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Supervisor’s Foreword

Progress in science and technology during the last century provided access to fast
and cost-effective computing. Until today, the continuous downscaling of semi-
conductor electronic devices has allowed to double the computing performance of
integrated circuits every second year, as predicted by Gordon E. Moore in 1965.
On the one hand, the clock rate of transistors increases inversely to their size; on the
other hand, more devices can be incorporated into a single microprocessor
chip. Nowadays, devices with a spatial extent of 20 nanometers can be fabricated
and operated up to clock rates of 10 gigahertz in contemporary digital integrated
circuits. However, further substantial improvement in processing speed appears to
be prevented by heat generation, and calls for a new paradigm in electron-based
signal manipulation.

Advances in solid-state laser technology over the last decade have enabled the
generation of intense few-cycle optical pulses. Substantial confinement of electro-
magnetic energy to a single wave cycle has allowed transparent matter to be
exposed to unprecedented field strengths in a reversible fashion. This has prompted
the question whether strong light fields can be used for near-dissipation-free
manipulation of the electronic properties of solid matter. If this question can be
answered in the affirmative, it might open the door for optical signal modulation
and switching of up to multi-THz frequencies.

To determine the feasibility of such an all-optical approach, the nonlinear
interaction of ultrashort strong fields and matter has to be understood in more detail.
Since electron dynamics in solids evolve on an attosecond timescale, a corre-
sponding temporal resolution is required to investigate light-field-driven electron
dynamics in solids directly in the time domain. The work presented in this thesis
draws on major tools and concepts of attosecond metrology to perform
time-resolved spectroscopy of strong-field-induced nonlinear electron dynamics.
Several experimental techniques have been used to systematically investigate
electron processes underlying the response of wide-gap dielectrics to the
ultra-strong electric field of few-cycle near-infrared laser pulses. These develop-
ments culminate in the demonstration of a truly innovative experimental concept



vi Supervisor’s Foreword

dubbed attosecond polarization spectroscopy. This technique permits, for the first
time, tracking of the attosecond nonlinear polarization response of matter to optical
fields, thereby providing direct access to the field-matter energy transfer dynamics
with sub-cycle resolution. The concept is based on the key notion of comparing the
waveforms of a few-cycle laser pulse transmitted through a thin sample at low and
high intensity under otherwise identical experimental conditions. Both waveforms
are recorded with an attosecond streak camera. The comparison eliminates linear
dispersive effects and permits determination of the oscillating nonlinear polarization
response of the sample. This, in turn, yields the energy density transferred from the
field to the electronic systems and vice versa, accurately quantified and
time-resolved on an attosecond scale.

The energy transfer dynamics can be interpreted in terms of virtual and real
population transfer into the conduction band, being responsible for the reversible
modification of the electronic properties of the sample and concomitant heat dis-
sipation, respectively. Most importantly, the work identifies a parameter range in
which the former effect transiently alters the materials optical and electronic
properties significantly, with the latter effect causing immeasurably small dissipa-
tion. In addition, this method, together with an elaborate theoretical concept, allows
us to record the buildup of the nonlinear polarization wave in the laser ionization of
neon. The increasing degree of ionization throughout the laser pulse intensity
envelope yields an increasing negative contribution to the refractive index,
observed as a growing phase advance of the field cycles of the strong laser pulse
compared to those of the weak reference pulse. The evaluated nonlinear polariza-
tion yields a textbook example for the insight the new method provides into
atomic-scale electronic motion. As a matter of fact, the measured polarization can
be interpreted in terms of electrons preferentially liberated near the maxima of the
electric field oscillations, performing oscillations shifted by half a wavelength
compared to the driving field.

The thesis ‘Ultrafast Strong Field Dynamics in Dielectrics’ represents a major
advance in the field of ultrafast spectroscopy. Already, the first application of
attosecond polarization spectroscopy has provided a wealth of new insight into
electron phenomena of fundamental and potentially great technological importance.
The exploration of the ultimate frontiers of electron-based signal processing and
viable routes to approaching those frontiers may benefit from these advances.
A reading is highly recommended to all those working at the forefront of ultrafast
science.

Garching, Germany Prof. Ferenc Krausz
April 2016 Director Max-Planck-Institute of Quantum Optics
Chair for Experimental Physics, Laser Physics

Ludwig-Maximilian-Universitit Miinchen
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Abstract

Owing to the progress in laser technology in the last decades, stable and reliable
sources for ultrashort light pulses are currently available (Brabec and Krausz Rev
Mod Phys 72:545-591, 2000). These pulses contain only a couple of field cycles
and possess a duration of a few femtoseconds at optical frequencies. If they were
used in signal processing the clock frequency could be increased by more than a
factor of 1000 compared to current electronic semiconductor technology (Caulfield
and Dolev Nature Photon 4:261-263, 2010). The work presented in this thesis
examines whether the ultrafast strong field dynamics in dielectrics can be exploited
for such an application. For this purpose it is necessary to understand the physical
origin of the different dynamics triggered in the light—matter interaction on fem-
tosecond timescales.

If an electric field interacts with matter it excites oscillating dipoles which
themselves emit a polarization wave. As long as the driving field is weak the
dipoles follow the external force linearly. When the amplitude of the strong field
becomes comparable to the interatomic forces, the material response contains a
nonlinear contribution. This nonlinear polarization includes all the characteristics
of the nonlinear strong field interaction. It provides information about the response
time of the system and the energy transfer dynamics throughout the interaction. The
aim of this thesis is to extract the nonlinear polarization wave induced by optical
few-cycle fields in wide-gap solids.

To do so, the nonlinear interaction of intense sub-4-femtosecond (fs) light pulses
with insulators close to optical breakdown is investigated with different experi-
mental approaches. In a first step the nonlinear Kerr coefficient is determined with
time integrating techniques. The obtained result is 23 times smaller than reference
values reported in the literature for the interaction with longer pulses Milam
(Review and Assessment of Measured Values of the Nonlinear Refractive-Index
Coefficient of Fused Silica. Appl Opt 37:546, 1998). To understand this deviation
the induced material response has to be examined with a time-resolved measure-
ment. As the electron dynamics in solids evolve on sub-femtosecond timescales,
extreme ultraviolet (XUV) radiation with a few 100 attosecond (as) pulse duration
provides the required temporal resolution. In the first experimental approach,

ix
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the modulation of the absorptivity of these attosecond pulses in the presence of the
strong field is investigated. The examination reveals that the strong field triggers
dynamics which can follow the driving force reversibly on sub-femtosecond
timescales. In an additional nonlinear autocorrelation measurement, the highly
nonlinear increase of the strong field reflectivity at intensities close to optical
breakdown is observed.

To get a more comprehensive picture of the underlying dynamics which modify
the XUV absorptivity and the amplitude of the reflected strong field, the experi-
mental technique of ‘Attosecond Polarization Spectroscopy’ (APS) is developed.
APS is an advancement of conventional pump-probe spectroscopy as it possesses
attosecond resolution independent of the temporal extent of the probe pulse. It
provides access to the complete nonlinear modification of the strong field
throughout the light-matter interaction. As the experimental observables are ana-
Iytically related to the nonlinear polarization, its amplitude and phase is directly
accessible.

To verify the novel concept, APS is used to investigate the field-induced ion-
ization process and plasma dynamics in gas. The characteristic signature of the
generated plasma can be detected in the modification of the optical material density.
The nonlinear response of the medium is found to be dominated by the acceleration
of the freed electrons in the field. The experimental results directly reveal that the
excited electron wave packet oscillates on length scales of 2-3 nm.

In the examination of the ultrafast strong field dynamics in dielectrics with APS,
an increase of the optical material density in the presence of the strong field is
observed. The modification is reversible on femtosecond timescales. Since APS
provides access to the nonlinear polarization, the physical mechanisms underlying
the nonlinear process can be revealed. The generation of virtual conduction band
population (Yablonovitch et al. Phys Rev Lett 63(9):976-979, 1989) is identified as
the source of the refractive index change. When the field strength increases at the
beginning of the pulse, energy is transferred from the field to the material to move
electrons away from their equilibrium positions. The projection of the laser dressed
populated valence band states onto the empty conduction band states generates
excited virtual carriers. As the field strength decreases the major part of the system
returns to its undistorted initial state. The excited electrons decay via stimulated
emission and energy flows back to the field. Only a small fraction of real carriers is
excited into the conduction band throughout the interaction. Their negative con-
tribution to the optical material density is not detectable in the experiment. The
generated real conduction band population does not return to the valence band in
the presence of the laser pulse. The carriers cannot return their excitation energy
back to the field and therefore determine the energy irreversibly dissipated in the
interaction.

