, plotting the 762-nm signal intensity versus Up in logarithmic
scales should yield a linear dependence with a slope close to 3, if the absorption
cross section remains nearly constant over the Up-interval.

3.2.2 Peak Ponderomotive Shift
It was assumed that the spatial intensity distribution I(r, z) of the laser pulse has
a Gaussian profile. That is,

I(r, z) = I0

(
w0

w(z)

)2
exp

(
−2r2

w(z)2

)
, (3.3)

where I0 is the pulse peak intensity, and r and z is the radial distance along the
beam axis and the distance from the focus along the beam axis, respectively. The
effective beam radius w(z) is defined as the radius at which the intensity is 1/e2 of
its peak value, and w0 is the corresponding beam radius at the focus (z = 0). The
pulse peak intensity I0 is then given by

I0 = 2P0

πw2
0
, (3.4)

where P0 is the peak power, which for a Gaussian pulse is

P0 = 2
√
ln2
π

(
E

∆t

)
, (3.5)
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where E is the total pulse energy and ∆t is the pulse duration at FWHM.
By combining equation (2.32) and (2.20), and using c = λω, the ponderomotive

energy can now be re-written as

Up = 9.33 · 10−14

[
eV(

W
cm2

)
· µm

]
· Iλ2, (3.6)

and substitution of I = I0 and λ = λ0, the pulse center wavelength, yields the maxi-
mum ponderomotive energy shift, or peak ponderomotive shift. Here and henceforth,
the term ponderomotive shift and notation Up refer to this peak ponderomotive
shift, unless stated otherwise.

In order to calculate the peak ponderomotive shift using the above equations,
the parameters E, λ0, w0 and ∆t has to be estimated. Firstly, the pulse energy
E was obtained in the experiments, as described in above sections. Secondly, the
half-width parameter w0 can be related to its corresponding value at FWHM using
equation (3.3):

1
2I0 = I0exp

(
−2r2

FWHM

w2
0

)
⇐⇒ w0 =

√
2
ln2 · rFWHM . (3.7)

As mentioned, the beam radius at FWHM in the focus, rFWHM , was assumed to
be 15 µm. According to equation (3.7), this corresponds to w0 ≈ 25 µm.

Third, the pulse bandwidth at FWHM (∆ω), as well as the center wavelength λ0
of the pulse, were estimated by nonlinear least-square fitting of a Gaussian function
f(λ) to measured 400-nm pulse spectra.

f(λ) = A · exp
(
−1

2

[
(λ− λ0) /

(
∆λ/2

√
2ln2

)]2)
, (3.8)

where A is a pre-exponential factor and ∆λ is the pulse bandwidth in wavelength.
As one of the fitting parameters, λ0 was directly obtained from the fits. The
bandwidth in frequency (∆ω) was in a second step obtained via the relation

∆ω = c

λ2
0

∆λ, (3.9)

after which the pulse duration at FWHM (∆t) was calculated using the time-
bandwidth product for a Gaussian pulse shape in equation (2.2).

Effective Ponderomotive Shift

In reality, most atoms and molecules in a light pulse do not experience the peak
intensity (I0) but rather an effective intensity (Ieff ), which correspondingly pro-
duces most excited species. For a multiphoton process, Perry et al. showed that the
effective intensity depends on the number of photons (K) involved, and is a result
of the decreasing excitation volume and increasing transition rate with intensity.
The relationship between Ieff and A = I/I0 is plotted in figure 3.2, where A is
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a dimensionless parameter [31]. Based on this graph, the effective intensity for a
K-photon process can be expressed as Ieff = γ · I0, where γ is a constant corre-
sponding to the fraction A at which the distribution has its maximum. Moreover,
the direct proportionality between intensity and ponderomotive shift likewise yields
an effective ponderomotive shift (Ueffp ):

Ueffp = γ · Up, (3.10)

where Up is again the peak ponderomotive shift. For a three-photon process, K = 3,
the distribution in figure 3.2 has a peak value at γ = 0.48.
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Figure 3.2: The relative yield of excited species as a function of the dimensionless parameter
A = I/I0 for different values of K, where K is the number of photons involved in the
excitation. Plot using formulas derived by Perry et al. [31].

3.2.3 Data Fitting
The experimental data in the form of presumed B/E absorption cross section (762-
nm signal intensity divided by U3

p as described above in section 3.2.1) versus esti-
mated peak ponderomotive shift was compared to the simulations by T. Hansson.
The measured 762-nm intensity displayed a much weaker dependency on pump in-
tensity than expected. Saturation (i.e. depletion of the ground-state) at the pump
pulse intensities used, appeared as the most probable explanation (see Discussion).
Therefore, and in order to allow comparison to the simulations, the experimental
data was treated to account for this effect.
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The function subject to minimization, in the (uncertainty-weighted) nonlinear
least-square fitting of the experimental data to simulated data, had the following
form:

F (a, c, u, Up, r) =
n∑
i=1

w2
i ·
[
P (a · Up,i) · u−

ri/(a · Up,i)3

S ((a · Up,i), c)

]2

, (3.11)

where a, c and u are the unknown fitting parameters, and Up,i, ri and wi is the
estimated peak ponderomotive shift, the measured emission signal intensity and
the weight for each data point i, respectively. n is the total number of data points
included in the fit. To compensate for the differing number of individual measure-
ments done to acquire each averaged data point, the data points were weighted by
their uncertainties using the confidence intervals (p = 0.05) as weights wi (as op-
posed to using the standard deviation). The function P is a piece-wise polynomial
acquired from an interpolation of the simulated B/E data points provided by T.
Hansson.

