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Progress is made by trial and failure; the failures are generally a hundred times more numerous
than the successes; yet they are usually left unchronicled.
Sir William Ramsay, 1852 to 1916.
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Abstract
Today, laser processing of dielectric materials with ultrashort, femtosecond laser pulses finds a
great variety of applications. While ablation, cutting or welding of different types of glasses are
widespread and popular examples, nanostructuring of transparent crystals or optoporating cells is
part of more recent scientific studies. Although the material systems seem to be very different,
their interaction with visible and infrared wavelengths is very similar: the light is simply transmitted. This changes drastically when they are exposed to ultrashort and highly intense laser pulses.
Different interaction mechanisms lead to the appearance of a transient metal-like state. Thus,
pump-probe experiments are the method of choice to study the optical excitation of dielectric materials. In strong contrast to the metallic characteristics of excited dielectrics, this study provides
the first observation of the amplification of a probe laser in optically excited sapphire and fused
silica glasses. Not only is the observed amplification of coherent nature, it is also dependent on
the incident probe pulse intensity and thus of a nonlinear order, a curiosity in itself. From the
experimentally obtained energetic and temporal dependencies, a consistent three-step model was
developed and is supported by simulations. Besides, the influence of temporal pulse shaping on
spatial properties of the laser excitation in water is demonstrated experimentally and via simulations. It is shown that temporally asymmetric shaped laser pulses lead to a spatial distribution of
laser excitation that is reduced in area but highly extended in depth. The results are put into the
context of post-mortem experiments.

Kurzzusammenfassung
Die Lasermaterialbearbeitung dielektrischer Materialien mittels ultrakurzer Femtosekundenlaserpulse findet in der heutigen Zeit vielfältige Anwendungen. Während das Abtragen, Trennen oder
Fügen diverser Gläser sehr naheliegende und weit verbreitete Anwendungen sind, ist die Nanostrukturierung von Kristallen oder die Optoporation von Zellen Teil aktueller Studien. Doch egal
wie unterschiedlich die Materialsysteme erscheinen, ihre Wechselwirkung mit sichtbarem und infrarotem Licht ist identisch, es tritt ohne Absorption hindurch. Dies ändert sich jedoch abrupt,
wenn ultrakurze Laserpulse im Femtosekunden-Bereich verwendet werden: Durch die sehr hohen
Intensitäten, die diese kurzen Laserpulse haben, können verschiedene Wechselwirkungsmechanismen einen Übergang vom transparenten in einen transienten metallischen Zustand bewirken, was
eine starke Absorption und Reflexion zur Folge hat. Dementsprechend haben sich Anrege-Abfrage
Experimente als eine sehr gute Methode bewährt, um die optische Anregung dielektrischer Materialien zu untersuchen. In teils starkem Kontrast zu bisher beobachteten Effekten stehen die
in dieser Arbeit präsentierten Untersuchungen an kristallinem Saphir und Quarzglas: Zum ersten Mal konnte gezeigt werden, dass unter bestimmten experimentellen Bedingungen ein zeitlich
verzögerter Abfragepulse in einem optisch stark angeregten Dielektrikum verstärkt wird. Dabei
ist diese Verstärkung nicht nur, ähnlich wie in einem klassischen Laser, kohärent, sondern hängt
auch von der eingehenden Intensität des verstärkten Laserpulses ab. Die Verstärkung ist nichtlinear und stellt somit eine selten beobachtete Kuriosität dar. Unterstützt werden die Messungen,
die die zeitlichen und energetischen Abhängigkeiten aufzeigen, durch einen Erklärungsansatz mittels eines einen mehrstufigen Prozess und dessen Simulation. Zudem wird der Einfluss zeitlich
asymmetrisch geformter Femtosekunden Laserpulse auf die räumliche Verteilung der Anregung in
Wasser mittels Experiment und Simulation untersucht. Es zeigt sich, dass zeitlich asymmetrisch
10
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geformte Laserpulse zu einer räumlichen Anregungsverteilung führen, die im Vergleich zu bandbreitebegrenzten Laserpulsen eine um die Hälfte reduzierten Fläche hat, dafür aber umso größere
Tiefe erreicht. Diese Ergebnisse werden im Kontext aktueller post-mortem Experimente diskutiert.
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Introduction
a near infra-red femtosecond laser pulse on or inside transparent materials such as
glasses or tissue leads to a well-defined deposition of energy by promoting a large density of
carriers to the conduction band by strong-field excitation processes. As this energy stays spatially
confined on ultrashort time scales, these laser pulses have become the instrument of choice for
dielectric structuring on a micrometre or even nanometre scale [1] as well as for applications in
nanosurgery [2]. Depending on the incident intensity, a large range of material modifications can
be realized: While optical Kerr effect, self [3]- and cross-phase [4] modulation or field-induced
currents [5] are examples of reversible processes, higher intensities can cause permanent refractiveindex changes [6, 7] ablation of the material or even the creation of new material phases [8]. It is
the transient conduction-band-electron density that plays the fundamental role in determining the
optical properties and time-resolved pump-probe experiments are an excellent tool for studying its
dynamics, demonstrated in a manifold of experiments. Nearly all of them show that absorption and
reflection strongly increase after excitation due to the build-up of a transient electron plasma. This
gives the material transient metallic properties that eventually prevent transmission through the
dielectric material. The above-mentioned processes and properties are discussed and described in
the first part (I) of the thesis, together with the experimental setup and how the data was evaluated.
When physical mechanisms are introduced and discussed, they are often accompanied by calculations to visualize certain effects and dynamics. All calculations and visualizations are done for
sapphire, a material with many known material parameters, given in table 19.1 in the appendix.

F

OCUSING

The most important goal of this thesis was to extend the existing experimental spectral interference
setup on liquid [9] to solid samples, allowing an in-situ characterization of the strength of excitation in solid dielectrics like fused silica and sapphire, as the understanding of the interaction with
ultrashort and temporally shaped femtosecond laser pulses can be much easier resolved than compared to post-mortem experiments. The setup of the experiment was realized with the help of Lasse
Haahr-Lillevang who was a visiting PhD student from the University of Aarhus for three months
in early 2015 (see description in chapter 7). The first experiments on sapphire and fused silica
demonstrated immediately the high temporal and spatial resolution in the investigation of optical
properties of laser-excited dielectrics in a (reference-) pump-probe experiment. But, something did
not seem quite right: We observed that the 400 nm probe pulse is coherently amplified inside the
sapphire sample on a scale of a few micrometers for certain excitation conditions induced by the
800 nm pump pulse. To confirm these observation, the experiment was changed into a pure-pump
probe configuration and was supported by simulations in which Lasse Haahr-Lillevang was again
involved. They strongly support the proposed two-photon stimulated emission process and reproduce all main experimental observations. Thus, this thesis demonstrates the first straightforward
experimental proof of coherent laser amplification in excited dielectrics (LADIE). The results were
published in Nature Physics [10] and are described in part II.
The typical characteristic behavior of excited dielectrics, increasing absorption and change in refractive index, is often used to quantify the level of excitation and allows to investigate a manifold
13
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of dependencies like the temporal dynamics, strength of excitation or even the impact of the temporal pulse shape. In this context, we found in our previous study [11] indications that the utilization
of temporally asymmetrically shaped femtosecond laser pulses leads to higher excitation inside
water. In extension, this study provides the first insight into the spatial properties of laser excitation of water using ultrashort, bandwidth-limited and third order dispersion shaped laser pulses.
Not only is the pump-strength dependence measured spatially-resolved (see chapter 7), they are
accompanied by simulations that allow understanding how such temporal pulse shapes indeed lead
to an excitation reaching much deeper into the sample, while at the same time the area of excitation
is reduced by nearly a factor of two. These results were published in Applied Surface Science [12]
and are discussed in part III.
Similar results that link spatial properties of laser excitation to the temporal pulse shape were
obtained in a recent study of ablating fused silica, performed by Nadine Götte [13, 14]: It was
found that by utilizing the same pulse shapes as mentioned above, ablation structures with huge
aspect ratios (e.g. 250 nm width to 10 µm in depth) were created. This was the first demonstration
of creating such structures with a single pulse, by pure temporal pulse shaping, without utilizing
spatial beam shaping techniques [15] or filamentaion processes. Although much harder focusing
conditions were used in comparison to the water experiments, the spatial characteristics of the
ablation were much more overwhelming. To understand the differences between the observations
on the two different dielectric materials, we adapted the simulation to fused silica. The main
difference between water and fused silica in context of this thesis is, besides the state-of-matter
at room temperature, the ultra fast trapping of electrons in exitonic states within 150 fs. These
states are not linearly absorbing the near IR-wavelengths of our pump pulses, however as they are
located within the band gap, they are more easily excited than the electrons from the valence band.
By considering not only multi-photon excitation, but also, for the first time, avalanche excitation
from these states we were able to simulate the ablation depth for a great variety of pulse shapes
and focusing conditions in an overwhelming agreement with the experimental results. While the
experiments were performed by Nadine Götte, I adapted my simulation model, originally written
for water, and performed the calculations. The results were published in [13] and are discussed in
great detail in the PhD-thesis of Nadine Götte [14].
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Part I.
Basics
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1. Description of Gaussian laser pulses
1.1. Spatial and temporal properties
To describe ultrashort laser pulses, we use the linearly polarized electric field E at a fixed position
in space as a function of time t. The real valued time-dependent electric field E(t) consists of an
envelope function A(t) and the oscillating wave described by:
E(t) = A(t) cos [Φ0 + ωl t] ,

(1.1)

where ωl is the angular frequency of the laser pulse. For our laser pulses with a central wavelength
λl of 800 nm, we obtain via
2π
(1.2)
ωl = c ,
λl
an angular frequency of ωl = 2.34 rad/fs using the speed of light in vacuum c. This is equal to a
period of 2.67 fs. Φ0 describes the phase between the envelope and the oscillating field.
The time dependent, oscillating laser intensity I(t)osc is defined by [16]:
I(t)osc = ε0 cn0 |E(t)|2 = ε0 cn0 A(t)2 cos2 [Φ0 + ωl t] ,

(1.3)

where ε0 is the vacuum permittivity and n0 the refractive index of the material. As the envelope
A(t) is only slowly varying with respect to the fast oscillating part, usually the cycle-averaged
description1 is used [16]:
 2
1
t
2
I(t) = ε0 cn0 A(t) = I0 exp(−4 ln 2
),
(1.4)
2
∆t
where I0 is the peak-intensity of the laser pulse and the last term the Gaussian intensity distribution
in time with a FWHM pulse duration ∆t. The pulse duration can be calculated from the measured
spectrum of the laser pulse via the bandwidth-time product (see chapter 1) or measured as will be
discussed later.
The peak intensity I0 can be calculated from the experimentally determined pulse duration, pulse
energy EP and 1/e2 beam waist w0 via [16]:
r
4 ln 2 2EP
.
(1.5)
I0 =
π πw02 ∆t
It can be seen by comparing the cycle-averaged and the oscillating intensity, that the latter has a
two times higher peak intensity. This could potentially have an impact, as many of the processes
1

Cycle-average means that the oscillating intensity is integrated over one period.
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introduced and discussed in this work are depending on the strength of the electric field or laser
intensity. All the descriptions for the different field driven effects introduced in this work were
derived for the cycle-averaged laser pulses and are even valid down to the single-cycle regime, as
discussed in Brabec and Krausz [17]. It will be noted when we use the description of the oscillating
electric field.
The spatial intensity distribution of our Gaussian laser pulse is described by [16]:
I(r) = I0 exp −(2

r2
),
w02

(1.6)

where I0 is the, already introduced, peak-intensity at the center (r = 0) of the pulse and w0 is the
spot size, defined as the radius at which the intensity is decreased to 1/e2 of the peak value I0 .
Although it is usually not possible to directly measure the intensity of an ultrashort laser pulses,
the temporally integrated transmission, the local fluence given by:
Z

∞

I(t, r)dt

F (r) =

(1.7)

−∞

is a value that can be measured, e.g. by a calibrated CCD ("CCD": Charged coupled device)
camera.
If the fluence is integrated over space:
Z
EP =

∞

F (r)dr,

(1.8)

0

we obtain the pulse energy, EP , of the laser pulse, representing the spatially and temporally integrated intensity I(t, r).
Using the above mentioned relations, the peak fluence FPeak , the cycle-averaged peak intensity and
pulse energy can be put into the following relation:
FPeak

r
1
π
2EP
= I0 ∆t
=
.
2
ln2
πw02

(1.9)

The energy of a laser pulse can be measured for example by a very fast photodiode or a slow
photodiode/thermal powermeter measuring the average power of the laser. By taking into account
the repetition rate of the laser f , the energy of a single pulse can be simply calculated from the
average power P by:
P
EP = .
(1.10)
f
This is only valid if all pulses have the same pulse energy. Usually the pulse-to-pulse energy
fluctuations are in the range of a few percent making it a valid measurement technique for the
pulse energy.
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Figure 1.1.: Time dependent intensity profile (cycle-averaged) of a bandwidth limited (black line)
and positively cubic phase shaped laser pulses with a φ3 of 100000, 300000 and
600 000 fs3 . The pulse shapes are of identical fluence and are shifted on the y-axis
for a better visibility.

1.2. Temporally shaped laser pulses
In the presented experiments, we utilized various types of temporal pulse shapes. While a simple
stretching of the laser pulse can be realized by the introduction of glass into the beam path, a free
manipulation on a time scale of only tens of femtoseconds requires a different approach.
Ultrashort laser pulses consist of a very broad spectrum of tens of nanometers and therefore we
make use of a spectral phase pulse shaper [18]. In such a device, the ultrashort laser pulse is split
into its spectral components by a grating or a prism. Then, in a liquid crystal display (modulator) it
is possible to delay each group of spectral components with respect to the others by introducing a
spectral phase, φ(ω). Temporal changes of the electric field are then defined by phase coefficients
[19]:
∂φ(ω)
|ω ,
(1.11)
φi (ω) =
∂ω i l
where ωl is the central frequency of the laser pulse. The phase coefficients are defined by a Taylor
series of the spectral phase [18–20]:
∞
X
φi (ωl )

1
1
1
(ωl −ω)2 = φ0 (ωl )+ φ1 (ωl )(ωl −ω)+ φ2 (ωl )(ωl −ω)2 + φ3 (ωl )(ωl −ω)3 +. . . .
i!
1!
2!
3!
0
(1.12)
Afterwards, when the spatially separated frequency components of the pulse are recombined by a
second grating or prism, the shifted spectral components will have a direct impact on the temporal
shape of the pulse. Please note that only higher orders (≥ 2) have an impact onto the temporal
intensity distribution of the laser pulse [18, 19].
φ(ω) =
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Bandwidth-limited laser pulses (BWL)
In case that the laser pulse has a constant φi = 0 for all i or is described by a linear function,
it is a bandwidth-limited- (BWL) or Fourier-transform limited laser pulse having a Gaussian intensity distribution (1.5). The FWHM pulse duration, ∆t, is defined by the width of the frequency spectrum, ∆ν, via the Time-Bandwidth product for a Gaussian distribution in time and
frequency [19, 20]:
∆t · ∆ν ≈ 0.44.
(1.13)
For a frequency width of 1.467 × 1013 s− 1, we obtain a pulse duration of 30 fs.

Group delayed dispersion shaped laser pulses (GDD)
If a parabolic spectral phase function φ2 6= 0 is applied, we obtain a classical chirp of the laser
pulse, characterized by a linear increase or decrease of the frequency as a function of time [19,20].
A positive φ2 is called up-chirp, whereas for negative values it is a down-chirp. The case of an
up-chirp is well known as the dispersion introduced by a piece of glass in the beam path. As the
frequencies are shifted as a function of time, the pulse elongates and its FWHM pulse duration
increases as a function of the chirp parameter [20]:
r
φ2
(1.14)
∆tGDD = ∆t2 + 16 · (ln2)2 ( )2 .
∆t
As the pulse duration increases, the intensity of the pulse will drastically decrease, as the pulse
energy is conserved. In this study we only introduced group delay dispersion to compress the
pulse in the interaction area, compensating all optical elements the pulse passed on its way.

Third order dispersion shaped laser pulses (TOD)
While the GDD introduced a symmetrical broadening of the laser pulse, a purely cubic phase
function φ(ω) = φ3!3 (ωl − ω)3 leads to a temporally asymmetric pules shape described by [20]:
I(t)Mod
with:

  

 2


2
( 3 t − t)
∆t
1
t−t
= I0 f
exp
ln(2)
AiryAi
,
φ0
2
t12
δt
√
π
f = 1p
,
2 6 ln[2]

(1.15)

(1.16)

1

φ0 = φ33 ,

δt4
,
t=
32φ3 ln(2)2


Sign[φ3 ]
δt =
φ0 ,
1
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(1.17)
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(1.18)

(1.19)

1.2. TEMPORALLY SHAPED LASER PULSES

and Sign(x) as the Signum function. Furthermore t12 is given by:
t12

2φ3 ln[2]2
=
.
δt2

(1.20)

Examples for the temporal shapes of third order dispersion shaped pulses using a φ3 of 100000,
200000 and 600000 fs3 are shown in figure 1.1. For comparison, a BWL laser pulse with a FWHM
of ∆t = 30 fs is shown. Please note that the BWL and the TOD shaped laser pulses have equal
pulse energy, leading to a reduced maximum intensity of the strongest peaks of the TOD pulse
train by about 1/6 for a φ3 of 600 000 fs3 . In addition, the peaks with the highest intensity are
shifted to later times. With an increasing TAP parameter, the TOD shaped pulses consist of an
increasing number of sub pulses and the temporal distance of the pulse train maxima increases.
As TOD shaped laser pulses resembles the temporal equivalent of Airy pulses due to their similar
shape, they are named "Temporal Airy pulses" (TAP) throughout this thesis.
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2. Dielectric materials and their
properties
The linear interaction of light with material depends not only on the wavelength of the light but
also on the properties of the material. Typically for the interaction of light in the visible or infrared
regime with metals is a high reflectivity at the surface and a high absorption over the first tens
of nanometers of the material. In dielectric materials, on the other hand, those wavelengths are
readily transmitted, besides the small reflection at the interfaces.
The different behavior can be explained by the number of electrons in the conduction band. Since
in metals, valence- and conduction band are very close together or are even overlapping, the population of electrons in the CB is very high [21]. In dielectrics, on the other hand, the conduction
band is empty as thermal excitation is not possible due to the very large band gap that typically
exceeds several electron volts (EG > 4 eV). In comparison, the thermal energy of a free electron
with three degrees of freedom at room temperature (21 degrees Celsius) is only 0.0375 eV. Examples for dielectric materials reach from liquid water to amorphous and crystalline glasses like
fused silica or sapphire.
The transparent behavior of dielectric materials rapidly changes when those are interacting with
highly intense laser pulses. Although the energy of a single 800 nm photon, carrying an energy
of 1.55 eV, is much smaller than a typical band gap of 9 eV for a dielectric, at intensities in the
Tera- or Petawatt per cm2 regime, nonlinear interactions become probable. While transient nonlinear effects like the optical Kerr effect (section 4.4) are only present as long as a highly intense
laser pulse is incident, strong-field excitation of electrons from the valence to the conduction band
(section 3.1) can have a more sustainable impact onto the material itself as we will discuss later.
Sapphire
Crystalline sapphire is the dielectric investigated in this work, that comes closest to a model-like
system. With its large band gap of more than 9 eV and the availability of ultra-pure (UV-grade)
samples that have an ultra low density of impurities, it is perfect for investigating the excitation
dynamics on a long time scale of several picoseconds [22]. The absence of impurities has two
major advantages: First, impurities can lead to the presence of electrons in conduction band and
second, they might introduce additional recombination effects that strongly reduce the lifetime of
the electrons in the CB [23–25].
Fused silica
In addition to crystalline sapphire, we used amorphous fused silica (SiO2 ) as an additional target
sample. It is also a model material of a variety of dielectric materials in which exciton trapping is a
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dominant process. Trapping of excitons describes the creation of semi-bound states of a conduction
band electron at a silicon site and a corresponding valence-band hole at a neighboring oxygen site
in addition to a lattice relaxation [25] usually located within the original band gap. The most
pronounced excitonic state is located at 5.2 eV [25] above the valence band edge.
Liquid water
While sapphire and fused silica are perfect examples for dielectrics and often used targets for
material processing, water is usually more exotic. Nevertheless, as it is the most essential molecule
of life on earth, the dynamics of its excitation with ultrashort laser pulses has to be considered
when tissue or cells are processed or laser ablation of solid materials in a liquid environment is
performed, a few examples are given in [26–30].
Classically, a simplified model of an amorphous semiconductor was adapted to describe the electronic structure of water when discussing its excitation by short laser pulses, using a fixed band
gap of 6.5 eV. However, this picture has changed over the last decades [31]. Elles et al. summarized the important mechanisms [32], highlighting both, ionization and dissociation processes
in the excitation of liquid water. The range of excitation energies to promote electrons from the
valence to the conduction band ranges from 8.3 eV to 12.4 eV. One specialty of water is the presence of so-called solvated electrons. These represent a special structure of eight water molecules
surrounding a water molecule with a solavted electron. Such a structure has a reduced band gap
of 6.5 eV, however the number of solvated electrons, and thus the number of carriers that can be
promoted via this channel is strongly limited [31].
To identify a single value of the band gap of water, that is the most probable in our experiments,
we have to take a look on our spectral interference measurements (part III). In these we use 800 nm
laser pulses to create free electrons in water. From the number of created conduction band electrons and the resulting changes in the optical properties (see section 4.1) created via multi-photon
excitation (described in the next section), a power law1 dependence on the incident pump fluence
of the order n is expected:
EG + EPonderomotive
.
(2.1)
n=
EPh
EG is the band gap-, EPonderomotive the ponderomotive-, and EPh the photon energy. The ponderomotive energy shift, that can be interpret as an pump intensity dependent increase in the band gap
energy that can lead to higher order multi-photon excitation processes is introduced and discussed
in section 3.1.1. Thus, it must be ensured that the photonicity is obtained from a measurement in a
pump intensity range in which the increase in band gap does not lead to an increase in photonicity
(i.e. above a ponderomotive energy of 1.55 eV). In figure 13.2 the phase shift, which is a measure
of the conduction-band-electron density2 in dependency on the pump pulse fluence is shown. The
slopes for different temporal pulse shapes indicates a power law of n = 6 up to a phase shift of
1 rad. Therefore, it fits to a band gap value of 8.3 eV. Spectral-absorption measurements done
by Thomsen et al. [33] also reveal a strong absorption rise close to 150 nm, equal to an energy
of 8.3 eV. Furthermore, we modeled the excitation by using 8.3 eV and obtained a very good
agreement between simulations and experiment, shown and discussed in part III.

1
2

At the lowest possible intensity above the excitation threshold.
Valid assumption until a phase shift of 1 rad (See part III)
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3. Excitation mechanisms
We mentioned, that the high intensity of an incident laser pulse can lead to an excitation, i.e. the
promotion of electrons from the valence band to the conduction band. In general, these mechanisms can be divided into two categories: strong-field (SFI) and impact-/avalanche ionization (AI).
Please note that we adapt the terminology of atomic-physics and therefore equally use the terms
excitation/ionization and free/conduction-band electrons throughout this thesis.

3.1. Strong-field excitation
Starting at the lowest incident laser intensity with a photon energy smaller than the band gap,
multi-photon excitation (MPI) is the first process1 that is able to promote an electron from the
valence- to the empty conduction band by the simultaneous absorption of several photons as shown
in figure 3.1a. The number of photons required depends on the band gap- EG , the energy of the
photon EPh and the ponderomotive energy as introduced in equation 2.1. Multi-photon processes
of higher order require higher laser intensity compared to lower order multi-photon processes
since the excitation probability decreases drastically with increasing number of involved photons
[34, 35]. With increasing laser intensity, another strong-field process becomes probable, tunnel
ionization (TI). The strong electric field of the laser pulse "bends" the potential of the atom such
that the possibility that an electron is located outside is non-zero, i.e. the electron can tunnel
through the coulomb barrier, as sketched in figure 3.1b.
A theoretical model for strong-field ionization, developed by Keldysh [34], provides a parameter2
that distinguishes between MPI and TI. The Keldysh parameter, γ, is given by [34]:
r
ωl cε0 mEG n0
,
(3.1)
γ=
e
I
where c is the speed of light in vacuum and ε0 the vacuum permittivity. m is the electron mass,
I the incident, cycle-averaged laser intensity, ωl the frequency and n0 the linear refractive index
of the irradiated dielectric material. In figure 3.2 the calculated Keldysh parameter γ (blue line)
is plotted as a function of the peak intensity I for sapphire. It can be seen that γ decreases with
increasing pump pulse intensity. It is assumed that above a Keldysh parameter of γ = 1.5, MPI is
the dominant process whereas for values below γ = 1 (horizontal black, dashed lines) MPI can be
approximated by tunnel ionization [34, 36].
The energy required for the excitation, does actually consists of two contributions: The energy of
the band gap and the ponderomotive energy.
1

Please note that at photon energies much lower (much higher frequencies) than used in our experiments, tunnel
ionization becomes very probably even at low intensities.
2
called Keldysh or adiabatic parameter
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3.2. AVALANCHE EXCITATION
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Figure 3.1.: Schematics of the strong-field ionization processes for a single atom. The black dotted
lines show the coulomb potential when no external electric field is present, whereas the
solid line shows the perturbed potential by an external laser field. The grey dashed line
indicates the ionization potential. In a, the multi-photon ionization process is shown,
where several photons are absorbed at once. b shows the tunnel ionization process, in
which the Coulomb barrier is reduced by the electric field of the laser pulse allowing
the electron to tunnel through the barrier. The ionization potential when a light field is
present is indicated by the red dashed lines.
.