The amount of energy transferred in the interaction influences the response time
of the electronic system to the driving force. As absorption increases with the
amplitude of the external field, the material response is decelerated with growing
field strength. At intensities close to optical breakdown an upper limit of <100 as is
extracted for the electronic response time of the system.
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The maximum number of virtual carriers was generated by the strong field scales
with the square of its intensity as predicted by the Kerr effect. Since the presence of
virtual conduction band population increases the optical density of the medium, the
amplitude of the nonlinear refractive index change at the peak of the field envelope
also follows the Kerr prediction. It grows linearly with intensity without any sign of
saturation up to critical field strength. The temporal evolution of the refractive index
change throughout the interaction cannot be described exclusively by the Kerr
effect. Its sophisticated time structure is caused by the interplay between nonlin-
earity and dispersion for ultrashort broadband light pulses.

The manipulable refractive index could be used as a signal in future ultrafast
signal processing. The real charges generated in the interaction are excited via
multiphoton absorption. For wide-gap solids and optical fields this means that their
number increases with the sixth power of the field intensity. The different scaling
of the generation mechanism of virtual and real carriers with intensity can be used
to maximize the ratio between the induced change in optical density and the energy
dissipated in the nonlinear interaction. It can be exploited to optimize the param-
eters of a future optical switch operating at clock rates above 100 terahertz (THz).
By reducing the signal to the smallest detectable level, the energy density dissipated
in one switching cycle can be reduced several orders of magnitude below the
characteristic parameters of state-of-the-art gigahertz (GHz) electronic transistors
(Taur and Ning, Fundamentals of Modern VLSI devices, 2nd edn., 2009).

The results obtained from the APS experiments show that the optical material
density of dielectrics can be reversibly manipulated with ultrashort strong fields on
femtosecond timescales. The medium reacts fast enough to follow fields oscillating
at petahertz (PHz) frequencies. The amount of energy dissipated in the interaction is
effectively tunable with the intensity of the driving field. These findings prove that
the modulation of the optical properties of dielectrics with few femtosecond strong
fields is a valid approach for future ultrafast signal processing.
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Chapter 1
Introduction

Scientific and technological progress in the last century provided access to powerful
and cheap computing. This development strongly influenced the industrial structure
and productivity. By enabling worldwide communication it modified social struc-
tures and procedures in everyday life. According to Gordon E. Moore’s prediction
in 1965 [1] this development will further proceed as the processing power of an
integrated circuit is doubled every second year. This challenging goal can only be
realized by steady increase of the amount of transistors in a microprocessor or rise of
their clock frequency. One approach to achieve both aims is to decrease the size of the
individual transistors. The invention of new fabrication techniques like UV (ultra-
violet) lithography enables the manufacturing of transistors with dimensions below
the diffraction limit of the UV light [2]. The microprocessor ‘IBM Z13’ released
on 14th January 2015 includes 7 x 10° transistors each of 22 nm size which can be
operated at a frequency of 5 GHz [3]. To even further decrease the spatial dimensions
of the devices below 10 nm extreme ultraviolet light (A & 13 nm) is utilized in the
lithographic process [4]. Nevertheless, these elaborate manufacturing techniques are
very expensive.

In the last 50 years technology has succeeded in downscaling the size of electronic
structures into the nanoscale range and controlling their electronic properties at fre-
quencies up to 100 GHz [5-10]. Further decrease of the transistor size is prevented
by a new physical boundary: on atomic length scales quantum mechanical effects
have to be considered. Field effect transistors used in modern information technol-
ogy are fabricated from semiconductor materials. Silicon atoms have a spatial extent
of approximately 0.3 nm, so a distance of 5nm can be filled with 17 atoms. Such
a few atom system has to be treated in a quantum mechanical way. It is necessary
to consider the non zero probability of electrons tunneling through the energetically
forbidden regions between the individual transistors. This makes the performance of
the electronic device unreliable and unstable [11].

In principle three basic types of solids, distinguishable by their characteristic elec-
tronic structure, exist: metals, semiconductors and insulators (Fig. 1.1) [12]. In metals
© Springer International Publishing Switzerland 2016 1
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conduction
band

Fermi level

energy
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metal semiconductor insulator

Fig. 1.1 Schematic representation of the band structure of metals, semiconductors and dielectrics:
In metals the Fermi level lies above the conduction band edge. In semiconductors and insulators
the valence and conduction band are separated by an energetically forbidden gap AE,. Carriers
can only be excited into the conduction band by an external force. The bandgap of semiconductors
is smaller than for dielectrics

the Fermi level is located in the conduction band, which therefore is permanently
populated with charge carriers. Under the influence of a weak external field these
free charges flow in a current proportional to the amplitude of the driving force. Like
this the buildup of a charge density gradient inside the material is avoided and the
external field cannot penetrate into the medium. Due to the complex dynamics of this
screening mechanism it is hard to predictably manipulate and control the electronic
properties of metals and use them as switching devices in signal processing.

Semiconductors and dielectrics are characterized by an energetically forbidden
region between the valence and conduction band (Fig. 1.1). In semiconductors this
gap hasasizeof 0.1eV < AE, < 4¢eV.If an electron gains energy from an external
source it can be excited across the gap. Then its wave function is described as a
superposition of the valence band ground state and the excited state in the conduction
band. The probability amplitude oscillates at a frequency of 0.02 — 1 PHz between
the two states. For insulators the band gap exceeds AE, > 4 eV which corresponds
to an oscillation period of less than 1fs. Therefore dielectrics exhibit the fastest
electronic dynamics [13-16].

The conduction band population in semiconductor structures can be manipulated
with an external voltage. The induced transitions between conductive and non con-
ductive state are currently exploited in signal processing. Thereby the clock rate is
limited by the impedance of electrodes and interconnects. To overcome this boundary
approaches for optical current injection and control have been developed [17-21].
Light fields with up to terahertz frequencies can be used to excite and direct con-
duction band carriers in semiconductor materials [22]. The field induced change of
the electronic structure and population affects the optical properties of the medium:
the external force polarizes the material and induces an oscillatory motion of the
excited carriers. According to Maxwell’s equation the accelerated charges emit radi-
ation and can modify the temporal and spatial properties of the incident field [23]. For
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sufficiently strong perturbing fields the polarization response of the medium becomes
nonlinear. In many cases the occurring nonlinear effects can be well described with
a perturbative approach by expanding the nonlinear polarization into a power series
of the driving field. An important third order phenomena is the ’Kerr effect” which
represents the nonlinear modification of the refractive index in the presence of a
strong light field [23]. It is exploited in concepts for all-optical switches [24]. A
strong terahertz pump pulse is employed to trigger the nonlinearity which affects
the propagation of a weak probe pulse on sub picosecond timescales [25, 26]. The
modulation of the probe can be detected in an interferometric setup described i.e. by
Lattes et al. [24].

Regarding dielectrics, only UV radiation or optical strong fields possess enough
energy to excite electrons from the valence to the conduction band. Moreover a
considerable amount of generated free charges in the conduction band is synonymous
with irreversible material damage. For this reason dielectrics were for a long time
considered unsuitable for signal processing applications. However recent research
hints to the feasibility of controlling currents in insulators with intense optical few-
cycle laser pulses [27, 28]. To investigate the interaction of these ultrashort light
fields with matter in the time domain a sub-femtosecond resolution is necessary. It
can be achieved with pulses of a few hundred attosecond duration in the soft X ray
regime. Such pulses can be generated by isolating the highest energetic part of the
high harmonic emission of a few femtosecond pulse with a stable and tunable carrier
envelope phase [29].

For future application the energy dissipated in the interaction of intense optical
few cycle laser pulses is an important and critical parameter. The nonlinear response
of dielectrics is expected to contain a reversible contribution, which can be exploited
for signal processing, and dynamics with a lifetime exceeding the duration of the
driving field. This irreversible part determines the dissipated energy and has not
been experimentally investigated in the strong field interaction of dielectrics with
ultrashort pulses so far.

Ultrafast pulse technology quickly progressed in the last decades. With the
decrease in pulse duration the achievable peak intensity grew [30]. Additionally
the threshold for material breakdown is considerably increased in the interaction
with ultrashort fields compared to longer pulses [31]. Titanium-Sapphire based laser
systems (Appendix A.1) reliably emit intense optical few femtosecond pulses.

If it were possible to use these ultrashort strong pulses to manipulate the electronic
properties of dielectrics, optical switches with a clock rate of >100THz could be
realized. To evaluate the feasibility of this approach two fundamental questions have
to be answered:

e How fast does the material react to the external strong field and how quickly can
it follow the driving wave?

e How big is the reversible contribution to the nonlinear material response compared
to the irreversible part and is it possible to optimize the ratio between them for
near-dissipation-free optical signal processing?
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The work presented in this thesis attempts to answer these questions by using
different experimental approaches to investigate the strong field dynamics induced in
dielectrics when illuminated with optical few cycle pulses. The principle proceeding
is sketched in the following paragraph.