Moreover, the following analytical expression to account for the saturation (S)
in the experimental data was used [45]:

S(Up, c) = 1
1 + [Up/Up,s(c)]3

, (3.12)

where Up,s is called the saturation factor and is dependent on the total absorption
cross section (σabs) according to

Up,s(c) = (c/σabs)1/3
. (3.13)

where c is a constant. If the absorption cross section does not vary with Up, then
Up,s is simply a constant, and may be written as

Up,s(c) = c1/3. (3.14)

However, as is the hypothesis in this study, the absorption cross section in the
spectral region of interest of O2 should in fact change significantly with Up. In
that case, Up,s also varies with Up. Hereafter, these two versions of the saturation
factor Up,s are referred to as constant and variable Up,s, respectively. In fits with a
variable Up,s the sum of the normalized simulated B/E and J/F absorption cross
sections versus Up (with a 1:1.857 ratio of the B/E and J/F partial absorption,
based on ref. [15]) was used as σabs in equation (3.13).

The fitting parameter a in equation (3.11) may physically be interpreted as an
approximate scaling factor for the estimated peak ponderomotive shift Up, that
mainly corrects for the shielding of the low-lying Rydberg state of the B/E po-
tential (see equation (2.33) in section 2.5.1). Moreover, the parameter u scales
the simulated normalized absorption cross section to fit the experimental data, i.e.
along the y-axis.
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Goodness of Fit

χ2-values to estimate and compare goodness of the fits were calculated according
to equation (3.15):

χ2 =
n∑
i=1

[yi − f(xi)]2

w2
i

, (3.15)

where xi is the x-coordinate, yi is the least-square fitted y-coordinate and wi is the
confidence interval of data point i. The reduced χ2 is given by normalizing χ2 by
the degree of freedom (dof), i.e. dof = n − m, where m is the number of fitted
parameters (here m = 3).
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Results

4.1 Characterization of the O2(b−X) Emission Band

To characterize the O2(b−X) emission band, and also to identify interfering pho-
tochemical processes taking place upon excitation at 400 nm, larger portions of the
UV-Vis emission spectrum (between 300–870 nm) of O2 were studied. At ambi-
ent pressures, and pulse energies in the order of 100–300 µJ, the emission spectra
showed indications of plasma formation in the form of visible filamentation and
characteristic atomic oxygen lines. These features generally became more promi-
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Figure 4.1: The emission spectrum of O2 (100 mbar) in the spectral range 745–783 nm,
excited at 400 nm with total pulse energies of 50 µJ and 100 µJ, respectively. Only two
emission bands, centered at 762 nm and 777 nm, are observable in this region.
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Figure 4.2: The P- and R-branch of the O2(b−X) 0-0 emission band at an O2 pressure of
100 mbar for various pump pulse energies. Experimental data (solid dots) and fitted spline
functions to guide the eye (solid lines).

nent at higher pulse energies and decreased at lower pressures.
Figure 4.1 displays the emission spectrum of O2 excited at 400 nm in proximity

to the expected 762-nm emission band. The spectrum is taken at an O2 pressure
of 100 mbar and with pump pulse energies of 50 µJ and 100 µJ (corresponding
to estimated peak ponderomotive shifts of about 1 eV and 2 eV), respectively. As
the spectrum shows, there exists two distinct emission bands in this spectral range,
centered at 762 nm and 777 nm, respectively. Noticeably, there is no observable
trace of any emission band around 771 nm where one would expect the O2(b−X)
1-1 emission band. This was as well the case at lower O2 pressures and at lower
pulse energies.

The observed emission band centered at 762 nm (at 100 mbar O2) is shown in
more detail in figure 4.2 and at various pump pulse energies. Notably, the band
shape displays the characteristic P- and R-branches for the rotational structure of
diatomic molecules. The separation of the P- and R-branch maxima are in the
order of 50–55 cm−1, corresponding to rotational temperatures of approximately
40–120◦C. Furthermore, the 762-nm emission band further exhibits a dependence
on pump pulse energy, where the emission intensity increases with pump pulse
energy, i.e. with pulse intensity.

4.2 Characterization of the 777-nm Emission Band

The decay (at 200 µJ pump pulse energy, or ponderomotive shift ∼ 4.5 eV) and
the pump pulse intensity-dependence of the observed emission band at 777 nm are
presented in figure 4.3.
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Figure 4.3: (a) A double logarithmic plot of the 777-nm emission intensity versus pump
pulse energy, i.e. as a function of pulse intensity. The plot shows experimental data and a
linear fit with slope 6.1± 0.6 (p = 0.05). Note that the linear fit is only to experimental data
points at pulse energies ≤ 100 µJ. (b) The intensity decay of the emission band at 777 nm,
and mono-exponential fit (τ ∼ 14 ns), at a pump pulse energy of 200 µJ.