3.1.1. Ponderomotive energy and band gap increase
The ponderomotive energy shift is caused by the oscillations of the electrons in the conduction
band that are driven by the oscillating electric field of the incident laser pulse and is given by [37]:
EPonderomotive =

e2 I
,
2mc n0 ε0 ωl2

(3.2)

where mc is the mass of the conduction band electron. The additional energy to the CB electrons
act as an effective increase of the band gap energy [35, 37]:
ẼG = EG + EPonderomotive .

(3.3)

In figure 3.2 the effective band gap ẼG (red, dashed line) is shown for typical peak intensities used
in our experiments. As it can be seen, even at these moderate intensities, the effective band gap
significantly supersedes the unperturbed one, leading to higher order MPI processes [35].

3.2. Avalanche excitation
Once an electron was promoted from the valence- (VB) to the conduction band (CB), it absorbs
single photons from the light field of the exciting laser pulse via inverse-Bremsstrahlung. If a
CB electron has gained sufficient energy, it can impact excite a second electron from the VB into
the CB [35, 38, 39]. The required, critical, energy ECrit is, taking into account the energy and
momentum conservation, given according to Ridley [40] by:
ECrit =

1 + 2µ
ẼG ,
1+µ
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(3.4)

3.3. INTRABAND-THERMALIZATION

x

x

x

x

x

Figure 3.2.: Logarithmic representation of the calculated Keldysh parameter (blue line) γ and band
gap increase (red, dashed line) in dependence on the peak intensity for an 800 nm laser
pulse in sapphire (n0 = 1.74, EG = 9.9 eV, m = 0.36me ). The horizontal black,
dashed line represents a value of 1 for the Keldysh parameter, indicating the transition
to the tunnel excitation regime.
mC
is the ratio of the electron masses (mC and mV ) within the conduction and the
where µ = m
V
valence band, respectively. If both masses are equal, the critical energy is ECrit = 1.5ẼG .

At the end of the avalanche excitation process both electrons will be located close to the conduction
band bottom and the process can start all over again, if the exciting laser pulse is still incident. The
multiplicity of this excitation process might cause an cascade of excitations, giving the origin for
the name "avalanche excitation".
In comparison to MPI, which is instantaneous, the avalanche process is delayed [28, 41, 42]. The
reason is the finite acceleration time of the conduction-band electrons. When a laser pulse is
incident, the electron is accelerated, gaining energy via inverse Bremsstrahlung [35]. Since the
electron is inside a highly dense material, it will scatter. This can either be carrier-carrier or
carrier-phonon scattering [35]. Therefore, the limiting factor is the time in which the electron is
accelerated, under the assumption that between each scattering event one photon is absorbed [28].
These scattering times are in general in the order of femtoseconds [11, 28, 39, 43, 44]. To gain
enough energy for impact excitation, the electron will therefore scatter several times.

3.3. Intraband-thermalization
Up to this point, we have discussed the two pathways for an electron to be promoted from the VB
to the CB. Although the bottom of the CB is the lowest possible and first energetic state an electron
will reach by the lowest order MPI, not all electrons are located in it:
Due to the free carrier absorption, adding the energy of a single photon from the pump pulse,
electrons are distributed across the conduction band as sketched in figure 3.3a3 . The peak closest
to the lower CB edge corresponds to the MPI, whereas peaks at higher energies correspond to n+1
3

The distribution of the holes in the VB is very similar.
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3.4. RELAXATION PROCESSES
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Figure 3.3.: a, The excitation and heating of electrons leads to a discrete-like distribution of electrons in the conduction band. b, Intraband-thermalization causes the initially discrete
distribution into one that can be described by a quasi-Fermi-distribution.
absorption’s of photons provided by the pump pulse. The time at which the electron distribution has
such a shape is either during the excitation or shortly after, for a very short pump pulse, as scattering
quickly spreads the distribution of electrons, followed by intraband-thermalization. "Intraband"
indicates that electrons in the valence band and the holes in the conduction band are equilibrating
among themselves first [45, 46].
For a material in thermodynamic equilibrium, the energetic distribution of electrons and holes is
usually described by a Fermi- or Boltzmann distribution with a single temperature and chemical
potential (the band gap energy) [21]. However, this is very different in case of a laser-excited
dielectric. Shorty after its excitation it is in a highly non-equilibrium state as written above.
The resulting distribution that follows the intraband-thermalization process can be described by
a quasi-Fermi distribution, having separate temperatures and chemical-potentials for holes and
electrons [45, 46]. Such a distribution of electrons and holes is sketched in figure 3.3b. The way in
which such distributions can be calculated is described in chapter 6.

3.4. Relaxation processes
After electrons have been ejected into the conduction band, their lifetime is limited: Depending
on the recombination and relaxation process, the electrons will transfer their energy to the lattice
and finally relax back into the VB on a time scale of hundreds of picoseconds. While the bandto-band recombination is a transition from the CB into the VB, associated with either an transfer
of the energy to the lattice or a radiative recombination visible as fluorescence, the self trapping
of electrons into self -trapped exciton states (STEs) is a special effect occurring in a certain class
of dielectrics which includes fused silica (see chapter 2). While only a fraction of the energy is
transferred to the lattice (providing energy for the hole to get into the higher excitonic state), the
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Figure 3.4.: Sketch of excitation and recombination processes in band gap materials with indications of typical time scales.
trapped exciton is located within the band gap and can, on a time-scale of nanoseconds [47] relax
into the VB or be transferred into so-called color states which are permanent imperfections within
the lattice of the material [24]. These might lead to the absorption of certain light frequencies and
let the material appear to have a certain color in the human visibility spectrum, giving the origin
for the name of the defect. The processes described above are sketched in figure 3.4, indicating
typical timescales (if applicable).
A further recombination process that can occur is Auger-recombination: Similarly to the bandto-band recombination, a CB electron recombines with a hole from the VB, however in this case,
the energy is transferred to another CB electron, putting it into a high-energy state [48, 49]. This
might allow a re-excitation of another electron via impact excitation, making Auger-recombination
and avalanche excitation competing processes. We do not account for Auger recombination in the
simulations involved in this work.
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4. Optical properties of laser-excited
dielectrics
The excitation of a dielectric material, i.e. the injection of carriers into the conduction band,
drastically changes the optical properties. In this chapter we briefly describe how the complex
dielectric function depends on the number of carriers and how light is attenuated when propagating
through such a material:

4.1. Drude model
The plane wave solution for an electromagnetic wave propagating through a dispersive medium in
z-direction is given by a solution of Maxwells equations [37, 50]:


ñωl z
) − ωl t êy ,
(4.1)
E(t, z) = E0 exp i(
c
where ñ is the complex refractive index, c the speed of light in vacuum, ωl the frequency of the
laser pulse, E0 the peak amplitude of the oscillating electric field at z = 0 and êy the polarization
vector.
The complex
refractive index ñ, is given by the dielectric function (under the assumption n0 =
√
√
εµ ≈ ε, where µ is the permeability of the material) ε [37]:
ñ2 = ε = εr − i

σ
,
ε 0 ωl

(4.2)

with the relative permittivity εr , the vacuum permittivity ε0 and the conductivity σ of the material.
Please note, that this equation is only valid under the assumption that the relative permittivity of
the material is constant and does not depend on the conduction band electron density. That this is
not always the case is discussed later in this section.
For an unexcited dielectric material, in which no electrons are present in the conduction band
N = 0 (σ = 0) the dielectric function is given by the relative permittivity εr . In case of an excited
dielectric, the quasi-free electrons lead to a non-zero conductivity of the material.
The contribution to the changes of the permittivity can e.g. be described by the Drude model.
The equation of motion of the electrons driven by the external electric field of the laser pulse
E(t) = E0 exp(−iωl t) with the laser frequency ωl is given by [37, 50]:
mc

∂ 2 x mc ∂x
+
= −eE(t)
∂t2
τ ∂t

(4.3)
31

4.1. DRUDE MODEL

Real Part of the Refractive Index

0.6
1.65

0.5
0.4

Re - With CM - correction
Re - no correction
Im - with CM - correction
Im - no correction

1.32

0.3
0.2

0.99
0.1
0.0
1025

1026

Imaginary Part of the Refractive Index

0.7

1.98

1027

Electron Density (m-3)

Figure 4.1.: Calculated real and imaginary part of the complex refractive index in dependence on
the CB carrier density, with and without the Clausius-Mossotti (CM) correction for
sapphire with a scattering time coefficient of τ ∗ = 1 fs. (Other values used for the
calculation can be found in table 19.1).
with the conduction band electron mass mc , the electron scattering time τ and the charge of the
electron e.
By Fourier transforming the equation of motion and solving it, we obtain:
m(−iωl )2 x(ωl ) + mC τ −1 (−iωl )x(ωl ) = −eE(ωl ),

(4.4)

which can be simplified to:
(−mωl2 − iωl mC τ −1 )x(ωl ) = −eE(ωl ).

(4.5)

This finally gives the solution for the displacement:
x(ωl ) = −

e E(ωl )
.
mC −iωl τ −1

(4.6)

We now calculate the dipole moment of the charge displacement (x) via the definition µ(ωl ) =
−qx(ωl ), where q is the charge of the particle, i.e. the elementary charge e.
This provides:
µ(ωl ) =

e2
E(ωl )
.
2
mC −ωl − iωl τ −1

(4.7)

Now we use the volume averaged dipole moment to obtain the polarization P (ωl ) of the material
[37]:
1
P (ωl ) = Σµi (ωl a) = N hµ(ωl )i = ε0 χ(ωl )E(ωl ),
(4.8)
V
where N is the number of electrons in the dielectric and χ(ωl ) is the susceptibility given as:
χ(ωl ) =

N e2
(−ωl2 − iωl τ −1 )−1 .
0 mC
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4.2. THE CLAUSIUS-MOSOTTI CORRECTION

The first part:
s
ωpl =

N e2
,
ε0 mc

(4.10)

is called the plasma frequency.
Thus, the complex dielectric function ε(ωpl ) of the excited dielectric material is finally given by
[37, 50]:
2
ωpl
ε(ωl ) = εb − 2
.
(4.11)
ωl + i ωτl
εb is the contribution by the valence band electrons and usually set to εb = n20 , where n0 is the realvalued, linear refractive index of the material. The conductivity of the excited material, introduced
above, can be directly obtained from the imaginary part of the complex dielectric function.

4.2. The Clausius-Mosotti correction
The approximation of a constant contribution to the dielectric function by the valence band electrons, εb is only valid up to a certain density of excited electrons. Due to their promotion, the
permitivity generated by the remaining valence electrons decrease [51]. A correction is given
by [51, 52]:
3NV βCM
,
(4.12)
εb = 1 +
3 − NV βCM
where NV = NMax − N is the number of valence band electrons, NMax the total number of
available electrons1 and βCM , which can be obtained from the simple condition that in the case of
no excitation N = 0, the equation simply has to be solved by εb = n20 [51]:
βCM =

n0 − 1
.
NMax n0 + 2
3

(4.13)

The changes, accompanied by the CM correction of the refractive index are important in the high
excitation regime, as can be seen in figure 4.1. Here, real and imaginary part of the complex refractive index in dependence on the conduction-band-electron density are shown, with and without
the CM correction. At high electron densities, the real part strongly decreases in the uncorrected
case. For the corrected value, the behavior is different. Close to the critical electron density
(NC (800 nm) ≈ 1027 1/m3 ) the decrease flattens. The critical density is defined as the value at
which the plasma frequency is equal to the optical frequency of the laser pulse and thus defined as:
NC =

ωl mC ε0
.
e2

(4.14)

The imaginary part, which is solely responsible for absorption (see eq. 5.11), is less influenced
by the reduction of the valence band electrons. Only above the critical density (N > 1027 m13 ) the
uncorrected value underestimates the imaginary part that takes into account the correction.

1

This number is equal to the density of valence band electrons of the unexcited material. Values for sapphire and
water can be found in the tables 19.1 and 20.1.
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4.3. Lorentz-Drude Model
In materials that express exitonic states, such as fused silica (chapter 2), the Drude model (equation
4.11) has to be extended to the Lorentz-Drude model. As excitonic states are located within the
band gap, they are characterized by a specific resonance energy ~ωl and a corresponding line
width ~Γexc . The dielectric function that takes into account the contribution by CB electrons and
electrons located in the excitonic states is given by [21, 22, 37, 44, 50]:
ε(ωl ) = εb −

2
2
ωpl
ωexc
,
+
f
exc 2
ωl2 + i ωτl
ωl − ωl2 + iωl Γexc

(4.15)

2
where ωexc
is similarly defined to the plasma frequency as:

s
2
=
ωexc

e2 Nexc
,
mexc ε0

(4.16)

with the number of excitons Nexc and their mass mexc .

4.4. Optical Kerr effect
In addition to the change of the refractive index by the CB electrons and STEs, the transient
optical Kerr effect (OKE) plays an important role, especially if the material is probed when the
pump pulse is still incident. In isotropic (inversion symmetric) materials, where a varying electric
field is incident, the electric susceptibility is given by (up to the third order) [3]:
3
χ ≈ χ(1) + χ(3) E(t)2 .
4

(4.17)

A detailed derivation of the susceptibility and discussion can be found in the PhD thesis of Tilmann
Kalas available on the group server. In most cases, in which the nonlinear susceptibility is smaller
than n20 = 1 + χ(1) the refractive index, can be expressed in terms of a Taylor series by:
ñ ∼
= n0 + n2 I(t),

(4.18)

with the linear- n0 and nonlinear refractive index n2 . The complex reflective index including the
transient OKE and the contribution by free carriers is given by:
s
ñ =

2
ωpl
εb − 2
+ n2 I(t).
ωl + i ωτl

(4.19)

As this nonlinear effect is only present as long as the driving pulse is incident it can be used to
characterize one of the pulses as shown in the appendix in section 16.1.2.
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Figure 4.2.: a, Sketch of plasma-defocusing in case that the incident power is less than the critical
value, but strong enough to create a free electron plasma. b, Sketch of the counterbalancing case. c, Sketch of beam collapse in the case of filamentation.

4.5. Propagation effectcs
Due to the intensity dependence of the OKE, a typical laser pulse with a Gaussian radial intensity
distribution can be affected by self-focusing: The intensity profile will cause a positive refractive
index change being highest in the center. This resembles, for n2 > 0, a focusing lens. Depending
on the incident power and the nonlinear refractive index, the laser beam might decrease in radius
(see figure 4.2b) and eventually collapses (see figure 4.2c) and lead to a filament. The critical
power Pcr required for self-focusing to overcome the natural diffraction is given for a Gaussian
beam by [53]:
3.77λ2
,
(4.20)
Pcr =
8πn0 n2
where λ is the wavelength of the laser pulse. While the change of the refractive index by the
OKE is dependent on the incident intensity, the usage of a critical power seems to be inconvenient.
However, the "virtual" lens argument justifies the usage of a critical power:
Lets assume an incident laser pulse has sufficiently high intensity for self focusing. When the
power is kept constant but the beam radius is doubled, the intensity drops by one quarter and
therefore the induced changes to the refractive index by the OKE are only of one quarter. However,
due to the much larger area, the lens is larger and compensates the reduced changes to the refractive
index changes [54].
The typical length LSF over which an intense laser beam collapses due to self focusing is given
by [53]:
2n0 w0
,
(4.21)
LSF = q
λ0 PPin
−
1
cr
where Pin is the incident power of the laser pulse and w0 the beam waist. When the beam collapses,
the intensity of the laser pulse inside the material drastically increases due to the decreasing beam
radius. This will lead to an excitation of electrons by strong-field processes as described in section 3.1. As we have seen above, CB electrons will actually decrease the dielectric function and
therefore the refractive index (see eq. 4.11), acting as a defocusing lens. This effect is called
plasma-defocusing [53] and can happen as soon as CB electrons are created and thus also even if a
power below the one required self focusing is applied, sketched in figure 4.2a. After the collapsed
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pulse is defocused by the excitation of carriers, it might have still sufficient intensity to lead to a
subsequent collapse. This periodic process and the resulting propagation of the laser pulse is called
filamentation [53].

36

5. Modeling laser excitation
A basic way to model the laser excitation is the use of a single rate equation model to calculate
the time dependent conduction-band-electron density induced by ultrashort laser pulses. It was
initially developed by Stuart et al., based on a Fokker-Planck-Equation, including strong-field
excitation mechanisms [55,56]. In general, all single-rate-equation (SRE) models used to calculate
the time dependent conduction-band-electron density N (t) are described by a differential equation
in the form of:
∂N (t)
= NSFI + ηAI .
(5.1)
∂t
The first part is the contribution by the strong-field ionization (SFI) and the second part the contribution by avalanche ionization (AI), respectively. As mentioned in the introduction, there exist a
variety of expressions for the different ionization mechanisms. In part III, we use [12, 28, 39, 42,
54, 57, 58]:
∂N (t)
= σn I(t)n + αAI I(t)N (t),
(5.2)
∂t
where N (t) is the time dependent conduction-band-electron density, σ a multi-photon coefficient,
which order n depends on the integer number of photons (equation 2.1) to overcome the band gap
energy EG . αAI is the avalanche excitation coefficient.
Usually the contribution by strong-field excitation is calculated by the Keldysh formalism [34,
59]. The full Keldysh expression provides an intensity depending transition from multi-photon to
tunnel ionization. It also includes the increasing photoniticity due to the ponderomotive shift. The
expression can be reduced to either pure multi-photon or tunnel ionization [34].
Even if the full Keldysh formalism is often used to calculate the excitation by strong-field ionization, we use a more simple approach, in which a constant multi-photon coefficient is fitted to
match experimental results, as done in a manifold of other studies as well [11, 12, 28, 60–62]. It
is important to note that this simplification does not account for higher order multi-photon excitations caused by ponderomotive energy shift, explained in section 3.1.1. In figure 3.2, the band gap
increase in sapphire due to the ponderomotive energy shift is shown for a typical peak intensity
range used in our experiments. As it can be seen, the band gap increase is even at low intensities
already on the order of the photon energy (1.5 eV).
The contribution by avalanche ionization has been assumed to have a constant factor αAI of proportionality (as used in 5.2). Kennedy on the other hand used an expression based on the classical
plasma absorption rate WPL given by [22, 42, 52, 63]:
WPL =

I 2κω 1
,
~ωl c N

(5.3)

where κ is the imaginary part of the refractive index, given by:
ñ = k + iκ,

(5.4)
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with the real part of the refractive index k. In comparison to a constant excitation rate, the plasma
absorption rate by Kennedy not only takes into account the laser pulse frequency, it also considers
the absorption coefficient of the material that is consistently changing during and after the laser
excitation.
Although the amount of conduction band electrons created via avalanche excitation might be different when using a constant avalanche coefficient compared to the approach by Kennedy, we
justify its use due to the simplicity and reduced computational effort. Furthermore we obtain αAI
in our investigations as a fitting coefficient by comparing simulations with experimental results.
As discussed in the previous section, the inverse-Bremsstrahlung absorption is a process that suffers from scattering after each absorption of a photon and therefore the electron takes a certain
time to reach the critical energy [28]. A way to implement this retardation is to use the so-called
multiple-rate-equation model, developed by Rethfeld et al. [64] and extended by Christensen et
al. [65]. Here the conduction band is discretized into a certain amount of conduction band states,
each separated by the photon energy. The transition probability between each level is calculated
by the above mentioned plasma absorption/electron heating rate (eq. 5.3). Thus the energetic
distribution of the electrons in the conduction band is given by a quasi Fermi distribution and a
natural retardation is implemented [22, 52]. This approach is very accurate, but on the other hand
it requires a high computational effort in order to calculate the transitions between a high number
of states. This is further discussed in section 5.2.
In our simulations we implement the natural retardation of the avalanche excitation by a method
introduced by Vogel and coworkers [28]. By making use of a retarded time tRet for the electron
density in equation 5.2, it will be taken into account that the electrons, that contribute to the impact
excitation process at the present time, have been excited at an earlier time. The retarded time tret
is given by [28]:
tret = t − t∗ ,
(5.5)
where t∗ is the time the electron requires to gain sufficient energy:
t∗ = nc τ,

(5.6)

i is the number of photons required to access the critical energy and τ the scatterwhere nc = h EECrit
Ph
ing time, which is mostly assumed to consists of the carrier-carrier and carrier-phonon scattering
time [35, 52], respectively. The latter one is obtained experimentally whereas τ ∗ is used as a fitting
parameter, as discussed in the next section.
Finally, we end up with a differential equation for the time dependent electron density in the
form [11, 28]:
∂N (t)
Nmax − N
=
(σn I(t)n + αAI I(t)N (tret )).
(5.7)
∂t
Nmax
Nmax −N
Nmax

is a scaling factor that includes the starvation of the excitation processes in case all valence
band electrons (Nmax ) were excited.

5.1. Scattering time
As seen in the last sections, the scattering time has an large impact on the optical properties of the
excited dielectric, but also to the excitation process. Often [11, 12, 38, 39, 66–69], the scattering
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Figure 5.1.: Electron density dependent scattering time for a scattering time coefficient τ ∗ = 1 fs
and a carrier-phonon scattering time 1/γc−p = 1 fs.
time is assumed to be constant, which is only true for low excitation cases [35, 44, 52, 70]. In this
regime, the carrier-phonon scattering is the dominant process. Increasing the strength of excitation
and therefore the density of CB electrons and their kinetic energy, the velocity of the CB electrons
and thus the probability of scattering rises. The scattering time τs can be expressed as a sum of
scattering rates γ:
1
= γs = γc−p + γc−c ,
(5.8)
τs
which consists of a constant term for the carrier-phonon γc−p and an energy dependent carriercarrier scattering rate γc−c . While the carrier-phonon scattering time is a value that can be obtained
experimentally, as shown in [11, 12], the carrier-carrier scattering rate is used as a fit parameter by
us. However, it is possible to approximate it by [52]:
1
τc−c

√
= γc−c = 4π 2r2 vN,

(5.9)

where v is the root-mean-square velocity of the electrons and r the electron radius. This radius
is either the Debye screening length for moderate to high electron densities or the de-Broglie
wavelength for low electron densities. The detailed description of the used model can be found
in [52].
For reasons of simplicity, we use an expression introduced by Siegel et al. [71], in which the
electron scattering time is related to the critical electron density NC and the conduction-bandelectron density N [71]:
Nc
1
= τ∗ ,
(5.10)
τc−c =
γc−c
N
where τ ∗ is a fitting parameter, referred in this work to "scattering time coefficient". It defines the
scattering time for an electron density equal to the critical density. The scattering time dependence
on the electron density can be seen in figure 5.1. Here, at a very low excitation around 1025 to 1026
m−3 the scattering time is equal to the carrier-phonon scattering time whereas higher values of
the electron density leads to a drastic decrease in scattering time, theoretically down to the sub-fs
regime.
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Figure 5.2.: Calculated ratio of the CB electron density in water, created by a positive TAP, with a
high and low retardation time, as explained in the text. Values for this calculation of
water can be found in table 20.1.

Unfortunately, a variable scattering time will lead to a changed retardation of the avalanche ionization process (eq. 5.7) in our model described above. The change occurs as long as the electron
density changes, causing a problem in the computation. Modern, software-integrated, nonlinear
differential equation solver, which uses a Runge-Kutta-Method, like Mathematica or Matlab are
not able to solve delayed differential equations with changing delay. Therefore, the electron density dependent scattering time τs = 1/γs will be used to model the optical properties, whereas we
use a fixed retardation time for the electron excitation. The consequences affects only pump pulses
with a longer pulse duration, since short and ultrashort laser pulses (< 50 fs) mainly addresses
multi-photon ionization [11, 60, 62, 72]. Laser pulses with longer pulse duration, creating a CB
density higher than the critical value will experience the decreasing retarded time (equation 4.14).
Therefore, the contribution by the avalanche ionization process at high excitation intensities might
be underestimated.