A Descriptive Outline

Ininsulators an external field excites electronic dipoles which themselves emit a
polarization wave. If the amplitudes of the driving field is sufficiently strong, the gen-
erated dipoles cannot follow the external force linearly anymore. The emitted nonlin-
ear polarization wave is the essential quantity characterizing the induced strong field
dynamics. It provides the answers to the questions pointed out above. This thesis aims
to experimentally access the nonlinear polarization excited by ultrashort pulses. The
generation of these optical few cycle fields is presented in the Appendices A and B.

For longer pulse durations the nonlinear polarization is a well explored quantity
and described by perturbation theory. The basic theoretical concepts and phenomena
emerging in the nonlinear light-matter interaction are summarized in Chap. 2.

The perturbative description uses the concept of the intensity dependent refractive
index. As no values of the nonlinear Kerr coefficient are available in literature for
the interaction of few femtosecond pulses with dielectrics, it is determined exper-
imentally with two time integrated techniques (Chap.3). The extracted results are
considerably smaller than values reported for longer driving pulses [32]. To under-
stand this discrepancy the induced nonlinear dynamics have to be investigated with
temporal resolution.

Extreme ultraviolet (XUV) pulses with durations of a few 100 as are short enough
to resolve the evolution of the electronic material properties. The attosecond pulses
emerge in the nonlinear process of high harmonic generation explained in Appendix
C. The temporal characterization of the few cycle strong field is performed with
attosecond streaking spectroscopy (Appendix D).

The first approach to temporally resolve the induced nonlinear dynamics is to
investigate the strong field modification of the XUV absorptivity with attosecond
resolution (Chap.4). The results of this transient absorption spectroscopy reveal
dynamics which are related to the carrier field of the driving pulse and reversible on
femtosecond timescales.

To examine the nonlinear scaling of the induced effect, the intensity dependent
reflectivity of the strong field is explored in Chap. 5. A highly nonlinear increase of
the reflectivity with electric field strength is observed. In a nonlinear autocorrelation
measurement the phenomena is found to be reversible on femtosecond timescales.

The two different experiments reveal a nonlinear field effect which vanishes with
the driving field within femtoseconds. This result proves that it is principally possible
to reversibly manipulate dielectrics with intense few cycle pulses. It demonstrates
the attractiveness of this approach for signal processing. However many aspects of
the fundamental questions raised above remain unanswered. Each experiment probes
individual features of the strong field interaction and cannot deliver a complete picture
of the nonlinear dynamics. The nonlinear polarization is only accessible via complex
theoretical modeling with a low signal to noise ratio.


http://dx.doi.org/10.1007/978-3-319-41207-8_2
http://dx.doi.org/10.1007/978-3-319-41207-8_3
http://dx.doi.org/10.1007/978-3-319-41207-8_4
http://dx.doi.org/10.1007/978-3-319-41207-8_5

1 Introduction 5

As described above the reflectivity of the few cycle pulse is found to increase
highly nonlinear with intensity. In principle the complete information about the non-
linear dynamics is encoded in the strong field modification of the temporal structure
of the reflected field. As the field transmitted through the material possesses comple-
mentary information, the technique of Attosecond Polarization Spectroscopy (APS)
is developed to time resolve its modification in the nonlinear process (Chap. 6).
The theoretical concept derived in Sect. 6.1 provides a direct analytic relation between
the physical observables and the induced nonlinear polarization. In a first step APS
is verified by detecting the decrease in optical material density due to plasma for-
mation in the gas phase (Sect.6.3). Then it is employed to investigate the intensity
dependent strong field dynamics in two different dielectrics with attosecond reso-
lution (Sect.6.4). With APS the complete temporal structure of the induced non-
linear polarization, the electronic response time and energy transfer dynamics are
accessible. The obtained results can answer the questions raised above regarding
the nonlinear interaction of few femtosecond pulses with dielectrics. It is possible
to benchmark the performance of a hypothetical ultrafast optical device for signal
processing with respect to current semiconductor technology.

In Chap.7 the future approaches for further extension of the APS technique are
described. The main ideas are to add another degree of freedom by flexible control
of the temporal profile of the strong field. This is facilitated with a two channel
waveform synthesizer (Sect. 7.1, Appendix I). Furthermore, the current scheme will
be extended to broadband probe fields which enable a more direct investigation of
the induced dynamics.

A Summary of the Most Important Results

Throughout this thesis, the strong field dynamics induced in dielectrics by few fem-
tosecond pulses in the visible to near infrared wavelength range are examined. An
experimental technique which allows to investigate the excited nonlinear polariza-
tion with attosecond resolution is developed. The response time of the electronic
system is found to depend on the energy absorbed in the light-matter interaction. At
field strengths close to the damage threshold of the material dielectrics respond to
the driving force within less than 100 as. The induced strong field dynamics are dom-
inated by two physical mechanisms: The excitation of virtual [33] and real carriers.
The generation of virtual population increases the optical density of the medium. As
the carriers directly vanish with the driving field the nonlinear modification of the
refractive index is completely reversible on sub-femtosecond timescales. It could be
used as the signal in a future ultrafast all-optical switch. The maximum amount of
generated virtual carriers follows intensity scaling predicted by the Kerr effect. The
number of excited real carriers defines the energy dissipated in the interaction as
the lifetime of the charges exceeds the duration of the driving pulse. Since they are
generated by multiphoton absorption their excitation probability grows more rapidly
with the strength of the driving field than for virtual carriers. Therefore it is possible
to optimize the ratio between induced signal and dissipated energy for future near
dissipation-free ultrafast optical signal processing.


http://dx.doi.org/10.1007/978-3-319-41207-8_6
http://dx.doi.org/10.1007/978-3-319-41207-8_6
http://dx.doi.org/10.1007/978-3-319-41207-8_6
http://dx.doi.org/10.1007/978-3-319-41207-8_6
http://dx.doi.org/10.1007/978-3-319-41207-8_7
http://dx.doi.org/10.1007/978-3-319-41207-8_7

1 Introduction

References

1. Wikipedia: Moore’s law. https://en.wikipedia.org/wiki/Moore

[\S)

NN AW

10.

11.

12.
13.

14.

15.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

. Sanders DP (2010) Advances in patterning materials for 193 nm immersion lithography. Chem

Rev 110(1):321-360

. IBM: IBM Z13. http://www-03.ibm.com/systems/de/z/hardware/z13.html

. Johnson RC (2015) IBM Leapfrogs Intel to 7nm. In: EETimes 7(9)

. Kahng D (1963) Electric field controlled semiconductor device. US patent 3102230

. Taur Y, Ning TH (2009) Fundamentals of modern VLSI devices, 2nd edn. Cambridge Univer-

stity Press, Cambridge

. Liou JJ, Schwierz F (2003) Modern microwave transistors: theory design and performance.

Wiley-Interscience, New York

. Caulfield HJ, Dolev S (2010) Why future supercomputing requires optics. Nat Photon 4:261—

263

. Liou JJ, Schwierz F (2007) RF transistors: recent developments and roadmap toward terahertz

applications. Solid-State Electron 51:1079-1091

Deal WR et al (2011) Low noise amplification at 0.67THz using 30nm InP HEMTs. IEEE
Microw Wirel Compon Lett 21:368-370

Mamaluy D, Gao X (2015) The fundamental downscaling limit of field effect transistors. Appl
Phys Lett 106(19):193503

Gross R, Marx A (2014) Festkorperphysik, 2nd edn. de Gruyter Oldenbourg, Miinchen
Zener C (1934) Theory of the electrical breakdown of solid dielectrics. R Soc Lond Proc Ser
A 145:523-529

Wannier G (1960) Wave functions and effective hamiltonian for bloch electrons in an electric
field. Phys Rev 117:432-439

Franz W (1958) Einfluss eines elektrischen Feldes auf eine optische Absorptionskante.
Zeitschrift Naturforschung Teil A 13:484

. Keldysh LV (1958) Behavior of non-metallic crystals in strong electric fields. Sov J Exp Theor

Phys 6:763

Atanasov R, Hachee A, vam Driel HM, Sipe JE (1996) Coherent control of photocurrent
generation in bulk semicondurctors. Phys Rev Lett 76(10):1703-1706

Nagatsuma T (2002) Photonic measurement technologies for high-speed electronics. Meas Sci
Technol 13:1655-1663