Figure 4.3a displays a close to linear intensity-dependence of the 777-nm emis-
sion up to about 100 µJ, with a slope close to 6. Above 100 µJ, the experimental
data start to deviate significantly from linearity, with a decreasing dependence on
pump pulse intensity.

Analysis of the 777-nm emission decay curve in figure 4.3b shows that the emis-
sion signal diminishes in the order of hundreds of nanoseconds. Fitting the decay
curve to a mono-exponential function yields a time constant in the order of tens of
nanoseconds.

4.3 O1D Yield versus Pump Pulse Intensity

4.3.1 Raw Experimental Data
The measured 762-nm emission signal as a function of estimated peak pondero-
motive shift (Up) is presented in figure 4.4. The plot in figure 4.4 discriminates
between the four different data sets that were collected, which overall show good
consistency. From here on, the four data sets will be presented as one single set of
experimental data.

A double logarithmic plot of the raw experimental data is displayed in figure
4.5a. The logarithm of the 762-nm signal intensity clearly shows large deviations
from linearity, specifically in the regions of low Up (Up ≤ 0.3 eV) and high Up
(Up ≥ 1.0 eV). Furthermore, there is a significant dip in signal intensity at Up ∼ 0.26
eV. In the moderately linear region, about Up ∼ 0.3− 1.0 eV, the slope is nearly 2.
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Figure 4.4: 762-nm emission signal intensity versus ponderomotive shift. The plot also
distinguishes between different sets of data that were collected, highlighting the
reproducibility of the experiment.
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Figure 4.5: The 762-nm emission signal intensity as a function of ponderomotive shift. (a)
Signal intensity versus ponderomotive shift presented in logarithmic scales, and (b) the signal
intensity divided by the cube of the ponderomotive shift (Signal/U3

p , i.e. the effective
three-photon B/E absorption cross section leading to production of O(1D)) versus
ponderomotive shift.

The ratio of the 762-nm signal intensity and U3
p versus Up is presented in figure

4.5b. Assuming that the 762-nm emission is solely generated from aborption into
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the B/E potential, this plot would represent the effective B/E absorption cross
section. It is apparent from the plot that the signal/U3

p overall rapidly declines
with increasing Up. Moreover, the presumed experimental B/E aborption cross
section seems to exhibit some kind of structure at Up ≤ 0.8 eV, with a strong
negative feature at Up ∼ 0.26 eV, and possibly small negative features at Up-values
of about 0.49 eV, 0.59 eV and 0.73 eV.

4.3.2 Simulated Data

E3!u
-

B3!u
-

Stark shift

Figure 4.7: A schematic
figure showing the dynamic
Stark shaping of the B/E
potential.

Simulations of ac Stark-shiftedB/E and J/F potentials,
performed by T. Hansson, are presented in figure 4.6.
The calculations are based on a diabatic representation
of the B/E and J/F potentials developed by Lewis et
al. [15]. Figure 4.6a shows the predicted (normalized)
absorption cross sections, and figure 4.6b displays a dou-
ble logarithmic plot of the simulated absorption, as a
function of peak ponderomotive shift (Up). Absorption
cross sections and ac Stark shifts have been calculated
based on a 400-nm Gaussian-shaped pulse with 60-fs
pulse duration, averaged over the spatial and temporal
distribution of the pulse. As illustrated in figure 4.7,
dynamic Stark shaping due to the external electric field
was achieved simply by ac Stark-shifting only the dia-
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Figure 4.6: Simulations performed by T. Hansson of the B/E and J/F potentials. (a)
Partial and total absorption cross sections (σabs) and (b) absorption, respectively, as a
function of peak ponderomotive shift. For the total absorption cross section the ratio of the
partial cross sections for the J/F and B/E potential is assumed to be 1 : 1.857, based on
ref. [15].



CHAPTER 4. RESULTS 38

batic Rydberg potentials, assuming that the less polarizable valence potentials are
unaffected by the field. Partial shielding of the low-lying Rydberg states has been
neglected. The simulations are further based on a three-photon excitation using
a classical electromagnetic field. Any possibility of absorption into other excited
states than the B/E and J/F potentials has been neglected.

4.3.3 Fitted Experimental Data
Fitted experimental data, taking account for the effect of saturation using a con-
stant saturation factor (Up,s), is shown in figure 4.8 – in the form of signal/U3

p

(where Up in this case refers to the shielded value of the estimated peak pondero-
motive shift, i.e. a ·Up) versus ac Stark shift, and in the form of a logarithmic plot
of the signal intensity versus ac Stark shift. The ac Stark shift (V DSE) presented
here is given by

V DSE = a · Ueffp , (4.1)

where a is the shielding factor obtained from the fit, and Ueffp is the effective
ponderomotive shift for a three-photon excitation (i.e. γ · Up, where γ = 0.48 and
Up is the estimated peak ponderomotive shift).