To estimate the effect of the decreasing retardation time at high electron densities, we calculated
the intensity depending electron density using a positive TAP laser pulse, described in section 1.2,
with the retardation time given by the carrier-photon scattering time and the scattering time at the
critical electron density. The calculation is based on the parameter summarized in table 20.1. The
quotient of the final conduction band electron densities using the high and low retardation time in
dependence on the pump pulse energy is shown in figure 5.2. It can be seen that a small retardation
time will lead to a higher electron density compared to a high value (ratio < 1). Since the electron
density evolves while the pulse is incident, the low scattering time will be reached after a certain
time and is not present when the pulse arrives. Therefore, the presented case is assumed to be the
worst case scenario.

In table 5.1 the introduced time expressions are summarized.
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Temporal quantity
Time
Retarded time
Scattering time
Scattering time coefficient
Carrier-carrier collision time
Carrier-phonon collision time

Symbol
t
tR = t − nc τs
τs = 1/γs = 1/(τe−e + τe−p )
τ∗
τc−c = 1/γe−e = τ ∗ NNC
τc−p = 1/γe−p

Typical time scales
(10−14 - 10−16 ) s
(10−15 - 10−16 ) s
(10−14 - 10−15 ) s

Table 5.1.: Overview of introduced time expressions, where nc it the number of photons needed to
reach the critical energy ECrit , N is the conduction-band-electron density and NC the
critical electron density.

5.2. Multiple-Rate-Equation model
While the simulations performed to obtain the results presented in the third part (III) of this thesis, are based on the simple rate equation approach described above, we required an extended
multiple rate equation model to calculate the excitation of sapphire for the understanding of laser
amplification in dielectrics, presented in part II.
In the (extended-) multiple rate equation model [44, 70], originally introduced by Rethfeld [64],
the conduction band is discretised into many energy levels, which are described by their kinetic
energy and the density of electrons that is located in each "level" (see figure 3.3). The model not
only calculates the strong-field excitation of electrons from the valence- to the conduction band
via the Keldysh description, but also the inverse-Bremsstrahlung absorption within the conduction
band. Thus, the electrons promoted by strong-field excitation into e.g. the lowest level in the
CB, will be promoted to higher levels by the absorption of single photons from the pump pulse,
providing kinetic energy to the electron (i.e. the energy of the photons absorbed). Therefore, the
model also predicts how many electrons will reach a sufficiently high level in the conduction band
to impact ionize further electrons 3.2. Overall, this model does not only give a more adequate
calculation of a total carrier density, it also provides the total kinetic energy of the electrons in the
conduction band as discussed in chapter 6. The detailed description of the modeling, i.e. a set of
coupled differential equations and the modeling parameter is given in [44, 70].

5.3. Modelling laser pulse propagation
In chapter 4, we briefly described how the excitation of electrons into the conduction band will
lead to a complex valued dielectric function, i.e. an absorbent material. The absorption is usually
quantified by the absorption coefficient α, given by:
2κωl
= α,
c

(5.11)

being the inverse penetration depth α1 of the material at a certain light frequency ωl [37]. Please
note that this rough approximation is only valid if the penetration depth is much shorter than the
spatial extend of the laser pulse. For the unexcited dielectric material, the absorption coefficient is
zero. With an increasing electron density the material is transformed into a transient metallic state
causing absorption of the pulse.
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Figure 5.3.: a, Calculated penetration depth of an 800 nm pump pulse in dependence on the electron density for a scattering time coefficient τ ∗ and a carrier-phonon scattering time
τc−p of 1 fs. b, Linear-logarithmic representation of the conduction-band-electron density (black line) and the resulting, calculated (using same parameters as in a), penetration depth (red, dashed line) of an 800 nm pump pulse as a function of depth.
In figure 5.3a, the penetration depth is shown as a function of the CB electron density. The depth
strongly decreases with increasing electron density. A penetration depth is actually only applicable
if the electron density would be constant over the whole thickness of a sample, like in a metal. As
the electron density drastically changes with respect to the depth, we waive to use it. However, it is
possible to average the penetration depth, shown in 5.3b, to obtain an "effective penetration depth".
In the example shown in figure 5.3b, we obtain a value of 175 µm for the plotted depth-dependent
conduction-band-electron density.
In addition to the described metallic-like absorption, the change in the refractive index will lead
to a changed reflection coefficient R which can be calculated by the Fresnel equation at a normal
incidence of the laser pulse [37, 71]:
R=

n1 − ñ
n1 + ñ

2

=

k1 − k2
k1 + k2

2

,

(5.12)

with the linear refractive index n0 of the surrounding material (in our case air n1 = nAir = 1), the
complex refractive index of the target material ñ or in terms of the wave vector (k):
k12
ω2
ω2
k22 = 2l (ñ)2 = 2l
c
c

ωl2 2
= 2 nAir ,
c
N e2
n20 − 2
ωl mc ε0 (1 +

(5.13)
!
i
)
ωl τ

,

(5.14)

where 1 − R = T defines the transmission of the incident laser pulse through the surface of the
sample:

2 !
t − t0
I(t, z = 0) = (1 − R)I0 exp −4 ln 2
.
(5.15)
∆t
It is important to note that only a discontinuous change of the refractive index will cause a reflection
and therefore it only affects the boundary of the material. As the electron density is continuously
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Figure 5.4.: Calculated conduction-band-electron density dependent reflection coefficient of an
800 nm pulse at the surface of a sapphire sample with a scattering time coefficient
of τ ∗ = 1fs and a carrier-phonon scattering time of 1/γc−p = 1fs. Please note that we
normalized the reflection coefficient to the value in case of no excitation (R = 0.0345).
distributed along the propagation direction of the laser pulse, no additional reflection take place
within the sample.
In general the reflection coefficient of a dielectric is constant, like for example at an air/water1
interface for a wavelength of 800 nm it is given by equation 5.12 to be R = 0.0345. In figure
5.4 the normalized, calculated reflection coefficient in dependence on the density of CB electrons
is shown (ñ(N )). It can be seen, that with increasing density the reflection coefficient decreases
down to a minimum followed by an increases to values higher than the initial one [71].
Beside the reflection of the laser pulse at the front surface, the excitation of carriers will lead
to absorption by two mechanisms: the multi-photon excitation itself and free carrier absorption
(inverse-Bremsstrahlung) by the created conduction band electrons. As an example for the first
process imagine the excitation of a single electron by six-photon multi-photon process. Thus,
these six photons must be missing from the pump pulse after the excitation.
The resulting intensity dependence with respect to the propagation depth is given by [37, 52]:
NMax − N E˜G
∂I(t, z)
= −αI(t, z) − NSFI
,
∂z
NMax I(t, z)

(5.16)

where α is the absorption coefficient of the material being dependent on the excitation conditions
as discussed above. NSFI is the strong-field excitation rate, introduced in equation 5.12 and ẼG is
the corrected band gap, accounting for the band gap and the ponderomotive energy shift. The term
1/I(t, z) is used to obtain the absorption per unit length.
If we neglect, for a moment, the absorption by excitation we obtain a differential equation:
∂I(t, z)
= (1 − R(t))αI(t, z),
∂z
1
2

The properties of water are summarized in table 20.1.
Could be approximated by σn I n as in our simplified rate equation model.
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where the solution is given, assuming a constant α, by the well known Lambert-Beer-Law (I(t, z) =
I(t) × exp(−αz)). Unfortunately, the absorption coefficient is not constant in an excited dielectric
α → α(z), but a function of different parameters like the conduction band electron density or the
scattering time. However, by dividing the material into very "thin" discrete slices of one nanometer thickness, the approximation of a constant absorption coefficient is valid and the free carrier
absorption in each of these slides can be calculated via the Lambert-Beer-Law.
We now come back to the absorption due to the creation of carriers via multi-photon (and avalanche)
excitation. Instead of using the formalism described in equation 5.16 we make use of a much
more simple approch: the minimum-energy-per-area Min or minimum fluence FMin . This value
describes the energy per area that was required to excite a certain amount of conduction band
electrons at a respective band gap energy and is given by [73]:
Z

L

N (z)dz.

FMin = min = ∆EG

(5.18)

0

Each electron created in a layer of the material required an energy of EG and thus this fraction
of the pump pulse fluence must be missing in the subsequent layer of the material, neglecting
additional energy due to the ponderomotive energy shift. We realize this by simply subtracting
FMin from the pulse fluence leading to a lower intensity of the laser pulse. Please note that by
doing so, the nonlinearity of the absorption process (the part by MPI) is not taken into account and
thus this approach can only be considered as a rough approximation, which will become especially
important when dealing with highly intense and ultrashort bandwidth limited laser pulses. However
it is negligible when used for low excitation cases or when shaped pulses are used, like in part III.
Please note that we do not consider the transverse aspects of the spatial Gaussian beam propagation because in our experiments, we always use beam diameters such that the Rayleigh length is
orders of magnitude larger than the sample thicknesses, ensuring a constant beam diameter over
the complete length of the sample. Also, we do not consider any nonlinear propagation effects [74]
which were introduced in section 4.5.

5.3.1. Exemplary calculations
An example of this calculation is demonstrated in figure 5.6 and 5.7. It shows the time dependent
electron density N (t) in sapphire and peak intensity distribution I(t) for a pulse of 50 fs FWHM
right below the surface (L = 0) and in the depth of 1 µm. In the case of a low intensity pump
pulse (figure 5.6) the electron density is homogeneously distributed along the sample, as seen in
the upper left inset and the intensity is nearly equal to the one right below the surface. In contrast
to this, the highly intense pulse, which is two times higher than in low excitation case, it causes a
highly non-homogeneous distribution along the propagation axis (upper left inset of fig 5.7). Even
if the peak intensity is only two times higher, the resulting plasma density increases by five orders
of magnitude. Furthermore the electron density decreases by about one order of magnitude over
the first micrometer. Additionally, the pump pulse is strongly absorbed, especially after the peak
intensity has passed, which is caused by absorption due to the free carrier absorption by the CB
electrons.
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Figure 5.5.: Schematic overview of the iterative model used to simulate the excitation of a dielectric in space and time. The numerical code is
presented in a commented Mathematica notebook that can be found on the group server in the projects folder.
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Figure 5.6.: Time dependent CB electron density (N, solid lines) and intensity profile (I, dashed and dotted lines) of a low intensity laser pulse.
Inset left upper side: Depth profile of the maximum electron density. Inset right bottom side: Zoom into the electron density
distribution around 60 − 75 fs. The used parameters for the model have been taken from table 19.1 and the step size has been chosen
here to be 1 fs (temporal) and 1 nm (spatial).
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To calculate the radial distribution of the electron density by using a Gaussian pump beam profile
we simply use as an input for the simulation:


2


I(t, r, z) = I(t) 
w0

w
q 0
z 2
z0



 exp 
−

+1


w0

2r2
r 
2
z
z0

πw2

+1




!2  ,



(5.19)

with w0 the 1/e2 beam waist in the focus, the Rayleigh range z0 = λ 0 , the radius r and wavelength
of the incident laser pulse λ. This part can be implemented as a first order approximation for low
beam waists, such that the Rayleigh range is much smaller than the sample thickness. Please note
that it is not a replacement for an accurate ray tracing model.
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6. Modelling intraband thermalization
after excitation and conditions of
population inversion
In section 3.3 we discussed that the initially discrete electron and hole distributions quickly thermalizes. Depending on the material properties, the intraband-thermalization can be finished within
a few hundred femtoseconds or even faster [45, 46], eventually producing Fermi distributed electrons and holes. These are characterized by their specific temperature Te/h and chemical potential
µe/h . Both energy-dependent distributions are then given by [45, 46, 75]
Ne (E) = ρe (E)f (E, µe , Te )

(6.1)

for the conduction band electrons and by
Nh (E) = ρh (E)f (E, µh , Th )

(6.2)

for the holes in the valence band, using the three-dimensional density of states of an electron gas ρ
and the Fermi distribution function f . The equations are given by [21]:
√
p
3
8π 2
2
×
×
m
E − ECB ,
(6.3)
ρe (E) =
e
3
h√
p
3
8π 2
2
×
m
×
EVB − E,
(6.4)
ρh (E) =
h
h3
1
f (E, µe , Te ) =
,
(6.5)
E−µe
exp( kB Te ) + 1
1
f (E, µh , Th ) =
,
(6.6)
µh −E
exp( kB Th ) + 1
where ECB is the energy of the lower conduction band edge, EVB the energy of the upper VB edge
(usually set to 0 eV). me and mh are the masses of the electron in the CB and the hole in the VB.
kB is the Boltzmann and h the Planck constant.
The temperatures and chemical potentials for electrons and holes are determined by a two-dimensional
root-finding problem [45, 46]. On the short time scale of several picoseconds, when no interband
thermalization takes place, the total number of carriers and total kinetic energy is conserved.
Therefore, the kinetic energy and total number of carriers modelled by the pump-pulse excitation
(see section 5.2) must be equivalent to the values described by the quasi Fermi distributions after
the intraband-thermalization:
Z ∞
Z ∞
Ne,M RE =
Ne (E)dE =
ρe (E)f (E, µe , Te )dE,
(6.7)
ECB
ECB
Z ∞
Z ∞
Ee,M RE =
E · Ne (E)dE =
Eρe (E)f (E, µe , Te )dE.
(6.8)
ECB

ECB
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MRE indicates the total number of electrons and energy provided by the simulation based on the
multiple rate equation model. Please note that there is an unique set of (µe , Te ) that solves both
equations simultaneously [45, 46].
For the holes in the valence band the solution is given in a similar fashion by:
Z EVB
Z VB
ρh (E)f (E, µh , Th )dE,
Nh,M RE =
Nh (E)dE =
−∞
−∞
Z EVB
Z VB
Eh,M RE =
ENh (E)dE =
Eρh (E)f (E, µh , Th )dE.
−∞

(6.9)
(6.10)

−∞

A challenge that we encountered is that, in the current state, the extended MRE model [22, 44, 70]
only accounts for the excitation of electrons and therefore we are unable to account for the energy
deposited into the valence band and the exact number of holes created; a more elaborate model,
i.e. a multiple-rate equation model for holes, would be required to fully solve this problem.
By making use of two approximations it is possible to obtain the required solutions:
• First, we assume that Nh,M RE = Ne,M RE , as each electron promoted into the CB via multiphoton excitation leave one hole in the valence band.
• Second, we assume equal masses for the electrons and holes, which allows us to estimate an
equal temperature for electrons and holes [21] (Te = Th ) and thus to obtain µh from equation
6.9.
As simple as it might sound to find the unique solution for the temperature and chemical potential
for the electrons the more difficult it is when trying to find it in a suitable time. From the extended MRE model we obtain for different initial pump pulse fluences (30 different values) a time
and depth (70 values) resolved map of conduction-band-electron density and total kinetic energy,
shown in figure 6.1a for the electron density. As we are, in this study, only interested in pumpfluence dependent dynamics that follow the excitation by the pump pulse, we took the results at a
delay time step at which all excitation processes are finished.
Now we start with the first pump pulse fluence and for each simulated layer of the 131 µm thick
sample1 , the above mentioned equations are solved. As it is for a program like Mathematica very
time consuming to find the unique solution, we handled it differently:
We calculated the solutions of 6.7 and 6.8 for a selected conduction band edge and a large variety
of chemical potentials and temperatures. These "lookup-tables" were then searched to find the
couples of Te and µe at which Ne and Ee are closest to the values provided by the MRE at the
given incident fluences and depth position. Depending on how "closest value" is defined (usually
solutions within a few percent are accepted), several couples of Te and µe might be found. In a
second step we select the couple(s) (Te , µe ) that solved Ne and Ee simultaneously. Depending
on whether there are more than 1 solution, the "acceptance" margin can be reduced until a single
solution is left. Finally the values for the holes by using Te = Th and Ne = Nh are obtained (as
described above).
This process has to be repeated for each pump fluence setting and each of its 70 depth steps. One
could think that it is maybe sufficient to link the results Te , µe , Th , µh simply to a certain incident
1

The sample was divided in 70 layers with different thickness, whereas the layer thickness increases with depth,
taking into account the depth-dependent dynamics.
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Figure 6.2.: a, Results of the thermalization calculations for an estimated band gap of 9 eV. b,
Results of the thermalization calculations for an estimated band-gap of 6 eV. The dotted line indicates the region where the carrier-density-dependent band gap shrinkage
allows two-photon transitions (see 10). The dashed lines in a and b indicate where the
difference function is 0, i.e. the border between nonlinear absorption and emission.
pump-pulse fluence or conduction-band-electron density. But, depending on how far the pumppulse propagated into the material and was absorbed, its temporal shape might be quite different.
Thus, even if the incident fluence or carrier density might occur several times at different depths
for different pump fluences, the kinetic energy might deviate. Therefore, it is required to solve the
above mentioned problem for each set pump fluence and depth (or delay time, if wanted).

6.1. Population inversion in excited dielectrics
From the obtained temperatures and chemical potentials, it is possible to calculate the energydependent distribution of electrons and holes. The reason why we need these distributions is
discussed in part II, where the coherent amplification of an ultrashort 400 nm pulse in an excited
sapphire sample is observed and suggested to be based on stimulated multi-photon emission.
In a "classical" laser medium, the requirement for stimulated emission is population inversion
between the lower and upper laser transition level. This means that more electrons are located in
the upper than in the lower state (for an electronic transition). Usually realized in a three- or fourlevel system, it is a more or less easy task to bring the active medium in the population inversion
state [16].
A dielectric material like sapphire, with its valence and conduction band, would in general be
considered as a two level system, making population inversion (i.e. more electrons in the CB than
in the VB) an impossible task, as the required fluences would break the scale of the achievable.
Even at the ablation threshold of many materials it is assumed that only a few percent of electrons
were promoted into the CB [44, 70]. As an example, in sapphire this value is assumed to be five
percent [70]. However, as we have seen above, valence and conduction band are not two discrete
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levels that are separated by the band gap energy and therefore the electrons and holes are distributed
over a broad range of energies.
To account for the energetic distribution of electrons and holes, we want to introduce the term
"energetically localized population inversion", that describes the population inversion between the
bottom of the conduction and top of the valence band, at the transition energy (wavelength range)
of a desired absorption/stimulated emission process.
We calculate the difference of electron densities in the conduction and valence band at the transition
energy (ET ), which is simply given by the difference of the Fermi distributions (∆f ) [76]:
∆f = fe,CB (ET ) − fe,VB (ET − EG ),

(6.11)

where EG is the assumed band gap energy and fe,CB (ET − EG ) the Fermi distribution of electrons
in the valence band that can be obtained from the calculated hole distribution (equation 6.6) by:
fe,VB (ET − EG ) = (1 − (fh,VB (ET − EG )).

(6.12)

If the band gap is smaller than the transition energy of the nonlinear absorption or emission process,
we average over all possible transitions. If for example, a band gap energy of 9 eV is assumed,
it would imply a three-photon process for our probe pulse with a central wavelength of 402 nm
(3~ω402nm =9.25 eV). Therefore, a possible transition can happen from 0 to 250 meV from the
band gap edge. Similarly, when a band gap of 6 eV is assumed, the transition window for a twophoton process is about 170 meV. If, for a more appropriate result, the whole spectrum of the
probe pulse would be accounted for, the possible transition window would increase accordingly.
In figure 6.2 a and b results of the difference function (equation 6.11) described above are shown
as a function of applied pump pulse fluence and depth. In figure 6.2a, a fixed band-gap energy of
9 eV and in figure 6.2b, 6 eV is used.
In both cases, we observe that the difference function at the surface rapidly increases from −1
(nonlinear absorption) to 1 (population inversion) with increasing pump pulse fluence. The dashed
lines in 6.2 a and b represents when ∆f = 0, indicating the transition from nonlinear stimulated
emission (∆f > 0) to nonlinear absorption (∆f < 0). With increasing depth, the population
difference quickly decreases. Overall, we observe that for the higher band gap of 9 eV, the required
fluences to obtain population inversion are much higher compared to the 6 eV case and it also
decreases over a shallower depth. This is attributed to the fact that less energy and a lower CB
electron density is required in order to obtain population inversion.
Please note that the excitation modeling (see section 5.2) was performed for a fixed band gap of
9.9 eV. In section 10 we will discuss the amplification mechanism in detail, however, we expect
that carrier-dependent band gap shrinkage to play a crucial role. For such a shrinkage, neither
quantitative nor qualitative descriptions are currently available. This prohibits a dynamic calculation of the pump-pulse-fluence and depth-dependent band-gap shrinkage, thermalization and the
population difference. Therefore, we opted to calculate the thermalization process for two fixed
band-gap energies.
As an example, in figure 6.1a the outcome of the extended MRE model and b, this section, is summarized. 6.1a shows the conduction-band-electron density 300 fs after excitation in dependence
on depth and pump fluence. 6.1b shows the depth-dependent electron density (black line) and
population difference (red dashed line) for a fixed pump fluence of 2.6 Jcm−2 .
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7. Experimental techniques and the
extraction of physical quantities
In this chapter, the experimental setup for the pump-probe as well as the reference-pump-probe
setup are described. The measurement and evaluation programs, as well as the corresponding
documentation can be found on the group server in the projects folder.

7.1. Pump-probe setup
In figure 7.1a the pump-probe setup is shown. Laser pulses of 30-35 fs FWHM duration at a central
wavelength of 785-800 nm are provided by an amplified Ti-sapphire laser system (Femtolasers
Femtopower Pro). The fundamental beam is split into a pump and probe arm by a 50 percent
beamsplitter (Femtolasers 50 percent beamsplitter).
The probe beam that passes a high precision motorized delay stage (PI Micos) is frequency doubled
in an 200 µm thick β -BBO crystal (Eksma-Optics) and pre-compressed in a prism compressor
(Quarzglass). We made use of a nonlinear photodiode1 (Silicon carbide, Roithner-Laser) to get a
nonlinear signal being proportional to the incident intensity S ∝ I 2 . Prior to every experiment
the pulse was compressed in this way. Afterwards the energy of each single probe-pulse can be
measured by a 3 eV photodiode (GaAsP, Hamamatsu G1117), using a reflex from a beamsplitter
or OD filter glass.
The pump beam passes a motorized half-waveplate (B.Halle Nachfl. Gmbh, Achromat 6001200 nm) and is let into our liquid-crystal-modulator-based home-built pulse shaper [18,77], which
is used for temporal pulse shaping and dispersion compensation of the pump pulse (see chapter 1).
Here we made use of the same nonlinear photodiode we used to compress the SHG pulse. However, for the 800 nm pulse, the signal is proportional to I 3 .
By using a motorized lambda-half plate (B.Halle Nachfl. Gmbh, Achromat 600-1200 nm) and a
thin film polarizer (Codix Color Pro Vis. CW02) inside the pulse shaper we adjust the pump-pulse
energy, measured by a photodiode-PD1 (Silicon photodiode) in front of a dichroic recombination
mirror (DM).
The pump and probe beams are recombined by a dichroic mirror and focused by a long-workingdistance microscope objective (Mitutoyo M Plan APO 2×) onto the surface of a thin dielectric
sample. The sample is moved from shot to shot by a motorized high precision x-y-stage (PIMicos). After the sample, the probe pulse is imaged by a 40× magnifying system onto the entrance
slit of an imaging spectrometer (Princeton Instruments 320 spectrometer with a cooled Roper
CCD array). The imaging system consists of another long-working-distance microscope objective
1

2 photons were required to overcome the bandgap at 400 nm.
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(Mitutoyo M Plan APO 20×) and a 400 mm focusing lens (Quarz). To block the fundamental pump
pulse and possibly any generated white light, we use two 400 nm ± 25 nm OD42 bandpass filters3
(BP in 7.1). The spectrometer has 1024 pixels for spectral and 128 pixels for spatial recording,
selected by the entrance slit with an adjustable slit size. We used a grating of 1800 mm−1 leading to
a dispersion on the CCD camera of 0.033 nm/px. Therefore, it is possible to measure the spectral
properties as a function of the radial position of the spatial beam profile.
The magnification factor (40×) of the imaging system was verified by imaging a transmission
grating (10 lines per mm), that was etched onto a glass slide. For details and evaluation of the data
see [78].
After the imaging system, a fraction of the probe beam is sent towards a monochromatic CCD
camera (Lumenera Lu135M), as well as a 3 eV photodiode (PD3 in 7.1a) (GaAsP, Hamamatsu
G1117). We used pellicle beamsplitters (Thorlabs BP208 uncoated) to avoid ghost-images on the
CCD camera. Ghost images are replica of an image caused by internal reflection inside a thick
beamsplitter.
The energies of the incident pump and probe pulses are measured in single shot at the indicated
positions (PD1 and PD2 in 7.1). We performed measurements in which the photodiodes are calibrated against a commercial calibrated photodiode (Ophir Nova II Powermeter) in the interaction
area. Afterwards we performed a calibration scan without a pump pulse for photodiode PD3.
Both beam profiles are characterized on each measurement day in the focal region by imaging
the beams onto a beam profiler (Data Ray WinCam) at the position of the entrance slit of the
spectrometer.
The temporal profile of the pulses is obtained, prior to each measurement, via different techniques:
The pump pulse duration is usually measured with a FROG/Grenoulli device [79]. The probe pulse
duration is then measured by the optical Kerr effect as described in Sarpe et al. [11] and shown in
the appendix in section 16.1.2.