Auston DH (1975) Picosecond optoelectronic switching and gating in silicon. Appl Phys Lett
26:101-103

Auston DH (1988) Ultrafast optoelectronics. Top Appl Phys 60:183-233

Shimosato H, Ashida M, Itoh T, Saito S, Sakai K, Ultrabroadband detection of terahertz radia-
tion from 0.1 to 100 THz with photoconductive antenna. In: Ultrafast optics V. Springer series
in optical sciences, vol. 132. Springer, New York

Huber R, Anappara AA, Giinter G, Sell A, De Liberato S, Ciuti C, Biasiol G, Sorba L, Tredicucci
A, Leitenstorfer A (2011) Switching ultrastrong light-matter coupling on a subcycle scale. J
Appl Phys 109(10):102418

Boyd R (2008) Nonlinear optics, 3rd edn. Academic, Burlington

Pate NS, Hall KL, Rauschenbach KA (1998) Interferometric all-optical switches for ultrafast
signal processing. Appl Opt 37(14):2831-2842

Ulbricht R, Hendry E, Shan J, Heinz TF, Bonn M (2011) Carrier dynamics in semiconductors
studied with time-resolved terahertz spectroscopy. Rev Mod Phys 83:543-586

Kuehn W et al (2010) Terahertz-induced interband tunneling of electrons in GaAs. Phys Rev
B 82:075204

Schiffrin A, Paasch-Colberg T, Karpowicz N, Apalkov V, Gerster D, Miihlbrandt S, Korbman
M, Reichert J, Schultze M, Holzner S, Barth JV, Kienberger R, Ernstorfer R, Yakovlev VS,
Stockman MI, Krausz F (2012) Optical-field-induced current in dielectrics. Nature 493:70-74
Pati AP, Wahyutama IS, Pfeiffer AN (2015) Subcycle-resolved probe retardation in strong-field
pumped dielectrics. Nat Commun 6:7746


https://en.wikipedia.org/wiki/Moore
http://www-03.ibm.com/systems/de/z/hardware/z13.html

References 7

29.

30.

31.

32.

33.

Brabec T, Krausz F (2000) Intense few-cycle laser fields: frontiers of nonlinear optics. Rev
Mod Phys 72:545-591

Lenzer M (1999) Femtosecond induced laser-induced damage of dielectrics. Int J Mod Phys
B 13(13):1559-1578

Lenzer M, Kriiger J, Sartania S, Cheng Z, Spielmann Ch, Mourou G, Kautek W, Krausz F
(1998) Femtosecond optical breakdown in dielectrics. Phys Rev Lett 80:4076

Milam D (1998) Review and assessment of measured values of the nonlinear refractive-index
coefficient of fused silica. Appl Opt 37:546

Yablonovitch E et al (1989) Virtual photoconductivity. Phys Rev Lett 63(9):976-979



Chapter 2
Theoretical Description of the Nonlinear
Optical Pulse Propagation

An electric field E (7, t) interacts with the charged properties of matter. As electrons
possess considerably less mass than the ionic cores, their dynamics excited by the
driving field evolve on shorter timescales than the induced lattice oscillation.

The external field polarizes the material, inducing oscillating dipoles which them-
selves emit radiation. Therefore the propagation of the light inside the medium takes
the form of a polariton, consisting of the electric field E (7, t) coupled to the polar-
ization wave P (7, t). The propagation and interaction of E (7, ) and P (7, t) in the
absence of free carriers and charges is described by the nonlinear wave equation [1]

1 ’E(#, 1) 1 9*P(F,1)
-VEGH+—F "= —— L 2.1
.0+ ¢z Or? cteg  Ot? @D

c is the speed of light in vacuum and ¢; the vacuum permittivity. Equation (2.1)
uses the MKS unit system. This convention will be employed throughout the entire
thesis. If the amplitude of the external field becomes sufficiently large (> 1Y in

dielectrics) the dipoles cannot follow the driving field linearly anymore. This results
in a nonlinear contribution PVX (7, ) to the polarization response [2].

P, 1) = PEGF, 1) + PNEG, 1) (2.2)

PL(#,t) represents the linear material response and accounts for the linear dis-
persion the different frequency components experience during propagation [1].

PLF, 1) = eoxV(F, )EF, 1) (2.3)

xV(7, ) is the lowest order susceptibility. In general ) (7, t) are tensors of the
order [ + 1 and depend on the frequency of the applied field. For reasons of lucidity
x will be treated as scalars in the following and the material response is assumed
to be instantaneous.
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If the amplitude of the nonlinear contribution to the polarization is sufficiently
small, it can be considered as a small perturbation of the system and approximated
in a Taylor expansion [1].

PVEGFE 1) = eoXPEG, ) + eoxPVEGE, 1) + - (2.4)

The susceptibility and the first order material permittivity ¢/ are connected by
e =1+ x. Additionally €V is related to the linear refractive index n3 = V.
Under consideration of Eq.(2.1) and this dependency Eq. (2.2) can be written as [1]

eV PEF, 1) 1 9*PNL(F 1)
~VEG ) 5 = 25
.0 ¢z Or? cZeg ot? 2.5)
Fourier transformation of Eq.(2.5) into the frequency domain results in a differ-
ential equations for every frequency component E,, (7). The individual equations are
coupled by the nonlinear source term PNL(7) which involves all frequencies as it
depends on the complete electric field.

M2 2

V2E,(7) + ‘ —EL(F) = —f—ﬁj“(?) (2.6)
c Co€p
with |
E(F, 1) = > / E.(F) exp(iwt)dw (2.7)
™
1 [~
PYEG 1) = Z—/PWNLG) exp(iwt)dw. (2.8)
™

This thesis focuses on the examination of the nonlinear interaction of ultrashort
light pulses with matter. Particularly for this case Brabec and Krausz [3] have fur-
ther elaborated Eq.(2.6). The derived result is a generalized form of the nonlinear
Schrodinger equation and describes a broad variety of nonlinear optical effects. To
understand their physical origin it is very instructive to study the analysis of Brabec
and Krausz in more detail. In the following the fundamental assumptions and the
most important intermediate steps leading to the generalized nonlinear Schrédinger
equation are presented.

Equation(2.6) can be simplified with the slowly-evolving-amplitude-
approximation [1]. It implicates that the amplitude A(F, t) of the incident electric
field E(F,t) = A(#,t) exp(—i(kz — wt)) + cc. does not vary significantly within
one wavelength. For E (7, t) propagating in z direction the following ansiitze can be
employed to solve Eq. (2.6):

E(r, t) = A(F, t) exp(—i(koz — wot)) + cc. (2.9)
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A(F 1) = S / A, (F) exp(iwt)dw (2.10)

27
PNEG 1) = pVEGF, 1) exp(—i (koz — wot)) + cc. (2.11)
PN = Zi / PNE(F) expliwt)dw (2.12)

YIS

A, (F) and PNL(F) are the slowly varying amplitudes of the field and the nonlinear
polarization wave in the frequency domain. wy is the center frequency and kg =
i—: the wavevector at the fundamental wavelength \g. Due to the slowly-evolving-
amplitude-approximation % ~ 01in Eq. (2.6) [4]. Higher order dispersion terms
are considered with an expansion of the wavevector k(w) into a Taylor series

k(w) = ko + k1 (w — wo) + %kz(w—wof—i-... (2.13)

D,

where D, = > Z—I!kl (w—wp)! forl > 2.

klz[ﬁ} =1[n(w>+wd”(w)} _ ! (2.14)

dw dw Vg (wo)

L[] _aft B 1 dvg o15)
© Lde? w=wy dw [vg(wo) w=wp B v (wo) dw ’
w=wy

n(w) is the refractive index of the medium. The linear term k,; in the expansion
stands for the inverse group velocity of the pulse v,. k> and the higher order terms
represent the group velocity dispersion.