Experimental data points at estimated Up > 1.1 eV have been excluded from
the fit. Including these data points yielded an overall very poor fit. Exclusion of
the data points at high Up is further motivated by the likelihood of higher-order
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Figure 4.8: Nonlinear least-square fits of experimental data with a constant Up,s and
simulated data for the B/E potential. Presumably structured data points have been
excluded in the fit. (a) the experimental and simulated B/E absorption cross section versus
ac Stark shift, and (b) a double logarithmic plot of the 762-nm emission intensity and
simulated B/E absorption versus ac Stark shift.
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Figure 4.9: Fitted experimental B/E absorption cross section versus (scaled) ponderomotive
shift using a constant Up,s, and comparison with the simulated absorption cross section for
the B/E potential. (a) Fit with presumably structured data points excluded (yellow dots),
and (b) fit including all data points in the same original Up interval.

multiphoton processes taking place at these high pulse intensities, thus belonging
to a Up-region where the assumed model likely no longer is a good approximation
of the system. In addition, four data points that are part of apparent structured
features in the data, as emphasized in figure 4.9a, have also been excluded from the
fit. Plots of the residuals in figure 4.9a and 4.9b quite clearly motivate exclusion
of these structured data points. Including the structured data points yields a poor
fit of the data to the simulation, especially manifested in the trend present in
the residual plot in figure 4.9b. Furthermore, the excluded structured data points
highlighted in figure 4.9a also give rise to strong negative residual peaks at ac Stark
shifts of about 0.06 eV and 0.18 eV. Two additional negative peaks at 0.20 eV and
0.24 eV can further be observed.

Figure 4.10 displays corresponding fits and residual plots using a variable Up,s.
All in all, the fits with a variable Up,s provide very similar results as with a constant
Up,s. The Up scaling factor a obtained from the fits are in both cases ∼ 0.5.
Likewise, the fitting parameter c is ∼ 0.2 eV (see table 6.1, Appendix 6.1). Fits
with a variable Up,s that include the structured data points similarly yield a poor
fit to the simulations. The residual plot in figure 4.10a, with structured data points
excluded, also shows strong negative peaks at ac Stark shifts of about 0.06 eV and
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Figure 4.10: Fitted experimental B/E absorption cross section versus (scaled)
ponderomotive shift using a variable Up,s, and comparison with the simulated absorption
cross section for the B/E potential. (a) Fit with presumably structured data points excluded
(yellow dots), and (b) fit including all data points in the same original Up interval.

0.18 eV, and a smaller negative peak at 0.20 eV. The fourth negative peak present
in the residual plot with a constant Up,s is much less prominent in the residual plot
with a variable Up,s.

The goodness of fits in terms of χ2-values for the various kinds of fits of exper-
imental data to simulations – with constant and variable Up,s as well as excluding
and including the structured data points – are presented in table 4.1. As one can
expect by inspection of the plots of the fits, fits with exclusion of the structured
data points yield markedly lower reduced χ2-values. Moreover, the reduced χ2-

Table 4.1: χ2-values for the fits. Degree of freedom, dof = n−m, where n is the number
of fitted data points and m is the number of fit parameters (m = 3).

Type of Up,s Constant Constant Variable Variable
Structured data points Included Excluded Included Excluded

dof 30 26 30 26
χ2 480 78 430 58

χ2/dof 16 3.0 14 2.2
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value obtained using a variable Up,s (χ2/dof = 2.2) is significantly lower than that
obtained from the fit with a constant Up,s (χ2/dof = 3.0). Noticeably, the reduced
χ2 of the former is still large compared to 1.

Lastly, in an attempt to interpret the structured deviations present in the above
fits, the energy shifts (i.e. the x-axis) were additionally re-scaled to that of an
effective ponderomotive shift for a four-photon excitation, without any shielding.
The resulting peak positions of the deviating residuals (for a variable Up,s) are listed
in table 4.2.

Table 4.2: Residual peaks obtained from the fit using a variable Up,s with structured data
points excluded. The table presents the peak positions, FWHM:s and the peak separation in
effective ponderomotive shift for a four-photon transition (Ueff, 4ph

p = 0.66 · Up).

Energy Shift / eV FWHM / meV Peak Separation / eV
Peak 1 0.17 36 0.31Peak 2 0.48 66 0.072Peak 3 0.55 –



Chapter 5

Discussion

5.1 Assignment of Emission Bands

Only two emission bands were observable in the O2 emission spectrum in the range
745–783 nm upon 400 nm excitation. Firstly, the broad emission band centered at
762 nm is attributed to the expected O2(b − X) 0-0 transition. The band shape,
including the evident P- and R-branches, with the Q-branch centered at 762 nm, is
in good agreement with previous reports on the spectral characteristics of this
transition [22][42]. Furthermore, the separation between the P- and R branch
maxima (50–55 cm−1) and corresponding estimated rotational temperatures (40–
120◦C) are reasonable for the experimental conditions, further strengthening the
assignment of the resolved two-peak structure to P- and R-branches.

The fact that no emission band for the O2(b−X) 1-1 transition at 771 nm was
observed may be explained by the relatively high O2 pressures (100 mbar) used
in acquiring the spectra. Due to the kinetics of the collision-induced relaxation of
O2(b1Σ+

g ) from ν = 1 to ν = 0, high O2 pressures should increase the rate of the
vibrational transition. Thus, formed O2(b1Σ+

g , ν = 1) would probably rapidly be
transformed into O2(b1Σ+

g , ν = 0) before any significant radiative relaxation to the
X3Σ−g ground-state can occur.