7.2. Common-path spectral interferometry setup
This version of the experimental setup (figure 7.1b) is slightly different compared to a typical
pump-probe experiment. While the pump-pulse path is equivalent to the one described above, the
probe pulse path strongly differs:
After the pre-compression within the prism compressor, the horizontally-polarized 400 nm pulse
is split into a pair of pulses by a 12.5 mm thick α-BBO crystal, having an orientation that is rotated
45 deg with respect to the incident probe pulse, as indicated in figure 7.2. Due to the birefringence
of the crystal, the incident pulse is split into two separate pulses, propagating in the ordinary (o) and
extraordinary (e) axis of the crystal. As the refractive index of each axis is different (no = 1.6963
and ne = 1.5493), the e- and o- pulse propagate with different velocities, leading to a temporal
distance of 6.5 ps when exiting the crystal. The polarization of the probe pulses is shifted by 90 deg
with respect to each pulse and ±45 deg with respect to the pump pulse, as sketched in figure 7.2.

2
3

This means a 99.9 percent absorption for all other wavelengths.
Edmund Optics bandpass interference filter(400 nm±25 nm).

57

7.2. COMMON-PATH SPECTRAL INTERFEROMETRY SETUP

Figure 7.2.: Schematic representation of the probe pulse path. The frequency doubled 400 nm is, in
an α-BBO (1) birefringent crystal, split into two orthogonally polarized pulses with a
temporal separation of 6.5 ps. The two pulses propagates through the sample together
with the pump pulse to probe the changed optical properties. A second α-BBO (2)
crystal is used to reduce the temporal delay before the polarisation is equalized by a
polarizer (P). Picture taken from [11].
The pulse that propagated through the crystal on the extraordinary-axis, exiting the crystal first, is
called reference pulse, while the other one is named probe pulse.
Then reference and probe pulse are recombined with the pump pulse and focused onto the sample
and imaged by the imaging system. Here, after the pump pulse was filtered out by the bandpass
filter, we made use of a second α-BBO crystal to reduce the temporal distance of reference and
probe pulse. This is necessary, as our spectrometer cannot resolve the interference of two pulses
that have such a large temporal distance. The second BBO crystal is rotated such that the reference
pulse is now propagating on the slow axis whereas the probe pulse propagated through the fast
axis, effectively reducing the temporal delay to 200 fs, due to a crystal-thickness of 12.2 mm. As
the polarization of the two pulses is still ±45 deg, we use a polarizer, that is set to a vertical
polarization, as shown in figure 7.2.
Then the two pulses enter the imaging spectrometer and interfere with each other.
Please note than in contrast to the pump-probe setup, the pulse energy of the probe pulse is not
measured during the experiment. However, the total probe energy, consisting of probe- and reference pulse, can be measured prior to conducting the measurement.

7.2.1. Water-Jet
In part III we describe the investigation of laser excitation in water. We used a water jet, which
is created by letting water flow though the thin opening of a polished stainless steel nozzle. The
thickness of the water jet has been measured by recording the spectral interference pattern of the
reflected pump beam from the front and back surface of the water jet [78] to be approx. 96 µm.
To ensure a fresh sample of water for every pump pulse (approx. every second in single shot
operations), a flowing speed of 3 cm/s is selected. For our measurements we used bi- distilled
water, which can be assumed to be free of any impurities [28].
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Figure 7.3.: a, Recorded spectral interference signal (no excitation). b, Fourier transformation of
the recorded interference signal. The dashed horizontal lines represent the set time
window in which the peak for the probe pulse is selected.

7.3. Extraction of physical quantities
The reference pulse propagates through the unexcited sample and its electric field is given by (eq.
4.1):


ωl z
− ωl t) ,
(7.1)
E(z, t) = E0 (t) exp i(n0
c
where E0 (t) is the Gaussian envelope of the electric field that is propagating along the z-axis in
the time t. ωl the frequency of the pulse, n0 the linear refractive index and c the speed of light in
vacuum.
On the other hand, the probe pulse will propagate through the sample after it has been excited by
the pump pulse and thus its electric field is quite different and can be written -under the assumption
of a constant excitation along the sample thickness- as:


 κω z 
kωl z
l
E(z, t) = E0 (t) exp −
exp i
exp (−iωl t) .
(7.2)
c
c
Here the electric field is attenuated by the imaginary part κ of the complex refractive index ñ = k+
iκ (see equation 4.11). It can be seen that in the case that the material is not excited homogeneously
along the propagation direction z, ñ and thus k and κ will change as a function of depth making
the above written equation for the electric field no longer valid.
However, under the assumption of a slowly varying field in space and a weak gradient in the
conduction band density, we can make use of the WKB-solution for an wave propagating in an
inhomogeneous plasma [80] providing an expression for the accumulated phase shift of the probe
pulse:
Z
ωl L
k(z)dz,
(7.3)
∆Φ =
c 0
where L is the thickness of the sample. Please note that here k, the real part of the refractive index
is a function of depth z. An excitation of the material will therefore lead to a negative phase shift,
due to an decreasing real part of the dielectric function (see equation 4.11) and therefore a higher
speed of light inside the material.
In the same manner, we can make use of the WKB approximation to obtain an expression for
the change in transmission through the sample. We define the transmission T as the ratio of the
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intensity of the probe pulse with the reference pulse. We recall the definition of the cycle-averaged
laser intensity:
1
(7.4)
I(z, t) = 0 c|E(t, z)|2 ,
2
where I0 (t) is the temporal Gaussian envelope of the laser intensity. When neglecting reflection,
the transmission through the excited sample is given by:


Z
2ωl L
κ(z)dz ,
(7.5)
T = exp(OD) = exp −
c 0
with the optical density OD.
With respect to the spectral interference measurements, the electric fields of reference and probe
pulse can be written as:
EReference = E0 (t) exp (−iωl t)
(7.6)
and
EProbe =

√
T E0 (t) exp(−iωl (t − ∆τ ) − i∆Φ),

(7.7)

where ∆τ is the temporal delay between reference and probe pulse when entering the spectrometer.
This time depends on the experimental conditions, in our case the pulses have a temporal distance
of 200 fs upon entrance into the spectrometer.
The CCD camera in the spectrometer then records, spatially resolved, the spectral interference
which resembles a Fourier transformation (F (. . .)) of the pulses:
i
h
√
(7.8)
S(ω) = F ((EProbe + EReference )2 ) = S0 (ω) 1 + T + 2 T cos(ω∆τ − ∆Φ) ,
with the spectrum S0 (ω) and the transmission of the probe pulse T . The interference pattern consists of a Gaussian shaped spectrum that is centered at the central frequency of the probe pulse and
2π
in case of no excitation. It can now be seen, that the introduced
a fringe pattern with a period of ∆τ
phase shift, caused by a changed refractive index, moves the interference pattern. An example of
S(ω) is given in figure 7.3b. Please note that the wavelength axis is given for convenience.
To extract transmission and phase shift, a further Fourier transform is required:
√
√
F (S(ω)) = (1 + T )G(t) + T G(t + ∆τ ) exp (−i∆Φ) + T G(t − ∆τ ) exp (−i∆Φ) , (7.9)
with G(t) given by:

G(t) = exp −4ln(2)

t
∆t

2 !

and

G(t ± ∆τ ) = exp −4ln(2)

t ± ∆τ
∆t

(7.10)
2 !
,

(7.11)

where ∆t is the FWHM pulse duration of the probe/reference pulse. Thus the Fourier transform
of the interference pattern delivers an autocorrelation function with √
an amplitude of 1 + T centred
around t =0 fs and two satellite peaks with a reduced amplitude of T shifted by ±∆τ . This can
be seen in figure 7.3b, which shows the Fourier transformation of the interference pattern in figure
7.3a.
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7.3.1. Transmission
To obtain the transmission T from the three peaks shown in figure 7.3b, we make use of the
amplitude-ratio x of side-peak to the main peak, introduced in equation 7.9:

which gives

√
T
x(T ) =
√ 2,
1+ T

(7.12)

√
1 − 2x2 ± 1 + 4x2
T (x) =
.
2x2

(7.13)

Please note that in the experiments the transmission T (x) is obtained from the measured ratio x.
Both solutions for T (x) are shown in figure 7.4a and b. We can see that in case of an equally strong
probe and reference pulse (T = 1), the ratio is given by x = 0.5. However, typically the pulses are
never of identical intensity and thus the initial ratio x is less than 0.5. To still obtain a transmission
coefficient that starts at T = 1, we normalize the measured value in case of excitation to the one
in case of no excitation. The careful reader might have noticed that it is not possible to distinguish
from x < 0.5 if the reference or probe pulse has less intensity.
However, we can make use of the knowledge about the processes involved in our experiments. If
the target material, like sapphire, is excited by the pump pulse, the transmission has to decrease due
to the creation of conduction band electrons (see equation 4.11) and therefore we should observe
it in the experiment. If the transmission is increasing with increasing pump power, we can expect
that initially the reference pulse was weaker than the probe pulse.
As a side note, from plot 7.4a and b it can be seen that when starting with an initially lower probe
intensity, the slope is much steeper, therefore changes in transmission cause a more drastic change
in the ratio of the peaks, making it more sensitive.
Typically is is not expected that a transmission of T > 1 will be detected. However, an amplification of the probe pulse is measured in the experiments presented in part II. Thus, we intentionally
start with a probe pulse that has much lower intensity than the reference pulse, allowing us to measure an increase in transmission. If the amplification is so strong that the (initially weaker) probe
pulse becomes more intense than the reference pulse, it will look like the transmission decreases,
due to the decreasing ratio x. Here the positive solution of 7.12 has to be used. Thus, the interpretation of transmission measurements by spectral-interference has to be done very carefully. In the
appendix, a measurement in which a transmission above one was obtained is shown.
However, it is not usually possible to observe a transmission above 1 in our SI experiments. The
reason is that the required probe pulse intensity (see part II) is relatively high and the possible maximum probe pulse fluence is limited due to the creation of a reference/probe pulse pair and several
reflections at the crystals used in the experiment. A way to optimize the observed maximum amplification in SI experiments would be to get more probe pulse energy or to optimize the temporal
compression of the probe pulse to obtain a shorter pulse duration, as the amplification effect is
suggested to be based on two-photon stimulated emission (see part II) and thus proportional to the
square of the probe-pulse-intensity.
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Figure 7.4.: a, Calculated ratio x of side to main peaks from the transmission T and b, vice verse.
The red dashed line in a and b represents the negative solution of 7.13, whereas the
blue dotted line is the positive solution.
Transmission in pump-probe
In the pump-probe experiments, the transmission is measured in three different ways:
• Globally via the calibrated 3 eV photodiode (temporally and spatially integrated)
• Spectrally resolved by the imaging spectrometer (temporally integrated, locally measured)
• Locally by the CCD camera (temporally integrated)
All data is recorded in single shot and no averaging takes place. For each laser shot, the above
named quantities as well as the pump pulse energy are measured.
The evaluation of the photodiode measurements is quite simple: The recorded signal is calculated
into an energy via a calibration function obtained in a separate calibration. In this measurement, the
photodiode that measures the incident probe pulse energy (PD2 in figure 7.1) is calibrated against
a commercially available powermeter placed behind the focusing objective. Then, the photodiode
that records the transmitted probe pulse energy (PD3) is calibrated against PD2.
The transmitted spectra are usually not transferred into a "Transmission". They are shown as the
pure or normalized signals as a function of wavelength.
The evaluation of the CCD images is a little bit more complex: In the first step a background image
is taken where no laser light is incident. This image is subtracted from all other recorded images
to take into account the background signal of the camera. The second step is the recording of a
reference image when only the probe pulse is incident to the sample. To incorporate shot-to-show
energy fluctuations of the probe pulse4 the reference image is multiplied by a correction factor
given as the ratio of the probe pulse energy incident (PD2 in figure 7.1) when taking the reference
picture (probe only) and the measurement (probe and pump pulse are incident). It is important
to apply the correction factor to the reference image and not to the ones from the measurements.
The reason is that in the case of nonlinear effects (nonlinear in probe intensity), an application of

4

These fluctuations can be up to 25 percent in the worst case, as the pulse to pulse fluctuations of the amplifier are
in the range of 5 percent. As the second harmonic generation is proportional to the intensity squared of the amplifier,
we end up with the 25 percent.
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Measurement - (Reference x probe energy dependent correction factor)
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Figure 7.5.: Sketch of obtaining the difference map from the CCD images as described in the text.
Pr. is the abbreviation for probe pulse and P. for pump pulse.
a linear correction factor would drastically change the "real" results. To finally obtain a difference map, we simply subtracted the corrected reference image (only probe + correction) from the
measurement images (pump + probe).
For a suitable representation, we selected a cut through the probe beam on the CCD camera to obtain a radially-dependent difference signal. This "cut" was chosen to be a window of several pixels
in width. All values within this window were averaged to make up for a shot-to-shot movement of
the probe beam. This evaluation process is sketched in figure 7.5.
The local transmission extracted from the CCD measurements is the quotient of a measured image
to the corrected reference image at selected positions.

7.3.2. Phase shift
In equation 7.9, it can be seen that only the satellite peaks contain the information about the phase
shift ∆Φ. When the side peak is so clearly separated as in our experiment (figure 7.4), the phase
shift can be observed directly as a shift of the peak on the time axis. However, a more reliable
extraction is by separating a satellite pulse and Fourier transforming it (S̃(ω)). This will isolate
the interference term and the phase as a function of frequency is obtained by taking the complex
logarithm of the Fourier transform [81, 82]:
˜ = EProbe EReference exp(i(Φ0 − Φ(ω) − ωτ ),
S̃(ω) = F (S(t))

(7.14)

where Φ0 is the phase of the reference and probe pulse, Φ(ω) the spectral phase and ωτ is the phase
caused by the temporal delay of probe and reference pulse. The spectral phase is obtained by:
Φ(ω) = Φ0 − ωτ − arg S̃(ω).

(7.15)

This measurement will be related to a reference measurement to extract only the shift of the phase
introduced by the pump pulse.
∆Φ = Φ(ω)Measurement − Φ(ω)Reference .

(7.16)

Thus we obtain the phase shift for each wavelength of the spectrum with a width of around 8 nm.
If we assume that the refractive index is constant over this range, we can expect a phase shift tilt
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across the spectrum of only one percent (see equation 7.3). This little effect is ignored and in the
final measurements, we average the phase shift of all wavelengths, decreasing noise in the obtained
phase shift. If only a single wavelength would be selected, at certain values of the phase shift the
amplitude would nearly go to zero increasing the noise or making the phase shift undetectable.
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Part II.
Laser amplification in excited
dielectrics and dynamics of
laser-excited dielectrics
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8. Introduction and outline
discussed in the introduction, high-band-gap dielectrics are usually transparent for the used
probe wavelength of 400 nm. This changes rapidly when these materials are exposed to
our ultrashort and highly intense 800 nm pump pulses. The different interaction mechanisms,
introduced in chapter 4, lead to the appearance of an entire catalog of transient nonlinear optical
phenomena, like the optical Kerr effect or the metallization of the initially transparent material.
Usually, in our experiments, we utilize the changes in the optical properties, i.e. transmission
and phase shift to characterize the strength of excitation introduced by the pump pulse due to its
interaction with the material, as done in part III. This is an approved straightforward technique
used in many experiments. An important rule of thumb that runs right across all publications
covering the excitation of transparent materials is that, the harder you pump, the more metal-like
the dielectric material becomes [35]. Meaning more and more light is reflected and absorbed due
to the increasing amount of electrons in the conduction band (see section 4.1).

A

S

Performing time-resolved spectral interference experiments on sapphire, we expected to observe
results that are similar those obtained in other studies [22, 35, 57], which follow this classical rule
of thumb.
Our expectations were met only to a certain extent: After the pump pulse passed the sample (section 9.1), the phase shift 7.3, being a reliable quantity for the indication of the excitation strength,
showed a steady increase up to the ablation threshold of the material. The transmission on the other
hand behaved quite unexpectedly (section 9.2). Instead of a continuous decrease, we observed an
increased for a certain range of pump pulse intensities, eventually becoming larger than 1, indicating a possible coherent amplification of the probe pulse. These results were reproducible and we
made similar observations in measuring the excitation of water in part III.
To exclude that this unusual observation was a result of the spectral interference technique (section
7.2), we set up a more simple pump-probe experiment (section 7.1). By directly measuring the
transmission of the 400 nm probe pulse globally via a photodiode, locally with a CCD-camera and
spectrally resolved with an imaging spectrometer, we were able to measure the same temporal and
energetic dependencies as in the SI experiment and confirm its results. Furthermore, we could
show that the probe pulse is not only locally amplified but also globally (9.1.1), meaning that
more pulse energy is transmitted than was incident to the sample. This excluded the potential
redistribution of light via the propagation of the probe pulse in the highly excited sapphire sample
as an explanation and indeed confirmed that the probe pulse is coherently amplified.
Utilizing the imaging spectrometer (section 9.3), we found, either spectral broadening when a
pump fluence was used for which absorption was observed or spectral narrowing in case of amplification at higher pump fluences. This was a direct hint for nonlinear interactions (absorption
and emission) of the probe pulse with the excited sapphire. This nonlinearity was confirmed by
varying the incident probe pulse intensity and measuring all the different quantities (section 9.4).
For very low probe intensities we observed no amplification at all, i.e. the transmission simply
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decreased with increasing pump fluence, following the expected behavior, observed in a manifold
of studies, as described at the beginning of this chapter.
With increasing probe fluence, the strong absorption of the probe pulse is more and more replaced
by coherent amplification, being initially visible as a less strong absorption, followed by local and
global gain (T > 1). While often the order of nonlinear processes can be extracted from powerlaws of the dependent variable (here: probe-pulse fluence) like in e.g. in classical two-photon
fluorescence experiments [83], it is not applicable in this case, as the properties of the excited
material drastically change as a function of depth and the measured signals are values integrated
along the path of the laser pulse through the sample, discussed in chapter 5.
The correlation between the laser amplification and the excitation of the sapphire sample, i.e.
the promotion of electrons into the conduction band, was further investigated by comparing the
excitation dynamics of sapphire versus fused silica (section 9.5). As the conduction band electrons
in the latter material only have a typical lifetime in the range of a few hundred femtoseconds, it was
the perfect material for a direct comparison. And indeed, we found in fused silica the amplification
effect as well, but only as long as the free carriers were present.
Finally, it was possible to identify the origin of the nonlinear amplification to a two-photon stimulated emission process that is discussed and described in detail in chapter 10. Furthermore, by
combining an extended multiple rate equation model (sec. 5.2) for the excitation with intrabandthermalization calculations (chapter 6) and a simple propagation model of the probe pulse, it is
possible to simulate the amplification process.
As a final test of the proposed amplification mechanism, we made use of temporally asymmetric
shaped laser pulses, introduced in chapter 1. It has been shown that those pulse shapes lead to an
excitation in dielectrics that reaches much deeper, compared to ultrashort bandwidth limited laser
pulses. Examples for this effect are given e.g. in this thesis (part II) and in [13,84]. We could show
in section (10.2) that by increasing the excitation depth, the local amplification becomes stronger.
This is in perfect agreement with our model.
In summary, the time and energy dependence of laser amplification in excited sapphire and fused
silica are presented. The results are reproduced by simulations in a qualitative as well as semiquantitative fashion. We showed that a time-delayed ultrashort 400 nm probe pulse is coherently
amplified locally and globally due to the creation of a (energetically-)local population inversion
and a carrier-induced band-gap shrinkage following the excitation by an 800 nm pump pulse.

8.1. Contributions
The results presented in this part were obtained in a close collaboration with the group of Prof.
Peter Balling from the University of Aarhus - Department of Physics and Astronomy.

8.1.1. Experimental contributions
Together with Lasse Haahr-Lillevang, who was a visiting PhD student in the time of January 2015
to March 2015 in Kassel, I finished the extension of the experimental setup to measure solid samples. Lasse helped in particular adapting the measurement software (LabView) and performed,
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together with me, the spectral-interference measurements on sapphire and fused silica. Throughout the project, Cristian Sarpe was supporting the experimental part, by building the photodiodes
required for the pump-probe experiments as well with general hints and support. Bastian Zielinski
supported this project by reviewing and potentially improving the LabView software for the data
acquisition.