Under consideration of the slowly-evolving-amplitude-approximation Egs. (2.9),
(2.11) and the dispersion treatment presented above, Eq. (2.6) is Fourier transformed
back into time domaine. Subsequently a retarded time frame moving with the light
pulse is introduced

[

2=z T=1—kz. (2.16)

This leads to the following result [1, 4]

) ik O ik o\

A 2ikp— (1 + — — 2koD |1 4+ — — A

[ L ”’az/( % aT)Jr 0 ( ' 67‘)] ¢, 7)
wp

. 2
90 (14 L2 v n 2.17)
€oc? wo OT

with the temporal representation of 5w, D=3 %kl (i %)l .
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In order to identify the different physical mechanisms which the individual terms
in Eq.(2.17) represent it is instructive to restrict the perturbative expansion of the
nonlinear source term to its lowest order contributions Eq.(2.4). In the course of
this thesis only centrosymmetric materials are considered in which the even order
contributions to the nonlinearity vanish. Hence p¥* (7, 1) is approximated with

PYEE D = 360X P |AG, DIP AG ). (2.18)
To get an intuitive understanding of Eq.(2.17) the correction factors %d—‘i and

u%o% are neglected in a first step and group velocity dispersion is restricted up to

second order k; Eq.(2.13). With these approximations Eq.(2.17) can be written as
(1]

| 2k 2 72

AG . . 2 i
DA, 7) _[ i iky O +—3""°><<3>|A(?,r)|2}A(?,r) (2.19)
62/ 2n0c

This representation of the nonlinear Schrodinger equation highlights that three
different physical mechanisms influence the amplitude A (7, ) of the electric field
on the left hand side of Eq. (2.19): the first term on the right side represents diffraction
as it modifies the extension of the wave in x and y direction. The second contribution
containing k, alters the temporal profile of the amplitude due to group velocity
dispersion. The last term on the right hand side is proportional to |A (7, )% and
represents an intensity dependent nonlinear contribution known as the optical Kerr
effect [1].

2.1 Self-Phase Modulation

By analogy with the relation between the linear refractive index ny, the first order
permittivity ¢V and the susceptibility "

ng =€l =14V (2.20)

the intensity dependence of the material’s polarization response can be included in
the description of the refractive index.

n(@)? =1+ x"+3xV1AGE D+ (2.21)
As only media with inversion symmetry are considered in the course of this thesis,
even order contribution to the polarization are ignored.

Equation (2.21) can be written as

n(t) =ng+nl (7, t) (2.22)
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. . . 3) . . -
with the nonlinear Kerr coefficient n, = 23(5 " and the pulse intensity /(r,t) =
0

1 = )2
sneoc |A(r, 1)l

This notation illustrates that the optical Kerr effect introduces an intensity depen-
dent nonlinear phase contribution ®V*

OVE(1) = woSnal (1) (2.23)
C

and modifies the instantaneous frequency w of the electric field [2].

d(DNL
dt

Sw = — (2.24)

Figure2.1 depicts the nonlinear phase ®V’ (¢) (dark line, Eq.(2.23)) and corre-
sponding shift of the instantaneous frequency dw (light line, Eq.(2.24)) a Gaussian
pulse induces in a medium with 7, > 0. As ®V£(¢) is proportional to the intensity
envelope, dw is negative in the first half of the pulse and positive at its end. If the
magnitude of the spectral modifications becomes comparable to the bandwidth of
the incident field, the fundamental spectrum can be significantly broadened or nar-
rowed depending on the initial chirp of the driving wave [2]. As the spectral width
of the pulse Aw is related to its duration 7, by Aw 3—17:, self-phase modulation

considerably alters the frequency structure of the fundamental if ®NL > 27

Nonlinear phase ©" [rad]

Instantaneous frec

Time[fs]

Fig. 2.1 In a medium with positive 7, a Gaussian pulse generates the nonlinear phase ®V%(r)
(dark line) proportional to its intensity envelope. ®V(¢) changes the instantaneous frequency of
the carrier wave (light line)



14 2 Theoretical Description of the Nonlinear Optical Pulse Propagation

ONL o
6wmux ~ R — = cDr]ZaLx z 2w (225)
Tp Tp

For a Gaussian pulse dw(t) reaches its maximum and minimum amplitude at the
inflection points of ®V%(¢) Fig.2.1. In between it can assume the same value at two
different instants in time, resulting in an interference modulation of the nonlinearly
modified spectrum [2].

2.2 Self-Focusing

The intensity dependence of the refractive index Eq.(2.22) does not only influence
the spectral composition of the pulse but also its spatial structure. In the transverse
profile of a Gaussian beam the intensity decreases with the distance from the optical
axis. This results in a spatially inhomogeneous nonlinear modification of the optical
material density across the beam area: for a medium with n, > 0 the refractive
index becomes highest at the beam center and decreases towards its sides. Hence the
nonlinear Kerr effect introduces a focusing lens Fig. 2.2 in the material. The location
of the focus can be calculated with Fermat’s principle [1], if the beam diameter is
considerably larger than the wavelength of the electric field and diffraction can be
neglected. Then the optical path of all rays at different transverse positions in the
material must be the same.

Figure 2.2 illustrates how Fermat’s principle determines the focusing angle 6 in
the medium. After entering the material the beams at different radial positions meet
at the self-focusing length z;.

noZsf
cos 0

(no +nal)zsp = (2.26)

Fig. 2.2 The intensity dependent refractive index alters the optical path length for rays at different
radial positions. In materials with np > 0 the Gaussian intensity distribution leads to self-focusing
of the beam after a propagation distance of z,s
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1 21
coshal— -0 — g= |20 (2.27)
2 nog +nol

As 0 is related to the beam radius wy by 6 = ;’j—;, Zg is given by

no +nol
oy = wo,/%. (2.28)

2.3 Self-Steepening

To further investigate the impact of the Kerr effect on the nonlinear light-matter

interaction, the factor L% on the left hand side of Eq.(2.17) is now taken into

ik, 0

account. The terms T o7

on the right side are further neglected According to the

slowly-evolving-amplitude-approximation [1 + ——] ~l4+ A

wo 0T wo 67’

The frequency dependence of Y is taken into account with the lowest order
terms of a Taylor expansion

X (@) ~ xP(wo) + @ = we) B [5].
Back in the laboratory reference ffame Eq.(2.17) can be written as

DA, 1) DA(F, 1) i lk2 D*A(F, 1) 3iwo @) R
—k = 5 ALAG. D — —= 3 (wo) 1A A
0z 5 % LA, 1) o 2n0cX (wo) |A(F, )7 A(r, 1)
3iwg 3) wo dX(3) i 9
— 24 0 X A A
+ 2nocX (wo) | 2+ Oan) do | oot IAG, DI AG, D).

(2.29)

The first three terms on the right hand side have been previously identified
as the contribution of diffraction, group velocity dispersion and self-phase mod-
ulation, respectively. By computing %(|A(7, t)|2 A, 1) = 2|AF, z‘)|2 % +
A(F, 1) 2D dAX(’ 2 Eq.(2.29) becomes

(€9)

ngplc
OA(F, 1) 4~c R ) OA(F, 1) i R ik, 82A(7,t)
= RELY S~ ALA 2o
%2 [kl+ ™ lA(r, )] By o (r, 0 > o2
3i . .
+ %x@(wo) IAG. O A 1)
noc
2 O0A(r,t
T A el ( b (230

wo
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: 3wo ,(3) w dx® .
with v = =22x"(wp) [1 + b ] The second term on the left hand side

2npc 2x®(wp) dw
shows that an intensity dependent contribution to the inverse group velocity emerges
in the nonlinear light-matter interaction. It can be described with the nonlinear group

index n$¥’ which s related to the effective group velocity index by % )f =n+n®1.
12 w dx®

© = = O [ 14+ —0 X 231

" e [ 2O (@) d @30

For nég) > 0, vy decreases proportional to the intensity envelope of the driving

field. Hence the central part of the pulse is decelerated to a higher extent than its flanks.
This delays the first moment of the pulse and increases the slope at the trailing flank.
The pulse front is flattened. The described phenomena is known as self-steepening
and illustrated in Fig. (2.3b) [1]. For few-cycle pulses (in dispersionless media) self-
steepening can increase the slope at the pulse end to infinity and form an optical
shock wave Fig.(2.3c). When the central part of the pulse is even further delayed
and overtaken by the components at the tail, the pulse breaks similar to the behavior
known from water waves [6].

The analysis of the nonlinear interaction presented so far illustrates that various
physical mechanisms influence the propagation of an intense light pulse through
matter Eq. (2.30). The characteristic length scales on which the different effects
significantly modify the pulse properties can be used to classify the relevance of the
contribution. If the characteristic length of the nonlinear effect is small, its impact in
the interaction is high.

The dispersion length Lg;spersion constitutes a measure for the amplitude of group
velocity dispersion [1]

2

Laispersion = ——b—. 2.32
dispersi 4111(2) |k2| ( )

(a) (b)

I(t)

Y

Time Time " Time

Fig. 2.3 Panel a the intensity envelope of a Gaussian pulse. Panel b the intensity envelope of the
Gaussian pulse is altered by self-steepening in a material with ngg ) > 0. Panel ¢ for ultrashort pulses

severe self-steepening can induce the formation of optical shock waves
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The impact of self-phase modulation can be estimated with the nonlinear length

Ly [2] .