Secondly, the second observed emission band centered at 777 nm is confidently
assigned to the O(35P ) → O(35S) quintet transition [47][48]. Upon using higher
resolution to obtain the spectra, this narrow emission band could indeed be further
resolved into a triplet structure, as one would expect [47]-[49]. The double logarith-
mic plot of the intensity-dependence displays a slope of about 6 up to 100 µJ pump
pulse energy, indicating that the 777-nm emission is generated from a 6-photon ab-
sorption. This is indeed in agreement with the energy required to reach the upper
quintet state O(35P ) from the O2 ground-state [47]. Also, the measured ns decay
time of this emission band is in line with the spectral characteristics of the O(35P )
→ O(35S) transition [50]. Worth to note is that the practically complete decay
of the 777-emission signal within a few hundred ns motivates the choice of gating,

42
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specifically the 1 µs time delay, for the measurements of the relatively close-lying
762-nm emission band.

5.2 Evaluation of the Detection Scheme

After testing and implementing the O2(b−X) detection scheme, the final approach
and appropriateness for the aims of this study deserves a couple of comments.

All in all, the detection scheme was successful in terms of that the O2(b −X)
emission band at 762 nm could be identified and quantitatively measured as a
function of pump pulse intensity. A key assumption in this scheme, as mentioned,
is the assumed direct proportionality between the production (yield) of O(1D),
generation of O2(b1Σ+

g , ν = 0) and O2(b −X) 0-0 emission intensity. In addition,
it assumes that generation of O(1D) solely derives from three-photon absorption
into the B/E potential of O2, hence that there is a direct correlation between the
762-nm emission and B/E absorption. However, in the rather intense pump fields
employed here, assuming the B/E potential as the sole producer of O(1D) may not
be entirely correct, as will be further discussed in section 5.3.2 below. Nevertheless,
the acquired experimental data exhibits characteristic features in concordance with
the predictions from calculations, at least at lower ponderomotive shifts (i.e. at
lower pump intensities), meaning that the assumed model that the detection scheme
relies on is good enough for the purposes of the study.

An obvious difference between the experimental conditions used in this study,
compared to previous studies employing the O2(b−X) detection scheme to measure
O(1D) yield, is the choice of O2 pressure and presence/absence of a buffer gas.
The interest of this study was merely to measure relative O(1D) yield, not the
absolute value, as opposed to some earlier reported measurements [10]-[12], and nor
the kinetics of the O2(b1Σ+

g ) formation [21]. Hence, in contrast to these previous
studies, very low O2 pressures (in the order of 0.1 − 1 Torr) were not required in
this case. As the 762-nm emission was observed to be extremely weak at such low
pressures, focus was rather aimed at finding the pressure that gave the maximum
762-nm signal, which seemed to occur around 100 mbar O2. The latter was the
case despite addition of a buffer gas (Ne) to increase the total pressure, as this has
been demonstrated to decrease radial diffusion of excited species out of the focus
and thus increase signal collection [11][21][41]. The choice of buffer gas to test was
based on its inertness and low electronic quenching rate on O(1D). Additionally, it
was chosen due to its ability to induce translational quenching of kinetically hot
O(1D) as initially formed O(1D), following photo-excitation and dissociation of O2,
is kinetically hot. Thermal equilibrium can thus be reached by addition of a buffer
gas that can remove the excess heat. In the case of higher O2 pressures, as the ones
finally used in this study, there is no need to add additional gases as O2 itself fulfils
the purpose [39][51]. Moreover, an advantage of using higher O2 pressures is that
the measured 762-nm signal is likely less sensitive to small variations in pressure
between measurements.
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The detected 762-nm signal at the lower pump pulse intensities was only about
a few counts/s. Cooling of the PMT detector was therefore crucial in reducing
the background-to-signal ratio, and thus ability to record the 762-nm emission.
Nevertheless, detection of the emission at pump intensities ≤ 20 µJ was challenging,
and the uncertainties of the acquired data points at these pump energies were
rather high. Decreasing the background signal even more by further lowering the
detector temperature (more than a few degrees below 0◦C) would likely improve
the measurements. Another approach to increase the signal-to-background ratio
could be to collect the emission signal at some distance (z) from the focus point,
along the beam axis. Since the beam cross section increases with z2, it should allow
collection of emission from a larger volume, thereby increasing the overall signal.
In connection to this, a possibility could also be to measure the 762-nm signal as
a function of distance z from the focus, as an alternative way to change the pump
intensity. This method would however require careful characterization of the actual
beam geometry around the focus. In fact, this was one of the major reasons why it
was not implemented in the present study.

5.3 O(1D) yield versus Ponderomotive Shift

5.3.1 Effects of Saturation
The measured 762-nm emission signal versus estimated peak ponderomotive shift
was presented in figure 4.5. Due to the three-photon absorption it was expected
that the signal intensity should display an overall U3

p -dependence. The fact that
the experimental data (figure 4.5a) instead showed a close to U2

p -dependence raises
questions.