8.1.2. Theoretical contributions
In the final development phase of the proposed amplification process, (now Dr.) Lasse HaahrLillvang performed extended multiple-rate equation model simulations of the laser excitation of
the sapphire sample. This was required as an input for the modeling of the intraband thermalization
and resulting propagation and amplification of the probe pulse.
A detailed description of the multiple-rate equation modeling by Lasse Haahr-Lillevang can be
found in his PhD thesis (access via Aarhus University) and [22]. Important input regarding our
model, especially the thermalization part, came from Prof. Bärbel Rethfeld, from the University
of Kaiserslautern.
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9. The experiment and experimental
results
The experiment in which the amplification of a 400 nm femtosecond laser pulse is measured is
sketched in figure 9.1. It shows the pump-probe setup (see section 7.1) in which an 800 nm pump
pulse is focused onto the surface of a dielectric sample, i.e. sapphire or fused silica. The subsequent, time-delayed, 400 nm probe pulse is then incident onto the same position and probes the
changed optical properties of the excited sample by being imaged onto a CCD camera, a photodiode and an imaging spectrometer, as explained in detail in the sections 7.1 and 7.2.
In the pure pump-probe setup (see section 7.1) we are able to measure the following quantities:
• Total transmission from probe pulse energy "Global transmission"
• Spatially resolved transmission from the CCD camera "Local transmission"
• Spatially resolved signal difference from the CCD camera "Signal difference"
• Spatially resolved spectral transmission
On the other hand, in the spectral interference setup we can measure (see section 7.2):
• Radially(spatially)-resolved transmission "Local transmission"
• Radially(spatially)-resolved phase shift "Phase shift"
Those observables are highly sensitive to the excitation of the material and therefore to different
parameters:
• Varying temporal delay between pump and probe pulse using fixed pump and probe fluence:
"Delay scan"
• Varying pump-pulse fluence, while probe fluence and delay time are fixed:
"Pump-fluence scan"
• Varying probe-pulse fluence, while pump fluence and delay time are fixed:
"Probe-fluence scan"
Please note that regarding the delay scan, negative times t <0 fs are always referring to a time
before the pump pulse is incident to the sample, whereas for positive times, the probe pulse sees
the excited sample. Therefore, t =0 fs refers to the moment of time in which the probe and pump
pulse peak intensity overlap in time.
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Figure 9.1.: Schematic of laser amplification in excited dielectrics (LADIE). Upper panel: In-line pump-probe setup. A horizontally polarized
800 nm bandwidth-limited femtosecond laser pulse with a pulse duration of 30 fs FWHM excites a thin (131 µm) sapphire sample
(UV-grade, C-plane), while a time-delayed vertically polarized 400 nm pulse (43 fs FWHM) is used to probe changes in the optical
properties. The polarization of the probe pulse was chosen to provide highest reflectivity at the beamsplitters. The probe pulse is
imaged by a 40x magnifying imaging system (20x microscope objective and 400 mm focusing lens) onto a CCD camera, a 3-eVband-gap photodiode and the entrance slit of an imaging spectrometer. The complete setup is presented and discussed in detail in
sections 7.1 and 7.2. The components are: MO - 2x Focusing microscope objective, S - Sample, IMO - 20x Imaging microscope
objective, F - two 400 nm OD4 bandpass filters, FL - 400 mm focusing lens, BS - (Pellicle-) beamsplitters, PD -calibrated 3-eV
photodiode. Lower panel: Snapshot of the LADIE process: a, before excitation. b, after strong-field excitation by the 800 nm pump
pulse. c, after the 400 nm probe pulse was amplified. The white shaded area in (b) and (c) indicates the excited state of the sample.
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9.1. Temporal Dynamics of laser excited sapphire and
fused silica
9.1.1. Global and local dynamics in sapphire
Figure 9.2a shows the global transmission of the probe pulse (blue squares) measured with a calibrated 3 eV band-gap photodiode as a function of the pump-probe delay time. For negative times,
before the pump pulse arrived, no change in transmission is observed. As the delay time approaches zero, the global transmission of the 400 nm probe pulse increases to nearly two for a
short time during the temporal overlap of pump and probe pulse. During the overlap, nonlinear
interactions based on the optical Kerr effect (sec. 4.4) cause cross-phase modulation [3, 4] and
probably parametric amplification [85]. 100 to 200 fs after the temporal overlap, the global transmission increases again up to 1.5, providing a direct experimental demonstration of a global gain
for the probe pulse as it passes through the laser-excited sapphire under the given experimental
conditions.
This behavior is also reflected in the CCD images of the probe pulse in figure 9.2b, where the
images show different local contributions: In figure 9.2b(I) the unperturbed probe pulse after the
sample is imaged, whereas in figure 9.2b(II) probe and pump pulses overlap temporally. 100 fs
after the pump pulse (figure 9.2b(III)), the central part shows absorption, while for longer delay
times a bright inner ring is observed (figure 9.2b(IV)). Please note that the applied pump fluence
of 2.7 Jcm−2 is below the measured visible ablation threshold (3.2 J/cm2 ) of sapphire. We define
-ablation- as the permanent material modification visible in optical transmission microscopy (i.e.
in a 40x magnified image of the glass sample).
The local transmission within the bright ring in figure 9.2b (IV) reaches a factor of 1.4. In the
temporal evolution (red circles in figure 9.2c), this local transmission experiences a strong decrease
during the overlap between pump- and probe pulses, as reported in a manifold of studies [12, 44,
62]. Shortly after the pump pulse, the probe exhibits very low transmission followed by a slow
increase. The maximum local amplification is reached at around 300 fs.
To quantify these spatial features as a function of the pump-probe delay time, we take the difference
between the excited and the unexcited sample along a horizontal line through the beam as described
in section 7.3.1: Figure 9.2 shows the difference signal in dependence on the radial position r and
the pump-probe delay time. The spatial dimensions of the pump- (red line) and probe pulses
(blue line) are indicated by the Gaussians along the left axis. At the temporal overlap (t =0 fs),
a negative difference at the centre (r =0 µm) is visible, which we interpreted as absorption [12].
At large radii, the difference is positive which is also seen as a bright outer ring in the CCD
image (figure 9.2b(II)). This behavior is expected to result from nonlinear propagation during the
temporal overlap of the pulses based on the Kerr-lens effect (see section 4.5).
At later times (>100 fs), the negative difference in the center persists, being attributed to freecarrier absorption by the CB electrons created by the pump pulse through strong-field excitation
3.1. This strong absorption is visible as a dark area in the center of the probe pulse in figure
9.2b(III). We note that in addition, a positive difference at larger radii around 12-20 µm remains.
These features are observed as soon as CB electrons were generated and thus we relate them to signatures of plasma scattering and defocusing of the probe pulse (see section 4.5). This effect might
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Figure 9.2.: a, Spatially integrated transmission of the probe pulse. b, CCD images of the probe
pulse. Vertical dashed lines and Roman numbers in (a, c, d) represent the times
at which CCD images in (b) were taken. The red-solid Gaussian in (a) centered
around time zero sketches the pump pulse (30 fs FWHM). The temporal delay between pump and probe pulse at certain values (Roman numbers) is visualized by the
blue-shaded Gaussian shaped areas of 43 fs FWHM. c, Pump-probe delay time dependent local transmission extracted at the positions indicated by the horizontal grey
dashed lines from the CCD images (red circles) and measured by spectral interference (green triangles), extracted from figure 9.7. c, 2D difference plot of the cross
section of the CCD images for a pumped and an unexcited sample as a function of
delay time. Red and blue lines represent the spatially Gaussian beam profiles of pump
and probe beams. The experimental parameters were: Probe-pulse peak fluence: 40×
10−3 Jcm−2 , pump-pulse peak fluence: 2.6 Jcm−2 .
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Figure 9.3.: Pump-probe delay-time dependent global transmission in sapphire for an applied
pump fluence of 2 Jcm−2 and a probe fluence of 40 × 10−3 Jcm−2 .
contribute to a reduced transmission at positions of small radii, as light might get redistributed
outwards.
At even longer delay times, two lines of positive difference located in the range of r = 5 to 7 µm
appear, which we relate to being signatures of the local amplification seen in figure 9.2b(IV) as
the bright inner ring. In figure 9.2c we compare the temporal evolution of this local transmission
(red circles) to results of the spectral-interference measurement (green triangles), which is only
sensitive to coherent emission is shown (see section 7.2). We observe identical dynamics, proving
the coherence of the amplification process.
Please note that in the light appearing at larger radii a slight increases in the local transmission on
the same timescale as the amplification is observed, supporting the idea that this light underwent
redistribution from radii closer to the center.
Long delay scan in sapphire
While it takes the amplification around 300 fs to reach its maximum, it is visible locally and globally for more than 50 ps as demonstrated in figure 9.3. It shows the pump-probe delay-time dependent measurement of the global transmission up to 50 ps. We also observe that the transmission starts to decrease after several picoseconds. We attribute this decrease to the recombination of CB electrons back into the VB (see section 3.4), which is usually occurring on this
time-scale [45, 75, 86].
The reason why the global transmission is slightly lower (1.2 instead of 1.5) than in the short delay
scan can be found in the applied pump pulse fluence, which is in this case lower. This is further
discussed in the next section.
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9.2. Pump pulse fluences dependence in sapphire
In the last section we saw that the probe pulse shows different spatial features after propagation
through the excited sapphire sample. This can directly be related to the local fluence of the 800 nm
pump pulse.
In figure 9.4a CCD images of the probe pulse are shown for increasing pump-pulse peak fluence.
We used a fixed pump-probe delay time of 500 fs, at which pump and probe pulses are clearly
separated in time. At low pump fluence, we observe no changes in the beam profile of the probe
pulse (figure 9.4a(i)). A higher value leads to absorption, seen as the black spot in figure 9.4a(ii).
Increasing the pump fluence to 2.2 Jcm−2 leads to the appearance of local amplification, seen as
the bright spot in figure 9.4a(iii). Note that around the amplification area, absorption is still visible
as a dark ring. Further increase of the pump fluence allows the amplification to move to larger
radii, whereas in the centre the transmission decreases (figure 9.4a(iv)). As the amplification area
follows the local fluence distribution of the pump pulse, we look now at the local dependencies.
In figure 9.4b-c the radially-resolved pump-fluence-dependent phase shift and transmission values
are shown. The data is obtained via spectral-interference (SI) of the probe beam with a reference
beam, as described in section 7.2. This provides the most sensitive way of measuring the coherent
changes in transmission. We used a probe-beam diameter that exceeds the pump beam by more
than 2.5 times [11,12], assuring that the local probe fluence is nearly constant over the excited area.
The influence of the ratio of the spot sizes to the measured values is discussed in the appendix in
section 16.3.1.
The phase shift represents the change in the real part of the refractive index during and after the
excitation (see section 7.2). An increase in the real part of the refractive index results in a positive
phase shift, similar to the optical Kerr effect (see chapter 4). A decrease of the refractive index
leads to a negative phase shift as for example caused by conduction band electrons [12, 22, 57].
For a low pump fluences, no change in the phase shift is visible. However, as soon as the threshold
for strong-field excitation is reached at about 0.8 Jcm−2 , a further increase in fluence leads to a
negative phase shift, as seen in figure 9.4b. The curve for the phase shift along the centre line
(figure 9.4d) reaches its minimum of around −6 rad at a peak fluence of approx. 3 Jcm−2 close
to the measured visible ablation threshold at 3.2 Jcm−2 in our experiments. Higher pump fluences
lead to a slightly increased (i.e. less negative) phase shift, which has been observed for water,
shown in part III [11, 12], and sapphire [22, 66] as well.
We observe that the phase-shift values follow the spatial pump-fluence distribution of a Gaussian
beam up to the maximum change of the phase shift, as seen in figure 9.4b. For higher fluences,
the radial distribution of the phase ceases to follow the local fluence. We expect self-induced
propagation effects [87, 88] of the pump pulse to be negligible below this threshold [12]. This
is elucidated further in the appendix (see section 16.3). Note, that the onset of amplification is
observed well below this pump fluence.
The radially-resolved transmission data in figure 9.4c, obtained by SI, shows that regions of absorption and local amplification also follow the spatial pump-fluence distribution up to 3 Jcm−2 ,
indicating that the amplification effect is directly linked to a certain local fluence and thereby to a
certain level of excitation (phase shift). Therefore, depending on the incident pump-pulse fluence,
the local amplification is either located in the centre of the pump pulse, as shown in figure 9.4a(iii),
or at higher radii, as a ring-like shape (figure 9.4a(iv)).
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9.2. PUMP PULSE FLUENCES DEPENDENCE IN SAPPHIRE

9.3. SPECTRAL PROPERTIES OF EXCITATION IN SAPPHIRE

In figure 9.4d, the local transmission in the center of the pump pulse (green squares) is shown. It
decreases with increasing pump fluence, as it was observed in a manifold of studies on laser-excited
dielectrics [11, 12] and is seen as the dark area in figure 9.4a(ii). However, at around 1.5 Jcm−2
peak fluence, it starts to increase to nearly one again before it finally drops.

9.3. Spectral properties of excitation in sapphire
The coherent nature of the measured local amplification in SI is a strong indication for stimulated
emission. In such a process, we expect certain features or changes in the spectrum of the amplified
probe pulse. In figure 9.4e we present the selected measured spectra of probe pulses that propagated through the sample that was either unexcited (black solid line), excited to strong absorption
(orange dashed line) or to strong amplification (blue dotted line). The spectra were taken at a single radial position r =0 µm in the pump-probe configuration (see section 7.1) and at the fluences
indicated in 9.4b-d by the lower Roman numbers (i - iv).
In case of absorption (figure 9.4e(ii)), nearly all parts of the probe spectrum are absorbed; only in
the wavelength regime above 413 nm, the absorption is slightly less strong.
In the case of amplification (figure 9.4e(iii)) at higher pump fluence, we observe that the central
wavelength of 402 nm is strongly amplified by almost a factor of 3.7 for the given experimental
conditions. One might wonder why a transmission factor of 3.7 is obtained, whereas in the pure
pump probe scheme it was "only" 1.4 under similar excitation and probing conditions. The reason
is that T = 3.7 is the transmission of the central wavelength of the probe pulse, whereas in pumpprobe and SI experiments, the whole spectrum is taken into account. If we integrate the spectra
in 9.4e, we observe that the transmission of around 1.8 is significant lower than the value for the
central wavelength, showing again that not all parts of the spectrum are amplified equally or are
even absorbed.
The inset in figure 9.4e displays the normalized spectra for the no excitation (i) in comparison to
strong absorption (ii). We observe a slight spectral broadening, especially in the red wing in case of
absorption, which we attribute to an additional absorption process of nonlinear order. Additional
evidence for this nonlinear absorption process is presented in the next section.
Figure 9.4f shows the normalized spectra in case of maximum amplification (iii) and for a higher
pump power (iv). With increasing pump fluence, the narrow amplification spectrum broadens
towards longer wavelengths. The inset emphasizes this by showing the longest wavelength at a
10 percent level of spectral intensity as a function of the applied pump fluence. By increasing
the peak fluence of the pump pulse from 2 to 2.75 Jcm−2 , this long-wavelength limit increases
by approximately 2 nm. The fact that the amplified spectrum is significantly narrower than the
spectrum in the case of no excitation, points to an amplification process of nonlinear order [16].

9.4. Probe pulse fluence dependence in sapphire
The best way to clarify hints towards a nonlinear amplification process is to investigate the dependence of the transmission on the probe-pulse fluence. In the following pump-probe measurements,
a fixed delay time of 500 fs and a pump fluence of 2 Jcm−2 was used.
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Figure 9.5.: Probe-fluence-dependence of LADIE in excited sapphire 500 fs after excitation. a,
Spatially integrated transmitted probe pulse energy in a double-logarithmic representation for an unpumped (red circles) and excited sapphire sample (black squares). Insets in a: Exemplary CCD images of a transmitted probe pulse using very low (left)
and very high probe-pulse-energy after transmission. b, Green diamonds show the
local transmission in dependence on the incident probe pulse energy and fluence for
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parameters were: Pump-pulse peak fluence: 2 Jcm−2 . Pump-probe delay time: 500 fs.
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9.4.1. Global behavior
In terms of a spatially-averaged, global transmission, we observe that at low probe-pulse fluence
the transmission through the excited sample (red circles in 9.5a) is smaller than in the unexcited
case (black squares), generally agreed upon by us and in the literature as being caused by free
carrier/inverse-Bremsstrahlung absorption [22, 57]. For a fluence above 0.16 Jcm−2 , global gain
can be obtained under the given experimental conditions, which is a strong indication that the
amplification effect is not caused by light redistribution due to plasma defocusing or diffraction.
Also, we notice again a strong differences of local amplification (inner part) and local absorption
(first black ring) seen in the image of the probe pulse in the right inset in 9.5a. As the global
measurement is averaging over these features, we also investigated the local dependencies.

9.4.2. Local behavior
In figure 9.5b, the local probe-energy-dependent transmission of an amplified region (green diamonds), measured with the CCD camera, is shown. The position at which the data was evaluated
is indicated by the inset in 9.5b. Please note that this data and the photodiode measurements (figure
9.5a) result from the same scan. As the CCD camera has a limited dynamic range, only images for
probe energies above 0.18 µJ were recorded, or at least show more than the background noise. We
observe a nonsaturating, nonlinear, increase of the local transmission with the incident probe-pulse
energy and peak fluence, respectively.
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Local behavior in spectral-interference
The local transmission, measured with the CCD camera is not as sensitive as the SI measurements
and therefore we performed several pump-fluence dependent SI measurements (as shown in figure
9.4) for different probe pulse energies. In figure 9.6, the transmission at a local pump fluences of
1.4 Jcm−2 (red diamonds) and 2.2 Jcm−2 (black circles) in dependence of the probe-pulse fluence
are shown. At the chosen values of the pump fluence, absorption and amplification is most pronounced for high probe fluence (figures 9.4d(ii) and (iii) and 9.6), respectively. We observe that
the transmission at a pump fluence of 1.4 Jcm−2 actually decreases for increasing probe fluences
(red diamonds in figure 9.6). This hints to a nonlinear absorption process possibly made accessible
by the excitation of the sample. This is consistent with the hints of a nonlinear absorption seen in
the spectrum at similar pump fluence conditions (see figure 9.4).
For the pump fluence of 2.2 Jcm−2 , at which maximum transmission and amplification in figure
9.4d was reached, we observe that for a low probe fluence, nearly no light is transmitted through
the sample (black circles in figure 9.6) due to the strong absorption the conduction band electrons.
Increasing the probe-pulse fluence leads to a successive nonlinear increase of the transmission, as
observed in figure 9.5. It might seem unsatisfactory that the measurement ends here before a transmission above 1 was reached. However, as discussed in section 7.2, the maximum available pulse
energy for the probe pulse in the spectral-interference configuration is strongly limited by several
reasons. The most significant one is that the initial 400 nm pulse is split up into reference and
probe pulse with an intentionally stronger reference pulse, giving the probe less than 50 percent of
the initial energy. An exemplary measurement in which a transmission of above one was obtained
is given in the appendix in section 16.1.6.
The full pump-pulse dependent SI measurements from which data in figure 9.6 was extracted are
shown in appendix in section 16.1.4.

9.5. Comparison of global and local dynamics between
sapphire and fused silica
The radially-resolved, pump fluence dependent SI measurements in figure 9.4 showed that the
local amplification correlates to a certain phase shift, i.e. a certain CB electron density distribution
inside the sapphire sample. To pin down the assumed correlation, we compare time dependent
SI measurements of sapphire and fused silica, as the latter provides us with different CB electron
dynamics (see chapter 2). Due to the ultra fast formation of defects, CB electrons will be trapped
into excitonic states (see section 3.4) located within the band gap of the fused silica, on a timescale
of only 150 fs [22, 57, 89].
In figure 9.7a and b phase-shift and transmission measurements as functions of the pump-probe delay time in the SI experiment for both materials are shown. We applied a peak fluence of 1.2 Jcm−2
for fused silica (figure 9.7b) and 2.2 Jcm−2 for sapphire (figure 9.7a). The pump fluences were
chosen to provide a high transmission/amplification in the center. The chosen pump pulse fluences
are below the respective (visible) ablation thresholds of the materials (fused silica 2.5 Jcm−2 and
sapphire 3.2 Jcm−2 ). Please note that the data shown in the graphs are extracted from a spatiallyresolved measurement, shown in the appendix in figure 16.5.
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9.5.1. Sapphire
Phase shift
Approaching time zero, the phase shift (black circles in figure 9.7) starts to rise caused by the
optical Kerr effect, which increases the refractive index (see 4.4). However, we observe that after
the short increase, the phase shift stagnates around a value close to 0 before it rapidly drops to
a value of −3.8 rad. The reason for the stagnation is explained easily: For negative times, close
to time zero, the probe pulse propagates together with the rising flank of the pump pulse (see the
pulse shapes in figure 9.2a), probing the intensity dependent optical Kerr effect. The closer time
zero is approached, the higher the intensity of the pump pulse is and thus it starts to promote a
high density of carriers into the conduction band counteracting the optical Kerr effect (see chapter
4). With increasing time, the falling flank of the pump pulse does not have sufficient intensity to
counteract the changes caused by the CB electrons, marking the end of the pump pulse interaction
with the sample. This is clarified when this scan is compared to one with a very low pump fluence,
being insufficient for the excitation of carriers (see figures 16.3 and 16.4 in the appendix).
Although the phase shift rapidly drops to a value of −3.8 rad, we observe that with increasing
delay time, the phase shift further decreases to its lowest value of −4.2 rad within 200-300 fs. We
relate this to be a continued avalanche excitation by highly energetic electrons.
Transmission
The transmission (green squares in figure 9.7a) strongly decreases during the temporal overlap,
mostly due to redistribution of light towards larger radii, caused by the OKE. This can be seen in
the CCD images in figure 9.2. We observe that after time zero was reached, the transmission starts
to slightly increase before it drops again by only a few percent. This small feature could easily
be overlooked, but it occurs right at the same time as the phase shift drops to −3.8 rad. Thus, at
this time step, the low transmission is dominated by the absorption by CB electrons and no longer
by the OKE. This small feature is also visible in the local time-dependent transmission obtained
from the CCD images in figure 9.2c. For longer delay times, the local transmission increases back
to a value of one with a rise time of around 200 fs. The time in which the amplification is clearly
present, is indicated by the red shaded area. Please note that in both, time- and fluence-dependent
measurements (figure 16.5) the enhanced transmission is strongly connected to a phase shift of
around −4 rad.

9.5.2. Fused silica
Phase shift
In fused silica, the phase shift (black circles), presented in figure 9.7b, increases due to the OKE
just as in the case of sapphire. As soon as the temporal overlap decreases for positive times, the
contribution by the CB electrons is present, causing a negative phase shift of approx. −4 rad at
the given excitation conditions. In contrast to sapphire, this phase shift does not persist on the
investigated time scale. Instead, it quickly increases to positive values of 0.8 rad within 150 fs.
This is caused by the trapping process leading to a high density of excitons (see section 3.4), as
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dependent local transmission (green squares) and phase shift (black circles) sapphire.
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from figure 16.5. The experimental parameters were in a: Probe pulse peak fluence:
10×10−3 Jcm−2 , pump pulse peak fluence: 2.2 Jcm−2 . In b: Probe pulse peak fluence:
9×10−3 Jcm−2 , pump pulse peak fluence: 1.2 Jcm−2 .

they contribute with a positive phase shift (see sec 4.3) to the measurement. Once the electrons
are trapped, they will remain in this state until they decay into colour centres (defect states) or
recombine back to the valence band on a time scale of a few hundreds of picoseconds [35, 57, 62,
75]. In the radially resolved phase shift data shown in the appendix (figure 16.5c), the local fluence
dependence of the phase shift at different times is clearly visible.

Transmission

The transient local transmission in fused silica also exhibits similarities and differences compared
to sapphire: After the initial absorption for pump-probe delay times close to the temporal overlap
we see an increase in transmission attributed to the amplification effect, as the high transmission is
accompanied by a negative phase shift around −4 rad, which matches the results in sapphire. However, with the continued reduction of CB electrons due to self-trapping around 200 fs, free-carrier
absorption in the CB again dominates over the amplification process resulting in the observed drop
in the transmission signal. Shortly after the phase shift reaches its characteristic positive value
for the STEs ( [22, 44]), the transmission relaxes to one because of the emptying of the CB. The
transient transmission of the probe pulse in fused silica in combination with the STE dynamics
verifies the importance of a high number of CB electrons for LADIE and the presence of similar
excitation conditions in both materials during amplification. As STEs are located within the band
gap at around 5.2 eV [22,89], they do not absorb single photons from the probe pulse and therefore
for long delay times fused silica is transparent again. An interaction of the highly intense probe
pulse with the STEs has to be investigated in the future.
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9.5.3. Pump pulse fluence dependence in fused silica
As seen in the last section, the time dependent measurements in fused silica indicate similar dynamics in the appearance of the amplification process. Here, we investigate the pump-fluence
dependent dynamics at a time step, at which the contribution to the optical properties is dominated
by the conduction band electrons.
Figure 9.8 shows the pump-pulse fluence dependence of transmission and phase shift in fused
silica. This measurement was taken at a fixed delay time of approx. 180 fs (compare figures 9.7
and 16.5a-d). The phase shift (black circles) decreases strongly with increasing pump fluence
and reaches its minimum of −4.2 rad around 2.5 Jcm−2 , which is close to the measured ablation
threshold. For higher pump fluence, the phase shift does not increase as strongly as in the case of
sapphire (figure 9.4).
The local transmission (green squares) decreases to around 0.5 and then increases up to a peak
fluence of around 1 Jcm−2 before it drops again. For high pump fluence the transmission stagnates
at a value of around 0.5, which is higher than for sapphire (T < 0.2). The reason for this and a
slightly lower increase in transmission (T = 0.71) caused by LADIE in comparison to the results
obtained in the delay scan in figure 9.5b (T = 0.85) is that the chosen delay time does not exactly
coincide with the temporal maximum in figure 9.5. Therefore, complete delay scans at different
pump powers are shown in the appendix in section 16.1.3. Both, phase shift and local transmission
show dependencies of the amplification on the excitation condition very similar to those obtained
in sapphire.
The reason that the required fluence for excitation, measured by the changes in phase shift and
transmission, is lower than in the case of sapphire is expected to be a lower band gap of only
9 eV [22], being 10 percent less than what is the expected of sapphire.
Please note the full radially-resolved data set for phase shift and transmission are shown in the
appendix in figure 16.11.
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10. Proposed amplification mechanism
of LADIE and simulations
The observed amplification in a band-gap material like sapphire or fused silica indicates that conditions for stimulated emission are fulfilled. A simple two-level scheme would not allow those
conditions to be fulfilled, as explained in chapter 6.
Therefore we introduced a three-step-amplification process:
• The first step towards the amplification is the excitation of sapphire by the 800 nm pump
pulse, leading to a non-equilibrium electron distribution in the CB, as sketched in figure
10.1a.
• In the second step, the electronic system thermalizes due to electron-electron and hole-hole
scattering. Usually within a hundred femtoseconds, after internal thermalization, the CB
electrons and holes are in Fermi-like distributions [45, 46, 75], as shown in figure 10.1b and
explained in section 3.3 and chapter 6.
• In the third and final step, the probe pulse interrogates the excited dielectric, where the
conditions for amplification (by stimulated emission) depend on the difference of electron
density in the CB and VB at the transition energy (ET = n~ωProbe ) as described in detail
in section 6.1. Please note that in any excitation condition, free carrier absorption is present
and thus a competing process.
As the band gap of sapphire is much larger than the photon energy of the probe pulse, the amplification process must be based on a nonlinear mechanism. The order of such a process (n) is
usually determined by the band gap of the material. For UV-grade sapphire typically a value of
EGap =9.9 eV [22, 70] is used. Therefore, the excitation of sapphire with 800 nm pulses is usually
associated with a six- or seven photon process [22, 62, 70].
To verify the proposed amplification mechanism, we simulated the steps described above. The excitation of the sapphire sample is calculated via an extended multiple rate equation (MRE) model
sketched in section 5.2, which provides input for the quasi Fermi-distributions describing the thermalized electrons and holes (see chapter 6). Finally, we use a very simple propagation model taking
into account the free-carrier absorption, as well as nonlinear emission or absorption, described by:
∂I(t, z)
= −α(N (t, z)) + ∆f (z) · σn · I(t, z)n
(10.1)
∂z
While α(N (t)) is the CB electron density dependent absorption coefficient described in chapter
5, σn is a nonlinear emission/absorption coefficient1 . ∆f is the difference function indicating if
conditions for population inversion is fulfilled, described in section 6.1. Its values range from
1