Lyp = . (2.33)
wnpl
For self-steepening the self-steepening distance L s is defined
- L() (2.34)
2/In)ny 1

2.4 Frequency Tripling

For reasons of lucidity only components of the nonlinear polarization at the fun-
damental frequency w of the driving field have been considered so far Eq.(2.18).
However in the nonlinear light-matter interaction also higher order harmonics n x w
(n € N) are generated Eq.(2.4). In the x® process, 3 photons of the fundamental
can be transformed into coherent radiation oscillating at a frequency of 3w Fig.2.4
[1].

PO = eoxPE@) = eox® A1) exp (—i Bwi)) (2.35)

To evaluate the efficiency of the nonlinear process the magnitude of | ¢ @|
Eq. (2.35) is estimated. The interatomic atomic force E,; can be approximated with

e
Eq

Vv
- > =514 x 10" — (2.36)
dmegag m

where ¢ = 1.6 x 10~1° C is the electron charge, ¢y = 8.85 x 10~12 % the electric
permittivity of free space and ap = 5.29 x 10~ m the Bohr radius. If the amplitude
of the external driving field is of the same order of magnitude as E,,, the amplitude
of the linear material response P (¢) Eq.(2.3) is of similar size as for PV (r)
Eq.(24). As x!V ~ 1

Fig. 2.4 Schematic A s o
principle of frequency ‘

tripling [1]: 3 photons of the w
fundamental wave with
frequency w are absorbedby | acceooboooao-
a two level system. In return
a high energy photon with a
frequency of 3w is emitted

w 3w

energy
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1

(i) = ) .
Ea[l_l

eox(l)Eal ~ eox(i)Eil — X (2.37)

With increasing order of the nonlinearity ¥ decreases [7]. For second order
processes x® & 19.5 x 107" % For third order nonlinearities the efficiency drops

considerably as Y & 38.0 x 10 "','—3 The conversion rate for frequency tripling

of VIS/NIR photons into the UV range in the gaseous phase is less than <1 %.

2.5 Intrapulse Raman-Scattering

As electrons possess less mass than the ionic cores most electronic excitations in
solids oscillate at higher frequencies than the vibrations of the lattice. This is the
reason why the interaction of ultrashort pulses with matter can be assumed to be
dominated by the electronic contribution. However the extent to which Raman modes
contribute to the induced polarization is still unclear [2].

The principle of spontaneous inelastic Raman scattering is displayed in Fig.2.5.
An external pump field at frequency w excites electrons from the ground state into a
virtual level associated with an excited state. The electron decays into a vibrational
level by emitting a photon at the Stokes-frequency wg;ores < w. As the final vibration
state is located energetically above the ground state energy is transferred from the
external field to the material Fig.(2.5a). In the anti-Stokes process the electron is
excited from the vibrational state into the virtual level by the external field and decays
into the ground state. Thereby it emits an Anti-Stokes photon wpsi—ssokes > w. In
this case the pump field gains energy from the medium Fig. (2.5b). However as the
electron decays into the populated ground state, the transition probability for Anti-
Stokes scattering is by orders of magnitude smaller than for the Stoke process. The

(a) (b)

excited state

virtual state - -- I ————————————————————————————————

w
stokes wanti-stokes

vibrational state

ground state Y

Fig. 2.5 The principle of spontaneous Raman scattering for the Stokes (Panel a) and Anti-Stokes
(Panel b) process
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cross section of both Raman processes can be considerably increased by exposing
the energy system to radiation with wgspres OF Wansi—srokes additionally to the pump
field w [2].

An ultrashort few-cycle optical pulse covers a bandwidth of >1 octave. Therefore
it can deliver w and wg;kes for stimulated Stokes scattering. In the Raman process
energy is transferred from the high frequency part of the pulse spectrum to the long
wavelength range. If the lifetime of the virtual level lies in the femtosecond range,
intensity is redistributed from the center of the pulse to its red shifted tail. This
phenomena is known as intrapulse Raman-scattering [2].

Absorption can be included in Eq. (2.5) under consideration of the general relation
between the permittivity € and n with the absorption coefficient «

. 2
c= (n + ﬂ) . (2.38)
2w

The time delayed Raman decay and its impact on the pulse structure can be
considered by the temporal and dispersive profile of x® [2].

2.6 Plasma Dynamics

2.6.1 The Contribution of Free Electrons to the Refractive
Index

As presented in the previous sections many nonlinear optical phenomena resulting
from the oscillatory motion of electrons around their equilibrium position induced
by a strong external field are well described with the pertubative approach Eq. (2.4).
If the amplitude of the incident field becomes comparable to the interatomic forces
E,; Eq.(2.36) this model breaks down as the electronic structure of the medium is
altered considerably when the carriers gain sufficient energy to escape the attractive
potential of their parent ion. To understand the dynamics in a plasma it is instructive
to study the classical motion of a free electron with mass m, and charge e under
the influence of an external electric field E(r) = E(¢)x. It is well described by the
harmonic oscillator model [1].

m.xX = —eE(t) (2.39)
E(t) = Epexp (—iwt) + cc. (2.40)

x(¢) is the position of the electron in direction of the oscillating wave E(¢). This
differential equation is fulfilled if the electron follows E(¢) instantaneously on the
trajectory x (¢) = xo exp (—iwt) + cc. with a maximum amplitude of xo = <£¢

mew
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On the one hand the polarization is the average over all induced dipole momenta
d(x) = —ex(t). For one electron P(t) = —ex(t). On the other hand according to
Eq.(2.3) P is given by P(t) = epa(w) E () with the molecular polarizability a(w).
(a(w) is the polarizability of a single dipole, for N charges Y = Na(w)) [1]. By
exploiting this identity av(w) can be written as

&2

a(w) = — 241

Me€qw?

The permittivity e of an ensemble of free electrons with the carrier density 7, is
connected to the polarizability by

nee2 w?
ew)=1+naw) =1-— s=1-—=2 (2.42)
me€egw w

nee’

meeg ”

with the plasma frequency w[% =

In the absence of absorption the refractive index n is connected to € = n®. For
small changes An << 1 and materials with n = 1

n* =n®>+ An®> +2nAn ~ 1+ 2nAn (2.43)
ne€2 nee2
1+2nAn=1-— > An=————-—<0 (2.44)
Mmeeow? 2nm,eqw?

the free electron contribution decreases the refractive index of the material [1].

2.6.2 The Nonresonant Contribution of Bound Electrons
to the Refractive Index

The model of the harmonic oscillator can also be employed to derive the modifica-
tion of the refractive index by bound electrons. In this case a term representing the
restoring force of the atomic potential is introduced in Eq. (2.39). wy is the resonance
frequency of the system.

Mok + mewix = —eE(t) (2.45)
E(t) = Epexp (—iwt) + cc (2.46)
Equation (2.45) is solved by x(t) = 1) . Analogue to the derivation pre-

me(W? =)’
sented in the previous section, far off resonance w << wy the polarizability of the

system is found to be
2

a(w) = 5 (2.47)
Me€ow
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According to Eqgs. (2.41) and (2.42) the bound electrons alter the refractive index
by

nee?

An=————>0. 2.48
" 2nmeeowg> ( )

It is apparent that the effect of bound and free carriers on the optical material
density is of opposite sign. The plasma contribution Eq. (2.44) decreases the refractive
index, whereas the response of bound carriers Eq.(2.48) increases its value. The
absolute value of the free electron contribution exceeds the magnitude of the bound
carrier effect. This difference is intuitively comprehensible as the excursion of the
induced free carrier motion is bigger than the path length covered by the oscillating
bound charges [1].

2.6.3 The Polarization in a Plasma

If collective particle motion, collision processes and relativistic effects are neglected
the nonlinear polarization in an underdense plasma (w, < w) is the sum over all
the induced dipole momenta. However the contribution of the ionic cores can be
neglected as they are by orders of magnitude heavier and therefore slower than the
freed electrons [8]. This means that the nonlinear polarization can be written as

Py (1) = ne(t)e (x(1)) (2.49)

where (x(¢)) is the expectation value of the electronic wavefunction. The temporal
derivative of Py (t) is given by

dPy (1)  dn(t) d (x(1))
= t t . 2.50
7 7 exo(t) + n.(t)e 7 (2.50)
xo(t) = v _ i the distance from the ionic core at which the electron appears

¢E()
after tunneling through the atomic potential suppressed by the external electric field

[8]. The two terms on the right hand side of Eq. (2.50) represent the different physical
processes contributing to the nonlinear polarization response. The first term describes
the ionization rate at which new electrons appear outside the Coulomb barrier at
position xg. Ionization happens with a maximum probability at the peaks of the
driving field in each subcycle. The second term accounts for the acceleration of the
freed carriers in the field. They acquire their maximum velocity at the zero crossings
of the oscillating wave [8].
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Chapter 3
Time Integrated Investigation
of the Nonlinear Kerr Coefficient

Most of the nonlinear phenomena described in Sect.2 are well understood if the
oscillation period of the exciting field clearly exceeds the time constant of the induced
dynamics [1]. As laser pulses with femtosecond duration are in most cases shorter
than the oscillation period of acoustic and typical optical phonons in solids [2], the
established values of the nonlinear Kerr coefficient n, (Sect.2.1) loose validity [3,
4]. To estimate the magnitude of the optical Kerr effect in the interaction of the few
cycle pulses used in this study with dielectrics, n; is determined with two different
time integrating techniques. On the one hand the well-established Z-scan method is
employed [5]. On the other hand a concept based on the detection of the intensity
dependent reflectivity is developed. It is particularly suitable for broadband few-cycle
laser pulses.