An exception to the U3
p -trend could be explained by a Up-interval where the

B/E absorption cross section varies largely. In such regions, one would also expect
that the data presented in a double logarithmic plot would deviate from linearity.
This is indeed predicted by the simulations (figure 4.6b). Complications would of
course arise if the Up-interval, over which the absorption cross section varies, is
large compared to the total measurement interval. In that case, the trend of the
logarithmic data might look linear despite not exhibiting the trend expected for a
three-photon process. Simulations predict that significant deviations from linearity
occur over a Up-interval of about 0.3 eV, centered at about 0.22 eV, assuming no
shielding of the E and F Rydberg states. In reality, however, we do expect these
low-lying Rydberg states to be partly shielded from the pulse field. A shielding
factor of about 0.4, as reported for a similar Rydberg state in NO [19], would for
instance yield a corresponding Up-interval of 0.75 eV centered at Up ≈ 0.55 eV.
With a total measurement range of approximately 0.2–3.3 eV one would expect to
be able to distinguish such a linearity deviation, if present in the data.

Another reason for a non-U3
p dependence could be absorption into other excited

states than the B/E potential. Absorption into other states that produce O(1D)
would however yield a positive contribution to the 762-nm emission compared to
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only B/E absorption. Also, since O(1D) formation cannot be due to a transition
of less than three photons, such a contribution would cause a stronger rather than
weaker Up-dependence. On the contrary, transitions into states that do not yield
O(1D) will normally (i.e. in absence of saturation) not contribute to the 762-nm
emission.

Thus, the most probable explanation to the U2
p -dependence of the detected

762-nm emission is that it is a result of saturation. It seems not unlikely that in
presence of the intense pump fields (about 0.1–2 TW/cm2) significant excitation
takes place, which eventually depletes the ground-state of O2. Saturation causes
the dependence on excitation intensity to weaken and finally to cease. Saturation
can also explain the clear deviation from the 6-photon dependence of the 777-nm
emission at pulse energies ≥ 100 µJ. Furthermore, it is interesting to note that the
presence of saturation causes the photo-induced transitions from the ground state
to be coupled rather than independent processes. As the ground state becomes
depleted, absorption into states that do not produce O(1D) may in such cases
result in negative contributions to the 762-nm emission intensity. The fact that
negative deviations are visible in fitted experimental absorption cross section at
small ac Stark shifts, which will be discussed later in more detail, further points at
the presence of saturation.

After fitting the experimental data to the simulations, taking account for satu-
ration, one can rather confidently conclude that saturation was indeed present in
the experimental data and largely responsible for its weak Up-dependence. Fits,
with structured data points excluded (e.g. figure 4.8), yield a fitting parameter
c of about 0.2 eV (in shielded Up, i.e. a · Up), indicating that saturation causes
the absorption to decrease to half its value at the estimated Up ∼ 0.4 eV (since
a ∼ 0.5). Up to an ac Stark shift of ∼ 0.25 eV (estimated Up ∼ 1 eV), the fitted
experimental data overall agrees with the simulations. That is, saturation effects
can fairly well explain the overall trend in the experimental data up to this point.
At higher ac Stark shifts, however, the experimental data differs significantly from
the simulations and cannot be accounted for simply by saturation. That is why
data points at higher shifts had to be excluded to yield reasonable fits. The origin
of the large deviations at high shifts will be further discussed in section 5.3.3 below.

Constant versus Variable Saturation Factor

As to fitting the data to simulations using a constant versus a variable saturation
factor Up,s (with structured data points excluded), one can conclude the following:
(1) Both yield very similar and reasonable fits with similar fitting parameters, again
up to an ac Stark shift ∼ 0.25 eV (estimated Up ∼ 1 eV). (2) The fit using a variable
Up,s leads to an overall better fit with a significantly lower reduced χ2-value.

The fact that a constant Up,s, which importantly do not rely on the result
of the simulations (i.e. the hypothesis that is put under test!), results in a fit
that resemble that from a variable Up,s, as well as within reason resembling the
simulations, provide good grounds for using a variable Up,s. Conclusion (2) further
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motivates the use of a variable Up,s. One can hence see the variable Up,s as a
refinement of the constant Up,s, accounting for variations in the absorption cross
section. However, as the χ2/dof > 1 even for the variable Up,s, one may still
question the estimation of the error distribution (wi) as well as the validity of the
model behind the fit. For the latter, the model assumes only absorption into the
B/E and J/F potentials, and an assumed ratio of the partial absorptions based on
measurements by previous studies at Up ∼ 0. Even at small ponderomotive shifts,
absorption solely into these two states may again not be entirely true. As we will
come to in the following section, the presence of the structured data points at small
shifts may be signs of such transitions.

Avoiding Saturation Effects

Significant distortion of the experimental data arises as a result of saturation. Ob-
viously, this complicates interpretation of the data and comparison of the data
with theoretical predictions. To come around the problem of saturation, a future
experiment may utilize a separate control field instead of the simultaneous pump
and control field used in the present study. The control pulse is then preferably
a non-resonant IR pulse. With this approach lower pump pulse intensities would
be required, which reduces saturation, but more importantly, the pump intensity
is kept constant while the non-resonant control pulse intensity is varied to change
the ac Stark shift. As the pump intensity is kept constant, the contribution to the
absorption from saturation is also constant, as opposed to the varying contribution
with ac Stark shift in the present study. As we are merely interested the relative
absorption cross sections, a constant saturation effect would not constitute a major
problem.