This is a fitting parameter.
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Figure 10.1.: Excitation and amplification mechanism and results of numerical simulations. a,
Schematic drawing of the nonlinear excitation process by multi-photon absorption
of the 800 nm pump pulse as well as impact excitation by high-energy electrons.
The initial discrete electron distribution (N (E)) is sketched in the conduction band
(shaded areas). b, Schematics of quasi-Fermi electron and hole distributions after carrier-thermalization in dependence on the strength of excitation, indicating the
carrier-dependent band gap shrinkage as well. The blue arrows indicate free-carrieror nonlinear absorption or emission. c, Simulation of the depth-dependent transmission of the probe pulse (402 nm) in case of a 9 eV band gap and three-photon
absorption/emission (red dashed line) and assuming a two-photon process based on
carrier-induced band-gap shrinkage (to 6 eV) (green line).
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−1 (nonlinear absorption) to +1 (population inversion), therefore including both processes in the
simulation.
The red-dashed line in figure 10.1c represents the simulated local depth-dependent transmission
of the probe pulse, assuming a band gap of sapphire at 9 eV and therefore a nonlinear stimulated
emission or absorption for the 402 nm probe pulse of the third order (n = 3). We observe that the
transmission increases rapidly with increasing depth due to the self-reinforcing nature of multiphoton stimulated emission. However, at the depth where conditions for stimulated emission are
no longer fulfilled (see figure 6.2a dashed line), nonlinear absorption takes over, causing a dramatic decrease of the transmission in addition to the free carrier absorption by the electrons in
the conduction band. The initially amplified light is therefore not able to reach the end of the
sample2 .
We thus propose that the main reason for a persistent amplification is carrier-induced band-gap
shrinkage, which was recently observed in bulk-silicon [76] and 2D dielectric materials [90,91]:
When the sample is unexcited (red circles in figure 9.5a), (nonlinear) absorption of the probe pulse
is not observed at all. Consequently, the probe pulse has insufficient intensity to induce a fourphoton absorption processes. Assuming band gap of 9.9 eV and a probe pulse energy of 3.08 eV
this would be the lowest order process possible. Only when the material is excited by at least
1.5 Jcm−2 pump pulse peak fluence, spectral (figure 9.4) and transmission measurements (figure
9.6) show signs of minor nonlinear absorption of the probe pulse in addition to the free-carrier
absorption. This indicates that the band gap is effectively reduced to nearly 9 eV making a threephoton absorption process accessible, as sketched in figure 10.1b. A further increase of the pump
fluence will presumably decrease the band gap into the range of 6 eV and simultaneously transfer
the material into a population-inversion state, allowing it to act as a two-photon gain medium for
the probe light. A further experimental hint of the carrier-dependent band gap shrinkage, besides
the obvious amplification, is found in our spectral investigations, where we observe the spectral
broadening of the amplified probe pulse, presented in section 9.3.
Unfortunately, at the current time, there is neither a quantitative nor a qualitative description available for the ultra fast carrier-induced band gap shrinkage in high band gap dielectrics like sapphire3 .
This prevents a dynamic calculation of the pump-pulse-fluence and depth-dependent band-gap
shrinkage, thermalization and population difference. As we are mostly interested in the amplification process itself, we will calculate the intraband-thermalization and propagation of the probe
pulse assuming a 6 eV band-gap:
To account for the band gap shrinkage in our simple model, we introduce a Heaviside-Theta function Θ(N ∗ −N ) to the nonlinear term in equation 10.1, which is 1 when a certain conduction-bandelectron density (N ∗ ) and the required band-gap shrinkage is assumed to be reached. When taking
this approximation into account, the gain achieved at the front of the material reaches the rear side
as seen in figure 10.1c as the green line. As an input for the simulations, we used a combination of
σn and I such that a similar maximum (local) transmission inside the sample was achieved in the
6 and 9 eV band gap cases.

2

Please note that pump and probe fluence were chosen in this simulation to obtain high local amplification.
For silicon, approximations of a carrier-density related band gap renormalization have been made. They are
discussed in [92]. However, as silicon is a low band gap semiconductor, we waived to use the approximation for
sapphire.
3
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10.1. SIMULATIONS OF LADIE AND COMPARISON TO THE EXPERIMENT

10.1. Simulations of LADIE and comparison to the
experiment
When the carrier-induced band gap shrinkage, as described above, is taken into account in the
simple propagation model, all main experimental observations can be reproduced in a very satisfactory manner. Please note that the local simulated transmission shown is always an integrated
transmission of a monochromatic (402 nm) probe pulse with a FWHM pulse duration of 43 fs. The
simulated CCD images are simply extracted from the simulated local pump pulse fluence dependence (i.e. the pump dependence was simply mapped onto a spatial Gaussian profile).
Figure 10.2a shows simulated CCD images of the probe pulse transmission at different time
steps: before- and shortly after excitation4 , as well as after the electronic system has thermalized (>100 fs). The results are in excellent agreement with the experimental observations shown
in figure 9.2b. We used a pump fluence of 3.1 Jcm−2 and a qualitative probe fluence of 0.65 arb.
units to obtain the best possible agreement of simulations and experiment. The simulated pump
and probe fluence dependencies are described in the following:
In figure 10.2b, simulated transmission CCD images at three different pump-pulse fluences are
shown, whereas figure 10.2c shows the simulated local pump-fluence dependent transmission for
three different probe-pulse fluences. The CCD images as well as the local dependencies capture
the main features, from the initial absorption to the amplification for a certain energy range as well
as the local fluence dependency that leads to the appearance of a ring-like amplification structure,
as it was observed in the experiment (figure 9.4). The initial decrease of the local transmission
is slightly less steep compared to the experimental results shown in figure 9.4. We think that the
missing three-photon absorption process reducing the transmission at this range of pump-fluence,
shown in figure 9.5, is responsible for not capturing this feature. This assumption is supported by
comparing the simulation at a low probe pulse fluence (red squares in figure 10.2c) to an experiment also using a low probe pulse fluence, shown in figure 16.6. The slopes are nearly identical,
showing that only free carrier absorption is present.
We also simulated the transmission in dependence on the applied probe-pulse fluence for a pump
fluence at which we obtained maximum amplification in the simulations (i.e. 2.65 Jcm−2 , see
figure 10.2c). In figure 10.3, we observe a behavior very similar to the one observed in the experiment presented in figures 9.5 and 9.6: For a low probe fluence, the transmission of the probe pulse
through the sample is very low. Increasing the probe fluence will at first only slightly increase the
transmission, whereas for an ever increasing fluence the transmission drastically rises attributed to
the self-reinforcing nature of the stimulated two-photon emission process. However, we are also
noting a difference: the unrestricted growth of the local transmission for high probe pulse fluences
is not exhibited in the experiment. We think that the major reasons is the negligence of the dynamic carrier-induced band gap shrinkage. Furthermore the purely monochromatic simulation and
the missing three-photon absorption process might also lead to a difference between the qualitative
behavior of experiment and simulation.

4

Please note that the "before" thermalization simulation was realized by only including the free-carrier absorption
in the propagation simulation.
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Figure 10.2.: a, Simulated CCD transmission images simulated before, shortly after excitation and
after thermalization under amplification conditions (compare to figure 9.2b). b, Simulated transmission CCD images for the indicated pump-pulse fluences (ii, iii, iv) in
c. c, Simulation of temporally integrated local probe-pulse transmission for three different initial probe peak intensities showing the dependency on the local pump-pulse
fluence. The qualitative probe pulse fluence is indicated by the size of the symbols
(red squares  yellow circles ≤ purple diamonds). See corresponding experimental
data in figure 9.4.
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Figure 10.3.: Simulated transmission in a qualitative dependence on the incident probe-pulse peakfluence in the case of amplification (iii in figure 10.1c). The transmission is the timeintegrated value for the probe pulse with a FWHM duration of 43 fs, calculated 300 fs
after excitation and thermalization.

10.2. Optimizing the amplification by using temporally
shaped pump pulses
So far, we have demonstrated that the amplification process is presumably based on a stimulated
two-photon emission process caused by an energetically localized population inversion between
the bottom of the conduction- and top of the valence band in dielectric materials5 . Therefore, the
local amplification should be dependent on the "gain" length, i.e. the length over which populationinversion is achieved (see chapter 6). To further confirm that our proposed mechanism is dependent
on the excitation depth, we make use of temporally Airy pulses (TAP) described in section 1.2.
In part III, TAP pulses are used to increase the depth of excitation while decreasing the area of
excitation [12]. Furthermore in [13] we show that nano-channels with a huge aspect ratio could be
produced in fused silica using TAP pulses. Similar results were obtained in sapphire as well [93].
To verify the dependence on excitation depth, we recorded CCD images of the probe pulse for
different temporal shapes of the pump pulse, shown in figure 10.4a. We utilized 30 fs bandwidthlimited (0 fs3 ) and temporal Airy pump pulses with parameters of 100, 150 and 250 fs3 . An increasing TAP parameter leads to a stronger temporal asymmetry, as well as lower peak intensity and
longer pulse duration, discussed in chapter 1. To allow a real comparison, the pictures were taken
using adjusted pump-pulse fluences in which maximum local amplification for each pulse shape
was reached. This is required as the TAP pulses, which are elongated in time, have a lower peak
intensity, meaning that the excitation threshold is reached at higher fluences, shown and discussed
in part III. The applied pump fluences for the pulse shapes were all chosen to be below the ablation
thresholds.
At first, the CCD images for all pulse shapes look very similar to the ones in figure 9.2b: In
comparison to the unexcited case, shown in the inset in figure 10.4b, areas of local absorption
and local amplification are visible, as well as redistribution of light at large radii. However, for
an increasing TAP parameter, two observations can be made in addition: First, the bright areas
are located closer to the centre of the probe pulse, which can be explained by a reduced area of
excitation caused by the interplay of the nonlinear and linear excitation mechanisms, discussed in
part III. Second, and even more importantly, the transmission within the ring strongly increases
5

As in semiconductor laser
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Figure 10.4.: Pulse-shape dependence of the local amplification in excited sapphire: a, Pumpprobe CCD images of the probe pulse for different temporal shapes of the pump
pulse. The TAP parameters are indicated in the CCD images. A reference image
of the probe pulse for no excitation is given as inset within (b). b, Maximum local transmission as a function of the TAP parameter. The experimental parameters
were: Probe pulse peak fluence: 35×10−3 Jcm−2 . Pump pulse fluence for 0 fs3 :
2.6 Jcm−2 ; for 100 × 103 fs3 : 1.46×2.6 Jcm−2 ; for 150 × 103 fs3 : 1.6×2.6 Jcm−2 ;
for 200 × 103 fs3 : 2×2.6 Jcm−2 . Pump probe delay time was set to 1.5 ps.
with increasing TAP parameter. As this might not be very obvious from the CCD images, figure
10.4b shows the maximum local transmission within the ring as a function of the TAP parameter.
These results indicate that the amplification is strongly dependent on the depth of excitation and
correlate well to the system of population inversion discussed in chapter 6. While these indications
are purely derived from our experience and former investigations of laser excitation of dielectrics
using temporally shaped laser pulses [12,13], the correlation between excitation (gain-) depth must
be verified by simulations in the future.
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11. Short summary and outlook
In summary, we performed temporally- and radially resolved (reference-)pump-probe measurements on thin sapphire and fused silica. In these measurements, we were able to observe that a
time-delayed 400 nm probe pulse is coherently amplified inside the dielectrics that were excited
by an intense 800 nm pump pulse.
We found that the amplification is strongly coupled to the presence of conduction band electrons
and thus their different lifetime in sapphire and fused silica. Furthermore, a certain strength of
excitation, i.e. a certain pump pulse fluence, is necessary for amplification to take place. Amplification was found to be of nonlinear order. If a low probe fluence was used, the expected and
well known metallic character of the excited dielectrics was measured, whereas with increasing
probe fluence the transmission increased more and more (for a certain pump fluence range). In
addition, we found hints of nonlinear absorption and amplification in the spectrum of the probe
pulses, depending again on the strength of excitation. For increasing excitation, we found that the
amplification extends towards higher wavelengths.
In terms of temporal dynamics, we found that the amplification effects takes around 100-200 fs to
reach its maximum while the phase shift, on the other hand, reaches its maximum decrease directly
after the interaction with the pump pulse. The amplification lasts over 50 ps in sapphire and only
100 fs in fused silica, due to the respective lifetimes of the conduction band electrons.
When we used temporally shaped laser pulses, i.e. temporal Airy pulses, which are known to
increase the depth of excitation inside dielectric materials, we observe a significant increase in the
amplification factor.
Thus, the amplification process is not only controllable in space, due to the nonlinearity of the
excitation and amplification process and the possible utilization of temporal pulse shapes, it is also
controllable in time, given by the natural lifetime of the conduction band electrons and thus the
lifetime in which conditions for stimulated emission are given.
At the end, we developed a three-step process of the amplification process that is based on ultra
fast band gap shrinkage, intraband-thermalization leading to quasi-Fermi distributed electrons and
holes and a subsequent two-photon transition of the probe pulse which can be absorption or stimulated emission depending on the difference of electron densities in the CB and VB at the transition
energies, equalling two probe pulse photons. However, at the excitation strength at which the band
gap shrinkage is strong enough to allow the two-photon transition, the conditions for population
inversion are usually already reached.
We simulated the excitation, intraband-thermalization, and propagation through the excited dielectric including the two-photon process and obtained a very good qualitative and even quantitative
agreement with the experimental results, supporting our model.
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While the discovery of an amplification process in dielectrics is in itself a paradigm change and
provides a new insight into the light-matter interaction, it also offers a great variety of possible
applications:
The most obvious and thrilling one is the possibility of using pure dielectric materials as active
materials for UV lasers. In the presented case of sapphire, a 6 eV laser could be realized, by
e.g. using perpendicular excitation condition and a line focus geometry. When the focus line
matches the length of the dielectric it can be excited homogeneously along the full length and thus
be brought into LADIE conditions. This would have the advantage that light would not need to
pass regions where the excitation conditions for amplification are not fulfilled and strong absorption would take place. When the carrier then starts to recombine under the spontaneous emission
of UV-light, amplification will take place for the ones emitted perpendicular to the excitation direction, leading to stimulated emission in a single pass. At the ends of the sapphire, part of the
amplified light will be reflected at the sapphire/air interface and be further amplified traveling back.
Depending on the lifetime of the conduction band electrons and the size of the sapphire sample the
light could be reflected several times and thus lead to a lasing state, as conditions of resonance are
always fulfilled for samples that are larger than 400 nm. The amplified light could then be detected
at both edges of the sample.
Another important point is that this study represents the first experimental observation of stimulated two-photon emission/gain in a dielectric material. The process itself was proposed shortly
after the invention of the laser [94] stating high promises for possible two-photon amplifiers, due
to the inherent nonlinearity of the process itself, leading to unique features such as bi-stability, giant pulse generation, pulse compression and quantum properties such as squeezing [95] or special
photon statistics [96]. While it only took four years until singly stimulated two-photon emission
was measured [97], more than a decade had to pass until fully stimulated two-photon emission
was observed [98]. Those and other experiments [99–101] were performed under very special
experimental conditions, involving discrete-level atomic systems, often heavily driven by lasers.
Those experiments had different drawbacks: Due to the heavy optical pumping, many competing
nonlinear processes appeared, such as self-focusing, stimulated anti-stokes Raman scattering and
parametric wave mixing [95]. Furthermore, due to the low density of material present, the obtained gain was very low. Thus, two-photon stimulated amplification was proposed to be much
more efficient in semiconductors due to their much higher density [102]. While two-photon absorption was an effect studied in great detail in many experiments, the contrary process was only
measured in a few occasions: In complex nanostructured semiconductor materials, based on GaAs,
two-photon gain can be obtained in different ways. In the most simple experiment yet, AlGaAs
is excited by current based carrier injection and probed by an 800 nm pulse [103]. Depending on
the carrier injection current, the seed pulse either experienced two-photon absorption, two-photon
transparency1 or degenerate two-photon stimulated emission. "Degenerate" indicates that two photons of equal wavelength stimulated the two-photon emission, such that at the end four photons
are transmitted. Thus, the LADIE effect discovered in this study is thus also presumably based
on degenerate two-photon stimulated emission. There also exist nondegenerate two-photon stimulated emission in which two photons of different wavelengths are used to seed and to be amplified,
recently observed for the first time in a semiconductor [104]. Thus, the observation of coherent
nonlinear amplification an excited dielectrics, as shown in this study, is -to our knowledge- the only
straightforward pump-probe experiment applied to a very simple sample system, only consisting of
a thin glass slide, allowing the study of this thrilling and mostly hidden process. Therefore it would
1

In this condition, the population of electrons at the transition energy is identical.
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be an interesting task to study different aspects of multi-photon stimulated emission by investigating different sample systems providing different band gaps and varying the incident probe/seed
wavelength.
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Part III.
Spatial properties of electronic
excitation in water after interaction with
temporally shaped femtosecond laser
pulses
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12. Introduction and outline
our previous study [11], we investigated the pulse-energy and pump-probe delay time dependent dynamics of laser excitation in the central spot of the laser excitation, similarly to what is
presented in part II. Those studies helped to understand why different temporal pulse shapes lead
to different thresholds of laser-induced excitation and optical breakdown in water.

I

N

Furthermore, we observed that the measured change in the real part of the refractive index, i.e.
the phase shift (see chapter 7), being proportional to the carrier density was higher for temporally
shaped (see chapter 1) than for ultrashort, bandwidth limited laser pulses. In our opinion, a first
indication that the shaped pulses lead to a higher excitation inside the water jet.
Here, we extend those investigations by focusing on the spatial characteristics of the final1 excitation distribution using the same ultrashort and temporal Airy pulses. The experimental setup
as well as how the optical properties, phase shift and transmission, are extracted from the measurements are described in section 7.2. In contrast to our previous experiment [11] which was
performed in a continuous 1000 Hz mode, averaging the data at a single delay time and energy
setting, the current study is performed in a single-shot mode. Just as in part II, for each setting of
the pump fluence, one shot is made. Furthermore, in the original work [11], we collected the probe
pulse using an optical fiber leading it into the imaging spectrometer. By making use of a pinhole in
front of the entrance of the fiber, we selected the central part of the beam profile, thus probing only
the changes in the peak intensity part of the pump pulse. In this study, the changes in the optical
properties of the excited water sample, i.e. phase shift and transmission, are measured along a
line transversely through the beam profile in an imaging spectrometer, the radial dependence is
extracted, as described in part III.
To clarify the hints towards different spatial properties of excitation by shaped and unshaped laser
pulses, we first measure the pump-fluence dependence of the laser excitation for bandwidth limited
(section 13.1) and temporal Airy pulses (section 13.2) at respective pump-probe delay times. This
is 300 fs for the BWL laser pulse and 3000 fs for the TAP pulse with a φ3 of 600 000 fs3 as indicated
in figure 12.1 (see chapter 1 and reference [11] for more details). The temporal dynamics following
the excitation by the pump pulse are identical to those observed in sapphire, shown in part II.
Thus, we will only show and discuss the pump-fluence dependence. Nevertheless prior to the
measurements, it was made sure that correct delay times were selected.
Before turning to a direct comparison between the pulse shapes, we compare the fluence dependence of the phase shift in the center (r = 0 µm) with the one taken from a radial (fluence) line.
The observations we made are discussed in the context of propagation effects, which are also
discussed for the solid dielectrics in section 16.3.
In order to determine the spatial extent of the phase shift, we first evaluate the measured radial
distribution at fluences where the phase shift in the central part is equal for BWL and TAP laser
1

All excitation processes, multi-photon and avalanche excitation, are assumed to be finished.
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Figure 12.1.: Sketch temporal timing of the laser pulses in the spectral-interference measurements
on water as described in the text.
pulses. We then used these excitation conditions as an input for a simple rate equation simulations
to compare simulated and measured phase-shifts (14.1). We find a much lower electron density
at the surface for TAP pulses compared to the BWL under the given experimental conditions.
Differences in the distribution of the surface electron density and the accumulated phase shift are
revealed by discussing the depth-dependent excitation at these excitation conditions.
To relate the measurements and simulations to the aim of laser material processing, we simulate
the depth and radially-dependent electron density for the situation where the TAP has the same excitation at the surface as the BWL laser pulse (14.1). Finally, the measured and simulated radiallydependent phase shift accumulated over the sample thickness and simulated radially-dependent
surface-electron densities are shown in the case of equal excitation at the surface.
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13. Experimental results
When the water jet is hit by our ultrashort and highly intense pump-pulse (800 nm, 35 fs FWHM),
conduction band electrons are created via strong-field excitation (see chapter 3) and the optical
properties change instantaneously, as described in chapter 4. When those, i.e. phase shift and
transmission, are probed with our ultrashort 400 nm probe pulse as a function of the pump fluence
we made different observations:

13.1. Bandwidth limited laser pulses
Figures 13.1a and 13.2 show the pump fluence dependence of the central part of the phase shift
(black circles) for bandwidth limited laser pulses. The threshold fluence for excitation is reached
around 0.2 Jcm− 2, where the phase shift starts to decrease to its minimum value of around −3 rad
(figure 13.1(a)). Reaching the maximum change of the phase shift is usually related to an excitation level for optical breakdown [11, 39], or the ablation threshold of the material (see II). The
observed power law scaling, extracted only from the central part of the pump pulse, in a regime
of the phase shift between 0.1 and 1 rad is 6.2 ± 0.2, indicated by the black dotted lines in figure
13.2. This directly correlates to the estimated band gap of 8.3 eV (see chapter 2). However, close
to the detection limit of the experiment, between 0 and 0.01 rad, we measured an excitation of the
sample with a lower order process than the main contribution (figure 13.2). This is in accordance
with lower excitation mechanisms in water [105, 106]. As we only have a limited amount of data
points in this regime, we are not able to provide a power law scaling fit that could reveal a possible
band gap energy of this excitation process. Remarkable is that the excitation by this lower order
process seems to saturate until the main excitation process sets in at around 0.3 Jcm−2 , which could
indicate that this excitation process is the one provided by the solvated electrons, which are said to
only be able to provide a limited number of electrons, as introduced in chapter 2. Thus, we were
able to observe a pump pulse fluence dependent transition from two distinct photo-excitation processes. The phase shift at which the first excitation saturates is around 0.05 rad, which correlates
to an electron density of just 1.4 × 1018 cm−3 assuming a constant electron density (equation 7.3
with a constant scattering time of 1.6 fs) along the propagation direction of the laser pulse, which
is valid in this regime [11]. It is noteworthy that the electron density inside the sample is not high
enough to provide a detectable change in transmission.
With increasing fluence, the phase shift starts to increase again, visible as a bend of the slope in
figure 13.1a. The reason for this behavior is still unclear and was so far, not observed, to that
extent, in any spectral- or spatial interference experiments on solid dielectrics [57, 66, 70]. Even in
our measurements on sapphire (part II), the increase in phase shift is significantly lower. It might
be related to the influence of the decreasing valence band electron contribution to the dielectric
function, described via the Clausius-Mossotti relation (see section 4.2), due to an increasing reflectivity at the surface drastically reducing the fluence of the pump pulse entering the sample or
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Figure 13.1.: a, Pump pulse fluence dependence of the phase shift in the central part of the pump
pulses (BWL black circles, TAP red triangles). The red dotted line represents the
fluence dependence of the phase shift for the TAP pulse extracted from the radial
distribution taken at a peak fluence of 3.25 Jcm−2 , the black dash-dotted line the
corresponding distribution for the BWL laser pulse extracted at a peak fluence of
2.25 Jcm−2 . b, Radially-resolved phase shift measurements as a function of pumppulse-fluence for the BWL laser pulse. c, same as (b), using the TAP pulses. Dashed
vertical lines in (b) and (c) indicate positions where radially-dependent phase shift
data for figure 13.2 were extracted. The measurements in (a) are averaged values of
the phase shift over ±3.25 µm in the center of the pump pulse (b) and (c).
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Figure 13.2.: Double-logarithmic representation of the measured absolute phase shift and optical
density for BWL (circles and squares) and TAP pulses (up and down pointed triangles) extracted from the central part in figure 3. The black dotted lines indicate a
power law scaling of 6. Please note that the measured phase shift is negative.
due to propagation effects of the pump or probe pulse (4.5). At this point, a more complex and detailed theoretical approach is needed to understand these processes in the highly excited material,
as our simple single rate equation model is only valid in the excitation regime below the optical
breakdown as will be shown within the next sections.
With respect to the spatial extent of the laser excitation, we observe in figure 13.1b, that with
an increasing pump fluence, the change in phase shift moves towards greater radii following the
spatial intensity profile (Gaussian) of the pump pulse.
In addition to the phase shift, the optical density (OD), which is the logarithm of the transmission
(see 4), was measured and the results for the central part is shown in figure 13.2 (green squares). As
observed previously [11], the onset of the OD is shifted towards higher pump fluence and follows
then the same power law scaling as the phase shift. With increasing pump pulse fluence, the optical
density undergoes a minimum, which was also reported in our previous investigations. Until now,
this behavior was not observed elsewhere and its origin is linked to the recently discovered "laser
amplification in excited dielectrics" effect, discussed in part II. At the time when these measurements were performed, we were not aware of this phenomena and neither knew the dependency of
the enhanced transmission on the incident probe pulse intensity.
From the optical density and phase shift, the scattering time was extracted as presented in [11]
to be 1.6 fs from the region in which both quantities are following the power law (0.1 to 0.9 rad
of the phase shift). We assume, that the contribution to the scattering time by the carrier density
dependent term of eq. 5.8, to be neglectable (see section 5.1). The result is consistent with our
previously reported value of 1.6 fs [11].
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13.2. TEMPORAL AIRY PULSES