3.1 Z-Scan

A well-proven concept for the determination of the nonlinear Kerr coefficient is the
Z-scan technique introduced by M. Sheik-Bahae in 1990 [5]. It makes use of the spa-
tial implications of the intensity dependent refractive index described in Sect.2.2. The
basic setup is depicted in Fig. 3.1: The investigated target is positioned in the focused
laser beam of few-cycle VIS/NIR pulses (appendix A.1). The Rayleigh length clearly
exceeds the sample thickness by several orders of magnitude. The transmitted beam
is split into two arms: in the open aperture arm its power is recorded. In the small
aperture arm a pinhole is positioned in the far field of the laser beam and the trans-
mitted power detected on a powermeter. When the sample is moved stepwise along
the optical axis towards the focus, the intensity it is exposed to grows. The transverse
Gaussian intensity profile of the beam inhomogeneously modifies the optical mater-
ial density and introduces a nonlinear lens (Sect. 2.2). With increasing peak intensity
the focal length of this lens decreases and the self focusing of the beam becomes
© Springer International Publishing Switzerland 2016 23
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.5.0 pm fusedl beamsplitter
silica or sapphire (50-50) pinhole
sub-5-fs NIR \ ]
' v small aperture
arm
open aperture
arm

Fig. 3.1 Schematic setup of the Z-scan to determine the nonlinear Kerr coefficient no

(a) (b)
sample positioned sample positioned
in front of behind
geometrical focus geometrical focus

Fig. 3.2 The impact of self focusing on the effective focal length. Panel a when the target is
positioned in front of the geometrical focus the additional Kerr lens decreases the effective focal
length and the divergence of the transmitted beam grows. Panel b when the sample is located behind
the geometrical focus self focusing decreases the beam divergence

more pronounced. While the target is situated in front of the geometrical focus the
additional nonlinear lens decreases the effective focal length and rises the diver-
gence of the transmitted beam Fig. 3.2a. Therefore less power is transmitted through
the pinhole in the small aperture arm. As soon as the target is located behind the
geometrical focus the Kerr lens reduces the divergence of the transmitted radiation,
increasing the power measured in the small aperture arm Fig. 3.2b. In the absence of
nonlinear absorption the power in the open aperture arm remains unaffected by the
light-matter interaction.

The Z-scan is performed on £ = 50 wm thick amorphous SiO, and crystalline
Al, O3 samples. To determine the intensity the sample is exposed to the power and
beam size are recorded. Additionally the pulse duration is extracted from an inde-
pendent measurement (appendix E). The peak intensity in the geometrical focus is
setto I = (1.7 £0.3) x 1013%. In order to avoid spatial and temporal distortion
of the pulse by interaction with air the Z-scan is performed in vacuum (10~ mbar).

The traces recorded with £ = 50 wm thick fused silica plates are depicted in
Fig.3.3. Panel a displays the power measured through the pinhole in the small aper-
ture arm. It decreases with growing strength of the Kerr lens while the sample is
moved towards the geometrical focus. After passing through the focus the trans-
mission increases and finally returns to its original value. Panel b shows the power
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Fig. 3.3 The power recorded in the open (Panel a) and small aperture arm (Panel b) in the Z-scan
measurement with £ = 50 pum thick fused silica plates. The normalized open aperture signal (Panel
¢, light line) is fitted (dark line) with Eq. (3.1) to extract the nonlinear Kerr coefficient [5]

recorded in the open aperture arm, which is constant throughout the entire interaction.
This verifies the absence of multi photon absorption and a negligible contribution
of frequency conversion to the induced nonlinear process (Sect.2.4) [5]. If spec-
tral changes of the pump field become non negligible, it is no longer sufficient to
exclusively examine the modification of the spatial beam properties to access the
Kerr dynamics. To compensate for intensity fluctuations of the pump field the small
aperture signal is normalized with the open aperture trace. The result is displayed in
Fig.3.3c, (light line).

The normalized small aperture signal 7 (- ) can be employed to extract the non-
linear Kerr coefficient with the formalism proposed by M. Sheik-Bahae [5, 6].

4A<I>i
4

R (P (B

AD = kényl (3.2)

3.1)
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The Rayleigh length zo, the peak intensity / and the sample thickness ¢ are
determined experimentally.

The calculated fit is depicted as the dark line in Fig.3.3c and yields a result of
n, = (1.1 £0.3) x 10’16%. The deviation between the experiment data and the
fit behind the geometrical focus (% = 2 — 8) is caused by small distortions of the
wavefront of the pump field at these positions. The obtained result for the nonlinear
Kerr coefficient is a factor of 2-3 smaller than the n, values reported in literature for
the interaction of fused silica with multi-cycle fields [3, 4].

The value of the nonlinear Kerr coefficient strongly depends on the spectral and
temporal profile of the exciting laser field. Different physical mechanisms contribute
to the nonlinear interaction and are summarized in the empirical variable n,. The
individual contributions evolve on different timescales: as electrons are the lighter
than the ionic cores they oscillate with higher frequencies than lattice vibrations.
Only if the timing constant of the nonlinearity is comparable to the interaction period
the induced dynamics influence the light field. With decreasing pulse duration the
interaction time with the material is reduced. Low frequency polarization components
do no longer contribute to the Kerr coefficient. As laser pulses with sub-picosecond
duration are shorter than the oscillation period of typical acoustic phonons, the n,
measured in the interaction with these fields are smaller than values reported for
nanosecond pulses [2]. Oguama et al. attempted to disentangle the electronic and
Raman contribution to the nonlinear dynamics induced by picosecond pulses in
fused silica in 2005. According to their findings the contribution of optical phonons
increases the value of n, by 18-20 % [7]. The results reported here for sub-4 fs laser
pulses suggest that the nonlinear polarization is dominated by the electronic response
of the material.

The Z-scan is repeated under identical conditions for £ = 50 pwm thick Al, O;
plates. The crystalline samples are cut along the C plane perpendicular to the optical
axis to avoid birefringence. The normalized signal of the small aperture arm (light
line) and the curve fitted with Eq. (3.1) (dark line) are depicted in Fig.3.4. For the
nonlinear Kerr coefficienta value of ny = (1.340.3)x 10716 % is extracted. Asinthe

Fig. 3.4 The normalized 1 L B A L S R S B S|
. . .08 + ]
small aperture signal (light g~
line) recorded in the Z-scan c ';-':a
measurement with EF 104 |
¢ = 50 pm thick sapphire § £
plates is fitted (dark line) & o
. . s = 100+ 4
with Eq. (3.1) to access n; in o 2
the interaction with optical 8 g
few-cycle pulses [5] E ; 0.96 -
S o
Z U
0.92 8
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case of fused silica this result is a factor of 2— 3 smaller than the references reported in
literature for longer pulses [8]. Fused silica and sapphire are both wide-gap dielectrics
with a band gap of similar size (AE, 4,0, ~ 8.8 eV, AE;5i0, 9 €V). Apart from
that they share no common features as their energetic structure and chemical and
crystalline composition differ significantly. Even though for both materials the value
of the Kerr coefficient in the interaction with ultrashort light fields is considerably
decreased compared to the interaction with longer pulses. This result suggests that
the phenomena is universal in wide-gap solids. The nonlinear dynamics induced by
intense optical few-cycle pulses in dielectrics in general seem to be dominated by
the electronic material response.