Another advantage of this approach, due to the wavelength-dependence of Up
(equation (3.6)), is that higher ponderomotive shifts can be achieved at lower con-
trol field intensities. In addition, the lower pump intensities required would also
likely reduce contributions from possible higher-order multiphoton processes. A
problem that would arise though is the low probability for three-photon absorption
at low pump intensities, which would require longer integration times and possi-
bly even higher detection sensitivity. Using a one-photon excitation instead of a
three-photon excitation would likely increase the transition rate and solve this prob-
lem, although it would greatly complicate the experimental setup since it requires
VUV-light.

5.3.2 Comparison of Experimental data and Simulations
Overall, the experimental data is consistent with the predictions of the simulations.
There are, however, two deviations in the data – at low and high ac Stark shifts,
respectively. As pointed out, there are a number of approximations and factors
behind the simulations. In addition to neglecting transitions into any other excited
state than B/E and J/F , the simulations do for instance not account for the
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exact laser focus geometry and pulse shape, or a possible temporal distribution of
frequencies within the pump pulse (e.g. a slight chirp). The neglect of the shielding
of the Rydberg states was however accounted for in the fits (with the a parameter).

Uncertainties in the measurements could also have affected the experimental
results and agreement with the simulations. Worth to note is for instance small
variations in detector temperature and PMT drift between measurements. The
effect of the former is likely not significant, and the latter effect should have been
reduced by detecting the average background before and after measuring the signal.
Instability of the laser during measurements, leading to large fluctuations in the
laser intensity, may also add to the uncertainty in the data. Moreover, the exact
average pump pulse energy was difficult to determine experimentally with high
precision (using a powermeter) due to natural intensity fluctuations. Pulse energies
could not be determined with accuracy of less than 1 µJ. In fact, this was a limiting
factor in terms of the Up-resolution in the experiment. Lastly, the estimation of
the beam waist (15 µm at FWHM) was never confirmed by actually characterizing
the laser focus. Mainly as a result of the latter, there is some uncertainty in
the estimated peak ponderomotive shifts for the experimental data, likely causing
a small shift of the Up-scale by some (small) factor. The shielding factor a of
approximately 0.5, as indicated from the fit results, should thus not be taken too
seriously, even though it does in fact concur quite well with the expected shielding
factor of about 0.4, as previously mentioned [19]. This indicates that the estimated
Up scale is likely not far off the actual scale.

5.3.3 Deviations in the Experimental Data
Although some of the above mentioned factors may have had influence, the neglect
of the contributions from other excited states of O2 is probably largely responsible
for the observed deviations between the fitted experimental data and the simula-
tions. The large deviations present at high ac Stark shifts are most likely a result
of such transitions. As previously pointed out, these deviations cannot solely be
explained by saturation.

At ac Stark shifts ≥ 0.25 eV (estimated Up ∼ 1 eV), the measured 762-nm
intensity indicates a much higher yield of O(1D) than the simulations predict.
This points at that absorption into additional excited states that can generate
O(1D) takes place at a large extent at these high shifts. Whether or not the lower
quintet level O(35S) from the observed 777-nm transition can, by a cascade process,
eventually form O(1D) is not known. Moreover, we expect no states at two- and
three-photon level that can ac Stark shift with increasing Up other than the B/E
and J/F states. Other states at these energy levels would therefore not show any
excitation-intensity dependence, i.e. Up-dependence and are therefore not expected
to contribute to the measured spectra. In addition, states at two-photon level or less
are not expected to generate O(1D). The e3∆u Rydberg state, whose ν = 0 level
indeed can just about be reached with a three-photon excitation, should likely only
produce a weak declining signal at around Up ∼ 0 as the state is rapidly ac Stark-
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shifted out of resonance [52]. There may however exist other dissociative states
at four- or higher photon level, producing O(1D), that may become significant at
higher pump intensities [55].

An interesting observation is made regarding the structured features present
in the fitted experimental data. Re-scaling the energy shifts for a non-shielded
four-photon excitation yielded a ∼ 0.3 eV spacing between the first two negative
absorption (residual) peaks, positioned at about 0.17 eV and 0.48 eV. This sepa-
ration is fairly close to the convergence limit of the energy differences between the
vibrational levels of Rydberg states in O2 [18]. Also, the 36 meV FWHM of the
peak at 0.17 eV is concordant with expected linewidths of vibrational resonances
of Rydberg states [18]. Additionally, the ∼ 70 meV separation between the closely
spaced peaks at about 0.48 eV and 0.55 eV is in the order of the expected spacing
between vibrational resonances of ν = 2 and ν = 1 of ac Stark-shifted Rydberg
states with n = 5 and n = 6, respectively [18]. Although this is the case, the exper-
imental spectral resolution is in general too low to make any definite assignments of
any of the residual peaks to individual vibrational resonances with Rydberg states,
also since the latter probably also overlap significantly [18]. It can be concluded,
however, that all of the observed structured deviations occur within a Ueffp -interval
that coincides with expected resonances at four-photon energy level (at 400 nm) of
ac Stark-shifted non-shielded Rydberg states with n ≥ 5, previously observed by
Kłoda et al. [18].