13.2. Temporal Airy pulses
Pump-pulse-fluence dependent measurements are performed using positive TAP pulses, as described in chapter 1. In figure 13.1c the radially-resolved and pump-pulse-fluence dependent phase
shift is shown.
The onset of the changing phase shift is shifted by a factor of around 2.2 towards higher fluences
compared to the BWL laser pulse (figure 13.1b). This is consistent with our previous investigation
[11] and the reason is found in the drastically decreased peak intensity of the shaped pulse (by a
factor of around 6), as seen in chapter 1.
As in the case of the BWL pulse, in the center of the beam, shown in figure 13.1a (red triangles),
the phase shift starts to decrease until a maximum change of around −4 rad, being significantly
higher compared to the results obtained when using the BWL pulse (−3 rad). With increasing
fluence, the phase shift starts to increase again. However, the increase is smaller as compared to
the bandwidth-limited pulse. In the phase shift range of 0.1 to 1 rad, the slope follows the same
power law of 6.2 ± 0.2 as the BWL laser pulse, indicated by the black dotted line in figure 13.2.
This might not be very intuitive, since the TAP pulse has a much higher pulse duration, however,
close to the excitation threshold multi-photon excitation is the driving process, leading to an equal
power law.
Similar to the case of the BWL, we observe an excitation process of a lower order. The onset of this
process is only shifted by 1.5 times towards higher fluences and shows a saturation that persists for
over 0.5 Jcm−2 before the main excitation process, following the power law of 6.2 ± 0.2, starts.
The measurement of the optical density for the TAP pulse shows the same behavior as the corresponding one for the BWL. In comparison, the optical density shows a much more pronounced
minimum, which occurs over a larger fluence regime for the shaped pulse. The reason for the
different strength of the reduced absorption, i.e. increased transmission, is again related to the
LADIE effect. By using the shaped pulse the conditions in which amplification of a probe pulse is
obtained area fulfilled for a larger depth compared to BWL laser pulses, as discussed in part II.

13.3. Fluence dependence of the phase shift: Center vs
Radial dependency
Before we directly compare the spatial distributions of phase shift by the two pulse shapes, we
compare the fluence dependence of the phase shift measured in the center with the phase shift
obtained from the radial measurement, just as we did for the measurements on the solid samples
(see 16.3).
As in a cut along the radial distribution of the phase shift all pump pulse fluences are contained
(as a function of radius) due to the Gaussian pulse shape, it is valid to compare it directly to a
measurement taken from the center (see figure 13.2a). Thus, in a fist approximation, the two
measurements should give identical results when shown on the same local fluence scale.
In figure 13.1a the fluence dependent phase shift for the center line and for the radial cut at
2.25 Jcm−2 for the BWL (black dotted line) and 3.25 Jcm−2 for the TAP pulse (red dash-dotted
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13.3. FLUENCE DEPENDENCE OF THE PHASE SHIFT: CENTER VS RADIAL
DEPENDENCY
line) are shown. The qualitative shape of the two data sets is similar, however, the radial distribution is less steep. This discrepancy may be attributed to nonlinear propagation effects that occur
at higher fluences, as plasma-defocusing of the probe pulse and Kerr-induced self focusing of the
pump pulse can change the beam waist of the laser pulse in that regime (see section 4.5).
Even though in the present experiment the power for self-focusing is exceeded by more than one
order of magnitude, the self-focusing length i.e. the length over which the beam collapses, is larger
than the sample thickness [53]: We consider the highest fluence used for the BWL laser pulse
which is around 2.5 Jcm−2 . Here, the applied power of 142 MW exceeds the critical power for
self-focusing of water at 785 nm, with a nonlinear refractive index of 1.9 × 10−16 cm2 W−1 [107],
by nearly a factor of 40. Nevertheless the resulting self-focusing length [53] of 723 µm is more
than seven times larger than the sample thickness, being only around 100 µm. For the TAP laser
pulses the applied power is even lower due to the increased pulse duration [13].
Regarding the changes of the phase shift, we also observe that the maximum change is higher for
the radial cut with 10 percent more for BWL pulses and 20 percent more for TAP pulses. This may
indicate that linear- and nonlinear propagation of the pump beam can lead to higher electron density
inside the material. Besides the pump, also the probe pulse can be affected by plasma defocusing of
a highly excited sample, causing a longer propagation through the sample, possibly accumulating
a higher phase shift. This comparison shows the importance and the need for spatially resolved
measurements of laser excitation of dielectric materials as the general behavior cannot simply be
extracted from a single scan at high fluences. To fully resolve this issue a propagation calculation
based on Maxwell’s equations [108] is required in order to understand the experimental results.
At low and moderate fluences, the radially dependence shows the same behavior as a central line
scan. Simulation and experiment agree in this regime very well (see figure 14.1a and b) as will be
discussed in the next section.
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14. Comparison of measurement to
simulations
For a direct comparison of the radially properties of the laser excitation at a peak fluence of
0.61 Jcm−2 for the BWL pulse and 1.34 Jcm−2 for the TAP pulse is chosen. Under these excitation conditions, an equal accumulated phase shift of around −2.3 rad in the center of the pump
pulse (r =0 µm) is measured. In figure 14.1a the radial distribution of the phase shift is shown. The
white dashed lines in figure 13.1b and 13.1c indicate where the radial distribution was extracted.
Both distributions reach a value of around −2.3 rad in the center, and both strongly decrease with
increasing radius as expected from the Gaussian beam profile providing the local fluence distribution. Despite all the similarities, the change in phase shift decreases much stronger in the case
of the TAP pulse as compared to the BWL laser pulse. It appears that the excitation takes place
over a smaller area for TAP pulses. As discussed in part I, the measured phase shift is a value
integrated over the whole sample thickness and does not represents the excitation at the surface of
the water jet (see section 7.2). Thus we performed single rate equation simulations (see chapter 5)
for a better understanding of the spatial excitation properties.

14.1. Radial dependent phase shift
As a first step, we simulated the radial dependent phase shift after passing the water jet for both,
BWL and positive TAP pulses using identical fluences as in the experiment. In figure 14.1a the
resulting simulated and measured phase shifts are shown. Simulated and measured values agree
well. To reach an equal phase shift in the center part for the TAP pulse, the required fluence is
2.2 times higher than for the BWL laser pulses, in the simulation and the experiment, respectively.
The simulation reproduces the phase shift for all radial positions and thus all fluences below this
value. This validates our model up to this maximum fluence, that takes multi-photon and avalanche
excitation into account (see chapter 5).
As the measured phase shift is only an integrated value over the whole sample thickness, we now
want to correlate the measured values with the actual excitation of the sample. Thus, we provide
the radial distribution of the electron density at the surface (L = 0 µm) of the water jet using the
same fluences that led to the −2.3 rad phase shift in the center part as shown in figure 13.2a. In
figure 14.2a, the simulated radially-dependent electron densities for BWL (black solid line) and
TAP (red dotted line) pulses at the surface of the water jet are shown:
Surprisingly, the spatial differences between the two pulse shapes are much higher than in the
phase shift measurement: the maximum conduction band electron density obtained by the TAP
pulse is about a factor of 4 lower than the value of the bandwidth-limited laser pulse. In addition,
the excitation at the surface is distributed over a smaller radius.
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Figure 14.1.: Measured (symbols) and simulated (lines) radially-dependent phase shift for
BWL(black) and TAP(red) laser pulses: a, Equal measured phase shift at r = 0 µm
for both pulse shapes. For the TAP pulse, the fluence is increased by a factor of 2.2.
The data was extracted from the lines indicated in figure 13.1b for the BWL and figure 13.1c for the TAP (short dashed lines). b, Equal simulated electron density at
r = 0 µm for both pulse shapes. The fluence for the TAP laser pulse is increased
by a factor of 2.5 and the data was extracted from the lines indicated in figure 13.1b
and 13.1c (long dashed line for the TAP pulse). Black dashed and red dotted vertical
lines indicate the radius at which the phase shift decreased to half of the minimum
value.
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The discrepancy between the measured phase shift and simulated excitation at the surface is clarified by the depth-dependent conduction-band electron density, shown as the red dashed line for
the TAP and the black solid line for the BWL laser pulses in figure 14.2b:
The electron density decreases for both pulse shapes with increasing depth, caused by the free
carrier absorption (chapter 4). However, for the TAP pulse, the decrease is much lower, such that
from around 20 µm, the electron density is higher for the TAP pulse compared to the BWL. Therefore the probe pulse, integrates the strength of excitation over all depths and thus, the accumulated
phase shift will be higher for the rest of the sample, giving identical values for TAP and BWL after
the pulse passed the full length of the water jet.
For (surface-)material processing experiments, as for example ablation or sustainable refractive
index changes it is usually necessary that the electron density at the surface has to reach a certain
value, as it is correlated to a certain energy input into the material. This is not valid for materials
which exhibit the formation of ultrashort transient defect states (e.g. self-trapped excitons), which
drastically changes the interaction of longer laser pulses (like the TAP pulses) with the material.
This issue is discussed in detail in our recent work on fused silica in [13].
Therefore we will have a look at the electron density in the central part at r =0 µm of the laser
pulses as a function of depth:
As an input for the simulations, we use fluences where an equal conduction-band-electron density
is obtained at the surface for both pulse shapes. To that end, we increased the fluence of the TAP
pulse by a factor of 2.5 in comparison to the BWL, as shown in figure 14.1b. This factor was also
observed in the processing of fused silica [13] and sapphire [93], where the threshold of ablation
was shifted around 2.5× towards higher pulse energies for the same TAP laser pulse. Thus, a peak
fluence of 0.61 Jcm−2 for the BWL pulse and 1.52 Jcm−2 for the TAP pulse were used.
In figure 14.2b the electron density in dependence on the depth is shown for both pulse shapes.
Starting from an equal electron density at the surface, the value drastically decreases for both pulse
shapes, but for the TAP pulse (red dashed line), the decreases is much less. This leads to a higher
excitation inside the material and therefore a much higher phase shift accumulated by the probe
pulse.
The reason for the higher excitation inside the material by the TAP pulse can simply be related to
the longer pulse duration and therefore the creation of free electrons mainly driven by avalanche
excitation (see chapter 3). The strong pulse at the front of the TAP pulse train (chapter 1) creates a
relatively low free electron density via multi-photon excitation, whereas the rest of the pulse-train
increases slowly the electron density to a much higher value [11, 13, 109]. This also leads to a
slower increase of the absorption coefficient, which is proportional to the electron density (see
chapter 4), reaching its highest value when the lowest intensity of the pump pulse is present.
Finally, we now compare the radial phase shift distribution in the discussed case of an equal excitation at the surface. In figure 14.1b the radially dependent simulated and measured phase shift- for
0.61 Jcm−2 (BWL) and 1.52 Jcm−2 (TAP) pump-pulse peak fluence is shown. Please note that the
change in phase shift at r = 0 µm is around 1.4 times higher for the TAP (−3.2 rad) compared to
the BWL (−2.3 rad). This factor is similar to the regime where the maximum phase shift change
is reached in the center part, as seen in figure 13.1a. At this state, the BWL pulse has a minimum
at −3 rad and the TAP pulse at −4 rad. This indicates that the spatial properties observed under
low and medium excitation conditions are also be valid in the high excitation regime.
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Figure 14.2.: Simulated radially- and depth-dependent phase shift for BWL (black) and TAP (red)
laser pulses: (a) Radially-dependent phase shift for: Equal phase shift at r =0 µm
(red dotted line), with the same fluence as in figure 14.1a. Equal electron density
at r =0 µm (red dashed line), with the same fluence as in figure 14.1b. (b) Depthdependent conduction-band-electron density at the center of the laser pulse for the
same cases as in (a).
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The radial position of the phase shift, as it decreased to half of the maximum value, is smaller
for the TAP (r = 5.5 µm) compared to the BWL (r = 7.6 µm) pulse, indicated by the dashed
(BWL) and short-dashed lines (TAP) in figure 14.1b. Thus, in terms of area, the shaped pulse
will excite about half the area compared to the BWL laser pulse. The same relation between
BWL and TAP laser pulses is found in the radial distribution of the conduction-band-electron
density at the surface at the material, shown in figure 14.2a. The results obtained in this study
correlate perfectly to post mortem analysis results of material processing on fused silica [13, 109]
and sapphire [110], where the identical temporal pulse shapes were used. In both material systems,
ablation structures created from bandwidth-limited laser pulses were relatively large and shallow,
whereas the structures obtained by TAP shaped laser pulses were spatially more confined and
much deeper. Although the very simple model used here does not quantitatively predict the very
large differences in the observed radii of the generated structures in fused silica and sapphire, the
observed trends in this investigation correlate well with the materials-processing results. Please
note further, that the focusing conditions in this experiment are different to those in the mentioned
studies on solids. The beam diameter in the presented study is tens of µm, whereas it is only a few
in the processing experiment. Thus the Rayleigh ranges drastically differ.
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15. Short summary
In summary, radially-resolved, fluence-dependent spectral interference measurements on laser excited water were discussed, using ultrashort BWL and positive temporal airy pulses.
We demonstrated that the measured excitation by TAP pulses is confined to a drastically reduced
area compared to BWL laser pulses by almost a factor of two.
By making use of a simple rate equation model, taking into account multi-photon and avalanche
excitation, absorption and reflection of the pump pulse, we are able to reproduce the results in an
excitation regime below the optical breakdown.
It was further elucidated by the simulations that TAP pulses lead to a higher electron density
excitation deeper inside the material as compared to BWL laser pulses. We conclude that TAP
shaped laser pulses can control the area and depth of laser excitation.
Overall this investigation confirms that temporally asymmetric shaped laser pulses are a powerful tool for high precision laser material processing as was also recently demonstrated in subwavelength diameter, high aspect ablation structures in fused silica [13] and in the non-destructive
optoporation of cells [30].
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Summary
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goal of this thesis was to investigate the excitation dynamics of ultrashort and temporally
shaped femtosecond laser pulses in three drastically different dielectric materials: crystalline
sapphire, amorphous fused silica and liquid water.

T

HE

In order to reach that goal, two complementary experiments where set up and deployed: a spectralinterference and a pump-probe microscope, both using ultrashort 800 nm pump- and 400 nm probe
pulses. In a purely pump-probe based experiment, measuring and evaluating the transmission
of the probe pulse through an excited sample is simple and intuitive. However, this technique
is limited to that one physical quantity, that represents the change in the imaginary part of the
refractive index of the material. The spectral-interference technique on the other hand is more
versatile but also more complex. It is based on a reference-pump-probe scheme in which the probe
pulse is spectrally interfered with its replica (reference pulse), that probed the unexcited state of
the sample. From this data, even small changes in the real- and imaginary part of the refractive
index can be extracted with high accuracy and robustness, allowing to detect a larger variety of
electronic dynamics of dielectric materials compared to the pump-probe scheme. Such dynamics
are for example the optical Kerr effect or the creation of excitonic states. The most important
difference regarding the detection of transmission between the two used experimental techniques
is that the spectral-interference is sensitive to coherent emission of light only.
When these techniques were used to study the excitation in thin crystalline sapphire samples, something truly unexpected was observed: The 400 nm femtosecond probe pulse was under certain conditions amplified locally and even globally, meaning more pulse energy was transmitted through
the excited sapphire sample compared to what was incident. This effect has never been observed
before, as typically laser-excited dielectric materials absorb light due to the presence of conduction
band electrons, representing a transient semi-metallic state. Thus, a thorough systematic study of
temporal and energetic dependencies of this effect was performed. It was found that the amplification appears on a time scale of one hundred femtoseconds after excitation, which corresponds to
the time of intraband-carrier-thermalization and is only present when a certain level of excitation,
i.e. a minimum number of conduction band electrons was created by a sufficiently intense pump
pulse. This was further confirmed by probing the excitation dynamics in amorphous fused silica.
In this material, the lifetime of electrons is strongly limited due to their trapping into excitonic
states on a timescale of a few hundred femtoseconds. As soon as the electrons are trapped into
excitonic states, the amplification effect vanishes. But, not only the correct level of excitation
is important, as it was found that the amplification process is of a nonlinear order. That means,
that a sufficiently high probe intensity must be applied in order for amplification to take place. A
detection of amplification in both, pump-probe and spectral-interference measurements proves its
coherent nature, making it a "laser-like" process. A three-step model was developed that explains
all experimental observations. By simulating each step of the model, an overwhelming qualitative
and even semi-quantitative agreement between simulation and experiment was obtained, showing
that the amplification process is based on stimulated two-photon emission. A rarely observed effect
at all, that has never been seen before in a solid dielectric material.
The discovery of coherent amplification of femtosecond laser pulses in an ordinary piece of glass
holds very high promises for future investigations and applications. It could for example be used
to realize very simple deep UV laser sources, for highly nonlinear microscopy or even to study
the effect of nonlinear stimulated emission in a way, much simpler than it has been used to in the
past.
As a final proof of the laser-like amplification scheme, temporally asymmetric shaped laser pulses
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were used, that are known to elongate the excitation inside dielectric materials. An increase in
excitation depth should directly transfer to a length over which the material is driven into amplification conditions, i.e. an increase in gain length. By doing so, the amplification effect was strongly
increased by several factors, showing that the fundamental processes involved were correctly identified and interpreted.
In the third part of this thesis, the focus was set on these special spatial properties of laser excitation that go hand in hand with the utilization of temporally asymmetric shaped pulses. Here,
water as a sample system was used in a spectral-interference measurement accompanied by simple
rate equation simulations. It was found that by utilizing the shaped pulse, the area of excitation
is reduced by more than a factor of two, whereas the depth of excitation is strongly increased.
These results are in perfect agreement with many post-mortem investigations on solid dielectrics
that utilized the identical pulse shape and thus show, that the initial distribution of excitation is
imprinted to a certain extend onto the final ablation structure. Bandwidth limited femtosecond
laser pulses quickly excite a large carrier density, leading to high absorption and reflectivity close
to the surface of the material. Temporally asymmetric shaped laser pulses on the other hand, make
use of a seed and heat mechanism allowing it to be less affected by absorption close to the surface resulting in a larger depth of excitation and eventually also of ablation. This temporal pulse
shaping technique for deep excitation and ablation is solely based on the interplay of excitation
mechanisms with the special temporal structure of the laser pulse, being in strong contrast to spatial beam shaping techniques that simply utilize non-diffracting Bessel beams or to techniques that
exploit filamentation.
The high potential of temporal pulse shaping techniques for nanostructuring of solid dielectrics
was recently demonstrated by the creation of high aspect ratio channels in fused silica. However, it
holds also very high promises for non-technical applications such as optoporation of cells or direct
nanosurgery which is part of ongoing investigations.
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16. Additional data to part II
This part contains additional data that is related to the results discussed in part II.

16.1. Sapphire
16.1.1. CCD Images of the delay scan
In part II we discuss the pump-probe delay time dependent dynamics, i.e. local and global transmission (see figure 9.2). We also show four CCD images, that were taken at selected delay times.
Here, we provide all CCD images taken at each delay time step. The images are split up in two
parts and shown in figures 16.1 and 16.2. The CCD images are overlayed with a sketch indicating
the temporal separation between pump- (red) and probe (blue) pulse.

16.1.2. Delay scan using a low pump pulse fluence
In figure 16.3, a radially-resolved phase-shift measurement as a function of the pump-probe delay
time is shown. In this measurement, a very low pump fluence of only 0.5 Jcm−2 was used. For
times before −100 fs and after 100 fs, a phase shift of 0 rad is observed for all radial positions. Only
at times, where an overlap of pump and probe pulses is given, a positive phase shift is observed.
This is, as discussed in part II, caused by the optical Kerr effect (see section 4.4), introducing a
pump intensity dependent nonlinear refractive index. It can be seen that the phase shift follows a
Gaussian distribution in time, as it is caused by a convolution of the temporal shapes of probe and
pump pulse and such a measurement is comparable to a phase gating FROG1 [11]. From such a
measurement the pulse duration of one pulse can be obtained, if the duration of the other one is
known [11, 111].
This relation is given by the FWHM pulse duration of the "Kerr-peak" [79]:
1
∆tKerr = ∆t2Probe + ∆t2Pump .
2

(16.1)

∆tProbe is the FWHM pulse duration of the probe pulse, whereas ∆tPump is the corresponding one
of the pump pulse.
The pump pulse duration is usually measured in a GRENOUILLE2 device, which is based on
FROG. Then, in the interaction area of the experiment we use a nonlinear photodiode and the pulse
shaper to compress the pulse to its shortest duration that was measured with the GRENOUILLE.
1
2
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FROG: Frequency resolved optical gating [111].
GRENOUILLE: Grating-eliminated no-nonsense observation of ultra fast incident laser light e-fields.
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Figure 16.1.: CCD images of the delay scan shown in figure 9.2.
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Figure 16.2.: CCD images of the delay scan shown in figure 9.2.
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Figure 16.3.: Radially-resolved, time-dependent phase shift using a pump fluence of 0.5 Jcm−2 .

Figure 16.4.: Radially-resolved, time-dependent transmission using a pump fluence of 0.5 Jcm−2 .
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A further possibility is to create a double pulse utilizing the pulse shaper perform cross- and autocorrelation measurements, as done and described in detail in Götte et al. [13, 14]. Prior to each
experiment we utilize the techniques described above obtain the pulse durations.
In figure 16.4, the same measurement as discussed above is presented, showing the transmission of
the probe pulse. We observe that during the temporal overlap, the transmission strongly decreases
to nearly 0. Although this could be interpreted as absorption, it is more likely to be caused by the
redistribution of light, as the pump pulse acts as a very strong lens causing light to be redistributed,
visible in the CCD images in figure 9.2. In the SI measurements, this light redistribution is not as
strong as in the pump-probe measurements, however it still can be seen that around time zero, the
transmission is higher around the low transmission in the center.

16.1.3. Delay scan at a moderate pump pulse fluence
In figure 16.5a-b, radially-resolved pump-probe delay time dependent SI measurements at a moderate pump fluence are presented. Results obtained in the central part were discussed in part II. In
addition to the observations made discussed there, the full radially resolved measurement nicely
visualizes the requirement of a high excitation, i.e. highly negative phase shift, for a high local
transmission attributed to the LADIE effect.