Noteworthy, the presence of the last observed negative residual peak in the fit
using a constant Up,s, at an ac Stark shift of about 0.24 eV, may possibly be ex-
plained by the increased deviation of the experimental data from the assumed model
at higher shifts, at which higher-order multiphoton processes can be expected to be
significant. On the other hand, this peak was much less prominent in the fit using a
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Figure 5.1: A schematic picture of the
proposed physical model causing the
deviations between experimental data
and simulations.

variable Up,s, which would account for the
variation in absorption cross section in this
ac Stark shift region.

To summarize, negative contributions to
the O(1D) yield at low Up and positive con-
tributions at high Up are observed in the
experimental data compared to the simu-
lations. Hence, from the above discussion,
the following full qualitative explanation,
schematically illustrated in figure 5.1, is pro-
posed:

At low Up, vibrational levels of Rydberg
states with n ≥ 5 are ac Stark-shifted into
resonance with a four-photon excitation. As
absorption into these Rydberg states does
not generate O(1D) to any significant ex-
tent, this would explain the observed struc-
tured negative contributions to the mea-
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sured O(1D) yield at low Up (since saturation is present). On the contrary, at
high Up the large magnitude of the ac Stark shifts results in a channel closure
for the four-photon resonance with these high-lying Rydberg states. Kłoda et al.
indeed observed a channel closure for these states at about Ueffp ∼ 1 eV for the
corresponding 8-photon resonance at 800 nm [18]. As of fact, this channel closure
agrees well with the observed large positive deviations that indeed commence at
about a four-photon Ueffp ≥ 0.7 eV (estimated Up ≥ 1 eV). To point out though,
the channel closure, mainly leading to loss of (small) negative O(1D) contributions,
unlikely has a major effect on the measured O(1D) yield on its own. However,
as the high-lying Rydberg states are ac Stark-shifted out of reach at high shifts,
and driven by the high pump intensities, four-photon transitions into dissociative
states of valence character, present in the same energy region, possibly become
significant. These dissociative states would in contrast to the Rydberg states be
minimally affected by the strong pump field. Moreover, if being associated with
a dissociation limit producing O(1D), increased absorption into these dissociative
states would largely explain the large increase in O(1D) yield [54][55]. In addition,
other higher-order multiphoton resonances may contribute at high Up (high pump
intensities), such as the observed 6-photon resonance forming the quintet oxygen
atoms, from which there may or may not exist a cascade process to form O(1D).
Hence, the channel closure, combined with a largely increasing O(1D) yield, is be-
lieved to well explain the observed positive deviations that commence around an
estimated Up ∼ 1 eV. The largest effect likely originates from the latter process
though. Overall, there seems to be nothing obvious in the experimental data that
contradicts the above explanatory model.



Chapter 6

Conclusions

To conclude, this thesis investigated the dynamic Stark shaping of the molecular
potentials involved in the SRC of O2. Simulations by T. Hansson predicted a
significant change in branching ratio of the B/E and J/F dissociation channel,
causing a red-shift of the absorption spectrum, upon three-photon excitation and
ac Stark shifting induced by a 400-nm femtosecond pulse. To test this prediction,
B/E absorption was monitored as a function of pump pulse intensity at 400 nm.
Absorption into the B/E potential was measured indirectly using the O2(b − X)
detection scheme.

The results of the experiments indicate that the B/E absorption indeed changes
dramatically with pump pulse intensity, i.e. with ponderomotive shift. Below ap-
proximately an estimated peak ponderomotive shift of 1 eV, corresponding to ac
Stark shifts ≤ 0.3 eV, fitting of the experimental data to corresponding simulations
by T. Hansson yields overall good agreement. This indicates substantial dynamic
Stark shaping of the B/E and J/F potentials induced by the presence of the pump
field, specifically due to ac Stark shifting of the diabatic representations of the E and
F Rydberg states. At higher shifts, however, large positive deviations are present,
which may be explained by significant absorption into higher excited states that
can generate O(1D). In addition, saturation was clearly present in the experimental
data and had to be accounted for in the fits. Smaller, but significant deviations
present at small ponderomotive shifts can possibly be assigned to vibrational reso-
nances with higher-lying Rydberg states via four-photon absorption.

To further investigate the dynamic Stark effect on the B/E and J/F potentials,
and potential DSC of the photodissoctiation of O2, future studies may employ a
separate pump and non-resonant IR control field. This would likely reduce com-
plications arising from saturation, as well as from contributions from other excited
states of O2.
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Appendix

6.1 Fitting Parameters

Table 6.1: Fitting parameters obtained from the fits of the experimental data to simulated
data. Note that a = 1 was the upper limit of a in the fits, since the shielded Up in principle
cannot exceed Up (i.e. a · Up ≤ Up). Even so, the nonlinear least-square fits converged in all
cases.

Type of Up,s Constant Constant Variable Variable
Structured data points Included Excluded Included Excluded

a 1.0 0.51 1.0 0.50
c 0.60 0.20 0.61 0.21
u 1300 4200 1300 3600
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