16.1.4. Pump pulse fluence dependence at different probe pulse
fluences
In part II, we discuss the possible mechanism of laser amplification in excited dielectrics. An
important point is the nonlinearity of the amplification process. This assumption is based on the
probe fluence dependent measurements. Both, global and local transmission in sapphire show a
strong, nonlinear dependence on the incident probe pulse fluence. While the local dependence
measured with the CCD camera is not sensitive to coherent emission only, we performed pump
pulse fluence dependent spectral interference measurements (as shown in 9.4) using seven different
probe pulse fluences. In the SI experiment, it is not simple to directly measure the pulse energy of
reference- or probe pulse and therefore we measured the total power consisting of both pulses in a
1000 hz mode prior to the respective measurement (thus the energy derived from this measurement
is only an average value).
While in figure 9.6, the dependence is shown for two selected pump pulse fluences, in figure 16.6
an extended data set is presented. Each measurement consist of at least 100 different pump pulse
fluence steps. The data presented is the transmission measured in the center of the excitation. At
lower probe fluence the measurement range of pump fluence goes to approximately 2.2 Jcm−2 ,
being the pump fluence at which we observe the highest amplification of the probe pulse. At
higher probe fluences we extend the measurement range to allow an observation of dynamics at
high pump fluences.
In figure 16.6, the pump pulse peak fluence dependent transmission is shown for a selected range
of probe fluences. At the lowest probe fluence, the transmission simply decreases with increasing
pump fluence, eventually reaching zero. The dynamics are are very similar to the simulation shown
in figure 10.3. With increasing probe power, the dynamics change:
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Figure 16.5.: Radially resolved pump-probe delay-time dependent SI on sapphire and fused silica. a-b, sapphire and e-d, fused silica. The
experimental parameters were in a,b: Probe pulse peak fluence: 10 × 10−3 Jcm−2 , pump pulse peak fluence: 2.2 Jcm−2 . In c,d:
Probe pulse peak fluence: 9 × 10−3 Jcm−2 , pump pulse peak fluence: 1.2 Jcm−2 .
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Figure 16.6.: Pump-pulse peak-fluence dependent local transmission under different probe pulse
powers as indicated in the figures. Please note that the provided power is the total
measured power consisting of probe and reference pulse, as this is a spectral interference measurement with initially identical reference- and probe pulse intensities. The
dotted and dashed line represents the pump pulse fluence at which the probe fluence
dependence shown in figure 9.6 is obtained from.
The transmission decreases much stronger for higher probe fluence, which we relate to the assumed
three-photon absorption (see chapter 10). Increasing the probe pulse fluence even further, we
observe that the transmission close to a pump fluence of 2 Jcm−2 starts to increase due to the
LADIE effect.

16.1.5. Influence of pump pulse polarization
In part II we introduce a possible amplification process based on nonlinear stimulated emission.
In such a process the polarization of the pump pulse should not play a role. In figure 16.7, CCD
images are shown using a linear and a cicular polarization of the pump pulse under two different
excitation conditions: absorption and amplification. As can be seen, both measurements provide
identical results.

16.1.6. Spectral-interference measurement under amplification
conditions
As promised in part II, in this section a pump fluence dependent spectral interference measurement is provided that shows coherent amplification, i.e. a local transmission above 1. In figure
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Absorption conditions

LADIE conditions

Linear

Linear

Circular

Circular

Figure 16.7.: CCD images of a 400 nm probe pulse, 300 fs after excitation using different pump
conditions: absorption and amplification (LADIE). The polarization state of the
pump pulse is indicated within the images.
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Figure 16.8.: Pump pulse peak fluence dependent local transmission (green squares) and phase
shift (black circles) measured in the SI configuration in the center of excitation.
16.8, local transmission (green squares) and corresponding phase shift (black circles) is shown in
dependence on the incident pump pulse fluence. While this measurement is mostly identical to
the one presented in section 9.2, it was taken when the probe pulse was intentionally made much
weaker in comparison to the reference pulse. In such a case, it is possible to measure a normalized3
local transmission above one (see section 7.2). We observe, that all dynamics are nearly identical
to the ones in figure 9.2. However, we observe that the initial minimum is not as pronounced compared to the other intensity scans. The total energy of probe and pump pulse was measured to be
1.2 mW, which is higher compared to the measurements shown in section 16.1.4 explaining why
we are observing a transmission above one.

3

Normalized to the measured transmission when no pump pulse was incident.
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16.2. Fused silica
16.2.1. Delay scan under LADIE conditions
In figure 16.5c-d results of a delay scan on fused silica at a moderate pump fluence of 1.2 Jcm−2
are presented. Results obtained in the central part, indicated by the white dashed arrow, were
discussed in part II. Here we present the full radially-resolved data.
The LADIE effect can easily be identified in this spatially-resolved measurement: When the phase
shift is highly negative, the LADIE effect, identified by a high transmission, is most pronounced.
Thus, the increasing strength of excitation must clearly be related to a certain number of conduction
band electrons, as discussed in part II.

16.2.2. Delay scans at different pump pulse fluences
We repeated the delay scan under different pump-pulse-peak-fluences to find out if it has an influence on the temporal and spatial distribution of phase shift and transmission. In figure 16.9,
three measurements using 1.2 Jcm−2 , 2.6 Jcm−2 and 3.2 Jcm−2 pump pulse peak fluence were
used. While the first measurement is the one already discussed in the last subsection, the other
two, obtained at much higher pump fluences, will be discussed next:

Phase shift
At first, one can notice that very close to time zero, when the OKE is strongest, the phase shift does
not have a nice radial distribution as expected, like e.g. shown in figure 16.3. The reason can be
found in the evaluation of the measurement data. The problem we encounter is that at high levels
of excitation, the contributions by the OKE and the conduction band electrons can overlap:
Under such conditions, the probe pulse can carry both information (negative phase shift by electrons and positive by OKE) and sometimes the fringes of the interfering spectrum (see 7.2) perform
phase jumps: This happens when the phase shift rapidly decreases from e.g. +4 to −4 rad within
one measurement step (usually a few femtoseconds). Thus it "looks" for the measurement program
as e.g. the phase decreases, whereas it actually increases. This can be accounted for manually, by
multiplying the values by ±2π. This is time consuming as every radial position has to be corrected
by hand. As we are not interested in the Kerr dynamics at very high pump fluences, it has not been
done for all measurements/radial position. We do not observe this phenomenon to that extent in
sapphire. The reason is that in sapphire we have used a smaller delay time step size such that the
rapid changes can be followed and evaluated more easily. In future experiments, a smaller step
size should be used for fused silica as well to avoid the discussed problem.
When we look at the phase shift distribution at the three different pump-pulse-peak-fluences, we
do not see a big difference: As expected, a higher pump fluence will lead to a stronger negative
phase shift at early delay times and a higher positive phase shift at late delay times. This is further
discussed in the next section where we investigate the pump fluence dependence at different delay
times. It might sound unnecessary or redundant to perform delay scans at different pump fluences
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Figure 16.9.: Radially-resolved, pump-probe delay-time dependent SI measurement on fused silica
under different pump-pulse-peak-fluence conditions as indicated in the figures. On
the left side is the phase shift shown, on the right the corresponding transmission
distribution.
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and pump-fluence scans at different delay times, however sometimes one scan can resolve not all
the dynamics, as we will see later.

Transmission

At first, we notice that the transmission is relatively noisy compared to the very smooth phase
shift: Although pulse-to-pulse energy fluctuations do not influence the transmission measurement,
small temperature fluctuations in the birefringent crystals have a strong influence on the respective
refractive indices of the ordinary and extraordinary axis. A possible upgrade could be a thermal
stabilization of the BBO crystals, as done in other spectral interference measurements [112] utilizing the same technique for the creation of a double pulse (see 7). The noise is much lower in the
center of the investigated area, which can be related to a higher local probe fluence.
The dynamics using the lowest pump pulse peak fluence, as discussed in the main part, show that
after the increase of the phase shift by the OKE, the transmission drops when the phase shift decreases due to conduction band electrons. Within the typical low transmission during the presence
of conduction band electrons, we observe the short time in which LADIE conditions are fulfilled
and the transmission has a maximum. Then, due to the trapping of electrons, their density decreases leading to an initially decreasing transmission followed by an increase to unity when only
self trapped excitons are present. This is seen in detail in figure 16.10, showing the dynamics in
the center. From the radially resolved measurement in figure 16.9, we notice that at higher radii
(24 and 44 µm), where the fluence is too low for LADIE conditions to be fulfilled, no increase
in transmission is observed. However, there are some small changes in transmission even at long
delay times. This might be related to beam propagation effects, as discussed later. Important to
note is that in this pump fluence case, the increase in transmission at longer delay times due to the
self-trapping process happen at all radial positions at the same time.
This is very different for a higher pump fluence: Here, we observe that in the center, where the
fluence is highest, the trapping dynamics seem to be faster compared to lower excitation conditions
at larger radii. This can be seen in more detail in figure 16.10. However, the phase shift seem to
reach the final value quicker than the transmission providing a slightly different dynamic. The
reason can be found in the earlier excitation of electrons and thus a trapping process that starts
consequentially earlier as well.
Using the highest pump fluence of 3.2 Jcm−2 , the transmission, shown in figures 16.9 and 16.10,
does not reach a value of 1 at high delay times. We relate this to the survival of conduction band
electrons that do not get trapped. Although their contribution to the phase shift might only have
a minor impact, they can strongly affect the transmission, as the STE’s usually do not change the
transmission of the probe pulse (see chapter 2 and 4). What can also be observed, especially in
the data taken from the center, is that when the trapping sets in and the phase shift increases, the
transmission does not decrease as much for high pump fluences as compared to the case when
only a pump fluence of 1.6 Jcm−2 was used. Here the transmission nearly resembles a "W" like
shape. The reason for the reduced drop in transmission might be related to the changed temporal
dynamics and need to be investigated.
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Figure 16.10.: Pump-probe delay-time dependent phase shift and transmission in fused silica under
different pump pulse fluence conditions as indicated in the figures.

130

16.2. FUSED SILICA

16.2.3. Intensity scan
Similar to the delay scan in part II, only the pump fluence depended dynamics of the excitation
taken from the center of a radially-resolved measurement were discussed. The fully resolved data
of the measurement is shown in figure 16.11. As this measurement was taken at the time (approx
180 fs) when the contribution by conduction band electrons were present, we obtain a scan similar
to the one in sapphire, shown in figure 9.3. The enhanced transmission is following a specific
strength of excitation and thus the local pump fluence, as expected.
However, different then sapphire, it seems that the changes in the optical properties, phase shift
an transmission, seize to follow the local pump fluence already at 1.9 Jcm−2 , which is below the
observed ablation threshold of 2.5 J/cm2 . This is further discussed in the next section with respect
to propagation effects.
When the same scan is repeated at a much later delay time of 1500 fs, we obtain a completely
different picture. In figure 16.12, the phase shift is shown. We observe that with increasing fluence
the phase shift starts to increase up to a maximum value of 2.8 rad. The positive phase shift is
accounted to the self-trapped excitons created by the ever increasing number of electrons that get
trapped (see chapter 2).
Up to this point, the observed dynamics were just as expected. However, at high fluences, above
2 Jcm−2 , we observe that at large radii a negative phase shift appears. As a negative phase shift is
usually associated with the creation of conduction band electrons, the only possibility to measure
their signature in fused silica at such long delay times (longer than the trapping time of 150 fs) is
that some CB electrons must have "survived" the electron tapping process. This is possible when
the number of promoted electrons exceeds the number of possible trapping states available, which
is usually assumed to be one for each SiO2 complex [22, 44].
The question that directly arises here is why the negative phase shift is detected at high radial
positions, where the local pump fluence is relatively low and not intense enough to create an
excessive amount of electrons:
Comparing the phase shift to the corresponding transmission data, shown in figure 16.13, we notice that when the material is excited with at least 2 Jcm−2 , the transmission starts to decrease in
the center (similar to the delay scan discussed above). This behavior continuous with increasing
fluence and therefore the onset of the decreasing transmission is directly correlated to the onset of
negative phase shift at large radial position. Thus, it might be possible that the excessive conduction band electrons located in the center might lead to a plasma defocusing of the probe pulse such
that the negative phase shift appears at high radial positions. This would coincide, as light that was
original in the center is diverted towards larger radii leads to an additional decrease in transmission
(in addition to normal free carrier absorption).
However, a real qualitative and quantitative analysis is not possible without having a proper simulation model that takes linear and nonlinear propagation effects into account.
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Figure 16.11.: Radially-resolved phase shift (a) and transmission (b) in dependence on the applied
pump pulse peak fluences at a time step of around 180 fs after excitation.

Figure 16.12.: Radially-resolved phase shift in dependence on the applied pump pulse peak fluences at a delay time of around 1500 fs after excitation.
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Figure 16.13.: Radially-resolved transmission in dependence on the applied pump pulse peak fluences at a delay time of around 1500 fs after excitation.

16.3. Propagation effects
In the pump-fluence dependent measurements, shown in figure 9.4, we observe that the changes
in phase shift and transmission follow the Gaussian beam profile and therefore the local pump
fluence of the pump pulse. However, from a certain peak fluence, this is no longer true and we
relate this to propagation effects. It is possible that pump, probe or both pulses might be affected
by those (see section 4.5). To estimate a lower limit of the pump fluence, at which the "real" pump
fluence dependence is affected, we compare the dynamics obtained from the center of the pulse
while increasing the pump pulse peak-fluence step by step to the dependence obtained from the
radial distribution (Gaussian), obtained at a single pump fluence setting (Similar to what as done
for water (see section 13.3). It is assumed that the on axis beam (at r = 0 µm) in the center is not
affected by these effects:

Sapphire
In figure 16.14, such a comparison for sapphire at a delay time of 300 fs is shown (extracted from
figure 9.4). We observe that for a pump fluence below 2.5 Jcm−2 the slopes are identical. Even
at a fluence that is around the ablation threshold (3.75 Jcm−2 ), the slopes are still similar and an
extraction of the qualitative and even quantitative pump fluence dependence is valid. However, we
can see that the dynamics are shifted towards lower local pump fluences. A proper explanation and
understanding can only be achieved by a more complex simulation including a full propagation
aspect of both, pump and probe.
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Figure 16.14.: Pump fluences dependence of the phase shift in sapphire extracted from the central
part and from the radial fluence distribution at different pump fluences. Data was
obtained at a delay time of 300 fs.
The most important observation is, that at a fluence of 2 Jcm−2 , where we observe the strongest
amplification (described in part II), central and radial distribution are equal, supporting the assumption that propagation cannot be the responsible mechanism for the observed coherent amplification
of the probe pulse.
Fused silica
In fused silica, we also compared the central vs radial fluences dependence. However, we did it at
two different pump-probe delay times to account for the distribution by conduction band electrons
and self-trapped excitons:
In figure 16.15, the comparison is shown at a delay time of approximately 180 fs, a time step at
which the contribution by conduction band electrons to the optical properties is assumed to be
largest. We observe that below 1 Jcm−2 the slopes are nearly identical. This fluence is identical
to the one at which amplification was observed in the center. This shows that the LADIE effect
occurs before the onset of propagation effects.
At larger fluences, the distributions largely varies by requiring higher pump fluences to reach a
certain negative phase shift. An interpretation is at this point very difficult as an increasing pump
fluence can also influence the temporal dynamics, as seen in the last section: The higher the pump
fluence, the earlier electrons are created by the pump pulse and the earlier the trapping process
starts.
When the same comparison is done at much later delay time of 1500 fs, shown in figure 16.16, a
very different behavior is measured: At this time step, as discussed earlier, the contribution by self
trapped excitons is dominant. Up to 2 Jcm−2 the distributions are identical. For a very high pump
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Figure 16.15.: Pump pulse peak fluence dependence of the phase shift in fused silica extracted from
the central part and from the radial fluence distribution at different pump fluences.
Data was obtained at a delay time of 180 fs where the contribution by electrons is
assumed to be dominant.
pulse fluence setting, the distribution is very different, qualitatively and quantitatively. We relate
to the "survival" of conduction band electrons and strong propagation effects.

16.3.1. Influence of beam profiles
At this point, we want to discuss how the ratio of beam sizes (pump vs. probe) influence the
measured transmission. To that extent we will qualitatively compare three measurements in which
we used probe beam diameters that were either larger than the pump beam or comparable in size.
We found that all dynamics, temporal and fluence wise, are identical, no matter which beam sizes
were used. However, we notice that when comparable beam sizes (see figure 16.17b and c) are
used, a large amount of light is scattered or distributed towards large radii when the conduction
band electron plasma was created. This effect is nearly not noticeable when a probe beam was used
much larger than the pump, as seen in figure 16.17a. Please note that in b and c, "ghost images"
are visible (replica of the original image). These are produced in a thick OD filter in front of the
camera.
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Figure 16.17.: CCD images using different sized probe and pump pulses under similar pump conditions. Beam width (1/e2 beam radius) are as follows: Pump pulse: 19.3 µm in a,
21.8 µm in b, 22.1 µm in c. Probe pulse: 51.1 µm in a, 33.9 µm in b, 33.9 µm in c.
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17. Location of used measurement and
evaluation software and
experimental data
The measurements were done by using different LabView 8 and 12 programs that are located on
the group network drive in "...\Lab-View-8\Plasma Mirror\DataAcquisition\"and"...\Lab-View12\Spectral-Interference\DataAcquisition\". The detailed description of how to perform a measurement can be found in the same folder on the network drive.
The evaluation of the raw-data was partly done in LabView 8 and in Mathematica in different programs. All can be found on the group network in the folders "...\Lab-View-8 \Plasma Mirror\Data
Analysis\sarpe\”and "...\Lab-View-8\Plasma Mirror\Data Analysis\Mathematica\". A detailed
description of how to evaluate the data can be found there or within the programs as well.
All data recorded during the PhD time is located in the folders of the measurement date under
"...\Projects \water plasma \". The data used for the publications is listed in the following tables.

17.1. Overview of measurements for part II
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Data used for publication in [10]

Observation of LADIE

Table 17.1.: Overview of measurement days for part II. Please note that only measurement days were shown in which we performed delay and
intensity scans and where all laser properties such as energy and pulse duration were measured. This and other data is stored on the
group server in the projects folder under "water plasma".

Date
21.04.2015
22.04.2015
27.04.2015
28.04.2015
29.04.2015
27.05.2015
28.05.2015
27.07.2015
21.10.2015
22.10.2015
26.11.2015
27.11.2015
11.12.2015
14.12.2015
19.01.2016
20.01.2016
26.01.2016
27.04.2016
04.05.2016
10.05.2016
11.05.2016
13.05.2016
17.05.2016
08.06.2016
27.06.2016
29.06.2016
04.07.2016
05.07.2016

17.1. OVERVIEW OF MEASUREMENTS FOR PART II

17.2. OVERVIEW OF MEASUREMENTS FOR PART III

17.2. Overview of measurements for part III
Date
10.02.2015
11.02.2015
20.02.2015
23.02.2015
03.03.2015
02.04.2015
21.04.2015
22.04.2015
28.04.2015
29.04.2015
22.05.2015

Data used for publication in [12]

x

Table 17.2.: Overview of measurement days for part III. Please note that only measurement days
were shown in which we performed delay and intensity scans and where all laser
properties such as energy and pulse duration were measured.
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18. Overview of the most important
symbols
Symbol
c
ε0
εr
εb
e
T
me
mc
mv

Physical quantity
Vacuum speed of light
Vacuum permittivity
Relative permittivity
Permittivity of the unexcited material
Elementary charge
Temperature
Vacuum electron mass
Conduction band electron mass
Valence band electron mass

SI-Unit
m/s
A2 s4 kg−1 m−3
A2 s4 kg−1 m−3
C
K
kg
kg
kg

E
I
I0
w0
z0
∆t
φ3
R
ωl
α
ωPr
ωP
EP
EPh
EG
µe/h
EPonderomotive
ECrit
ET
ẼG
γ
fe/h
∆f

Electric field amplitude
Cycle-averaged intensity
Cycle-averaged peak intensity
1/e2 Beam radius
Rayleigh range
Full width half maximum pulse duration
Third order temporal phase of the laser pulse
Reflection coefficient (regarding to the intensity)
Laser angular frequency
Absorption coefficient
Probe pulse angular frequency
Pump pulse angular frequency
Pulse energy
Photon energy
Band gap between valence and conduction band
Chemical potential of electrons or holes
Ponderomotive energy shift
Critical energy for impact ionization
Transition/Transmission energy
Corrected band gap
Keldysh parameter
Fermi function of electrons (e) or holes (h)
Difference of Fermi function

V/m2
W/m2
W/m2
m
m
s
fs3
1/s

ε
ñ

Complex dielectric function
Complex refractive index

A2 s4 kg−1 m−3
-
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1/s
1/s
eV
eV
eV
eV
eV
eV
eV
eV
-

∆ñ
nr
ni
ñDr
βCM
t
tret
τ
τ?
τC−C
τC−P

Change of the complex refractive index
Real part of the complex refractive index
Imaginary part of the complex refractive index
Drude part of the complex refractive index
Clausius-Mossotti coefficient
Time
Retarded time
Electron scattering time coefficient
Scattering time coefficient
Carrier-Carrier scattering time
Carrier-phonon scattering time

s
s
s
s
s
s

n
σn
αAI
N
NC
NMax
ωPl

Order of multi-photon ionization process (nr. of photons)
Multi-photon ionization coefficient
Avalanche ionization coefficient
conduction-band-electron density
Critical electron density
Maximum valence band electron density
Plasma frequency

s−1 m(2n−3) W−n
s−1 W−1 m−5
m−3
m−3
m−3
1/s

Table 18.1.: Used symbols and quantities.
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19. Quantities for the calculation of
laser excitation of sapphire
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143

Value from literature
9.9 eV
0.38me
3.98me
n0 (800nm) = 1.77
n0 (400nm) = 1.79
n=6
nc = 6
NMax = 2.2 × 1028 1/m3
σ6 = 20 × 10−47 s−1 cm9 /W6
αAi = 9.7 × 10−4 s−1 cm2 /J
τc−p = 2.2 × 10−15 fs
Source
[22, 52, 54]
[70]
[70]
[54, 66]
[52, 70]
[66]
[113]
[52, 66]
-

Value chosen for simulation
9.9 eV
0.38me
3.98me
n0 (800nm) = 1.77
n0 (400nm) = 1.79
n=6
nc = 6
NMax = 5.6 × 1028 1/m3
σ6 = 0.55 × 10−42 s−1 cm9 /W6
σ6 = 160 × 10−47 s−1 cm9 /W6
αAi = 9 × 10−4 s−1 cm2 /J
τe−p = 2 × 10−15 fs
τ ∗ = 2 fs

Table 19.1.: Summary of material parameters for pure sapphire as found in the literature and used in the simulations in part I. Values for the
multiple rate equation simulations are shown and discussed in [22, 70].

Quantity
Band gap
Cond. band electron mass
Val. band electron mass
Refractive index for 800 nm
Refractive index for 400 nm
Order of multi-photon process
Nr. of photons to overcome the crit. energy
Maximum electron density
Multi-photon coefficient
Multi-photon coefficient
Avalanche ionization coefficient
Carrier-photon scattering time
Scattering time coefficient

20. Quantities for the calculation of
laser excitation of water
The maximum density of valence electrons of water has been estimated by the density of H2 O
molecules per cubic meter:
ρH20
(20.1)
ρ∗ (H2 O) = NAv ×
M
With the molecular mass of water M (H2 O) = 18 and a density of ρ = 1 g/cm3 we obtain ρ∗ =
3.3 × 1022 H2 0/cm3 . With the one valence electron per hydrogen and the six from oxygen we end
up with an approximated valence electron density of:
NMax = 2.67 × 1029 1/m3
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(20.2)
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[70]

Value from literature
8.3 eV
0.25me
2me
n0 (800nm) = 1.329
n0 (400nm) = 1.339
n=6
nc = 6
NMax = 6.68 × 1028 1/m3
αAi = 14 × 10−4 s−1 cm2 /J
τc−p = 1.6 × 10−15 fs
Source
[32]
[52]
[52]
[52]
[52]
[52]
[11]
[11]
-

Value chosen for simulation
8.3 eV
0.25me
2me
n0 (800nm) = 1.329
n0 (400nm) = 1.339
n=6
nc = 6
NMax = 2.6 × 1029 1/m3
σ6 = 0.55 × 10−42 s−1 cm9 /W6
αAi = 10 × 10−4 s−1 cm2 /J
τe−p = 1.6 × 10−15 fs
τ ∗ = 0.2 fs

Table 20.1.: Summary of material parameters for water as found in the literature and used in our simulations.

Quantity
Band gap
Cond. band electron mass
Val. band electron mass
Refractive index for 800 nm
Refractive index for 400 nm
Order of multi-photon process
Nr. of photons to overcome the crit. energy
Maximum electron density
Multi-photon coefficient
Avalanche ionization coefficient
Carrier-photon scattering time
Scattering time coefficient
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