3.2 Intensity Dependent Reflectivity

The linear propagation of a light pulse through dispersive matter modifies its temporal
properties. As ultrashort pulses cover a broad spectral bandwidth their characteristic
dispersion length Eq. (2.32) amounts to a few 100 pm in most dielectrics [9]. Hence
to reliably determine the nonlinear Kerr coefficient for ultrashort pulses with the
Z-scan technique samples with pm thickness are required. The fabrication of these
thin plates is challenging and expensive. To avoid this inconvenience it is desirable
to develop a technique which is based on the detection of the nonlinear modifications
of the radiation reflected from the surface instead of the light transmitted through
the material. As it is not clear whether the nonlinearity induced at the surface shares
identical features with the bulk dynamics this new method has to be validated and
verified. Therefore additionally to the Z-scan [5] the intensity dependent reflectivity
of the pump field is investigated. The setup is schematically sketched in Fig.3.5. The
dielectric sample is positioned in the focused laser beam of the same optical few-cycle
pulses used in the Z-scan (appendix A.1). By translating the material along the optical
axis towards the focus, the intensity on the medium is increased. The reflectivity off
the front surface is recorded as a function of the intensity the material is exposed
to. To spatially separate the reflection from the front and the back surface a wedged
sample (with an opening angle of approximately 3°) is employed. To optimize the
signal-to-noise ratio the target is positioned in Brewster’s angle.

According to Fresnel’s formula the reflectivity R of linear polarized light oscil-
lating perpendicular to the incidence plane is given by [10]

2

. 2
| — (31,111((16;))) —n(I) cos (©)

M_F n(I) cos (©)

n(l) =ng+nyl 3.4)

R(I,®) =

(3.3)


http://dx.doi.org/10.1007/978-3-319-41207-8_2

28 3 Time Integrated Investigation of the Nonlinear Kerr Coefficient

focused \—4 thin Si0,or

laser beam AlLO,wedge

reflected
laser beam

Fig. 3.5 Schematic setup for the determination of the nonlinear Kerr coefficient n, by investigation
of the intensity dependent reflectivity

with the angle of incidence ®. The intensity / at each position along the optical axis is
determined by tracing of the power, the beam profile and the precise pulse duration in
an independent pulse duration measurement (appendix E) [11]. As Eq.(3.3) relates
the intensity dependent refractive index n (/) to the modification of the reflected
power R(I, ®), n; is accessible.

To exclude spatial and temporal distortion of the pulses by nonlinear interaction with
air the experiment is performed in vacuum (10~* mbar). In practice it is challenging
to precisely determine the absolute value of the angle of incidence. A relative change
between two different ® can be measured more reliably. Therefore the reflectivity
scan is recorded for several ® varied around Brewster’s angle (©p ~ 56°). The
traces measured for fused silica are displayed in Fig. 3.6: For each angle of incidence
the intensity dependent reflectivity is recorded (light line) and individually fitted
with Eq. (3.3) (dark line) to extract n,. The results evaluated for each ® coincide
ton, = 1.1 x 10‘16% within an error of An, = 0.4 x 10‘16%. The excellent
agreement with the value determined in the Z-scan verifies the applicability of the
technique. As the reflected beam only penetrates into the top layers of the material, the
nonlinear dynamics induced at the surface seem to strongly resemble the polarization
response in the bulk.

The experiment is repeated under identical conditions with a sapphire wedge.
Figure 3.7 depicts the reflectivity of the pump field (light lines) depending on its
intensity on the sample. Again © is varied around Brewster’s angle (® 5 ~ 60°). The
curves are fitted with Eq. (3.3) (dark lines) to access the nonlinear Kerr coefficient
for each scan. The individual results coincide to n, = 1.3 x 10_16% within an error

of Any = 0.4 x 10_16%. Again the obtained value is identical to the result of the
Z-scan.
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Fig. 3.6 The measured intensity dependent reflectivity from a fused silica wedge for different angle
of incidence © (light lines) varied around Brewster’s angle are fitted with Eq.(3.3) (dark lines) to
extract the nonlinear Kerr coefficient
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fitted with Eq. (3.3) (dark lines)



30

3 Time Integrated Investigation of the Nonlinear Kerr Coefficient

The results from the Z-scan and the intensity dependent reflectivity measurement

hint to the conclusion that the nonlinear response of dielectrics to ultrashort pulses
is dominated by the electronic contribution. The dynamics are immediately excited
in the first atomic layers at the surface of the material.
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Chapter 4
Attosecond Transient Absorption
Spectroscopy

As explained in Sect. 1 the aim of this study is to access the nonlinear polarization
induced in the strong field interaction in dielectrics by ultrashort pulses. It character-
izes the nonlinear response of the medium to the external force and contains infor-
mation about the underlying physical processes. The time integrated investigation
of the Kerr nonlinearity was a first step towards this goal. The observed discrepancy
between the nonlinear Kerr coefficient in the interaction with few femtosecond fields
and pulses with longer duration indicate that different physical processes contribute
to the nonlinearity on different timescales. To explicitly identify them and resolve
their dynamics a time resolved experimental technique is required. Electron dynamics
in wide-gap materials evolve on sub femtosecond timescales. To track their motion
a temporal resolution of a few 100 as is necessary. It is provided by high energy
attosecond pulses in the extreme ultraviolet (Appendix C). In the following the mod-
ification of the spectral absorptivity of these attosecond pulses in the presence of the
intense laser field is investigated.

The intense sub-4-femtosecond optical field (Appendix A.1) is employed to gen-
erate XUV radiation with a pulse duration of less than 100 as (Appendix C). The
attosecond light burst covers a spectral bandwidth of >30eV and is centered at
105eV (Fig.4.1 light blue area). The optical pump and XUV probe field propagate
collinearly through the sample under scrutiny, a 125 nm thick fused silica foil. The
transmitted XUV light is spectrally resolved and recorded. As displayed in Fig. (4.2a)
the XUV photons excite electrons from the inner core L shell into the broad con-
duction band of fused silica. Therefore several characteristic absorption lines are
visible in the spectrum of the XUV radiation after transmission through the material
(Fig.4.1 dark blue line).

The field amplitude of the few femtosecond pump pulse at the sample is adjusted
to 2.5 x 10'° V/m close to the breakdown threshold of the material (Appendix G).
The strong field is transmitted through the fused silica foil with variable delay to
the attosecond pulse. In this way the dynamics the pump field induces in the mate-
rial can be observed with attosecond resolution in the modification of the XUV
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absorption. To obtain precise knowledge about the absolute timing between the pump
and probe pulse, the strong field is additionally temporally characterized with attosec-
ond streaking (Appendix D) at the sample. Therefore a nozzle emitting a dilute Neon
gas jet is positioned directly in front of the fused silica foil (Fig.4.1).

The recorded XUV absorptivity as a function of the delay between the attosecond
pulse and the strong field is depicted in Fig. (4.2b) for the entire energy range between
105-112 eV.

For clearer visibility alineout at 109 eV energy is highlighted in Fig. (4.3b). Panel a
shows the electric field of the pump pulse extracted from the streaking measurement.
In temporal overlap the XUV absorptivity is reduced up to 10 %. Strikingly its ampli-
tude is modulation with twice the laser frequency on sub femtosecond timescales.
This means that the dynamics induced in the material are related to the carrier wave of
the pump field. The nonlinearity does not only affect the amplitude of the absorptivity
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Fig. 4.3 Panel a the electric field of the pump pulse at the target. Panel b the absorptivity of the
XUV pulse as a function of its delay to the strong field is averaged over the energy range between
108.5-109.5 eV. Panel c the energetic position of the XUV absorption line at 108.5-109.5 eV
depending on the delay of the pump and probe field
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but also the energetic position of the absorption line. In correlation to the driving
field the conduction band edge is shifted to lower energies (Fig. 4.3c). With vanishing
pump field the system immediately returns to its original state.

This results demonstrate that the material properties of dielectrics can follow
electric fields at petahertz frequencies. Even at intensities close to optical breakdown
(Appendix G) the modification of the electronic structure is entirely reversible and
vanishes directly after the pulse. These findings reveal the potential of ultrafast strong
field dynamics for future signal processing. They show that it is principally possible to
manipulate insulators with few cycle pulses on sub femtosecond timescales. However
many of the questions raised in Sect. 1 remain unanswered. To identify the physical
origin of the investigated strong field dynamics the understanding of the underlying
nonlinear processes has to be extended.
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Chapter 5
Strong Field Modification of the Reflectivity

In the previous chapter a modulation of the XUV absorptivity by up to 10 % in
the presence of the strong field is detected. This modification is the signature of a
severe field induced perturbation of the electronic system which should also affect
other experimental observables. Once the strong field dynamics are triggered they are
assumed to affect the penetration of the pump field into the medium. To investigate
this phenomena the reflectivity of the few-cycle laser pulse is recorded as a function
of its amplitude with femtosecond resolution.

To perform this study a two component mirror divides the femtosecond pulse
(Appendix A.l) into a weak probe and an intense pump beam (Fig.5.1). The inner
mirror attenuates the pulse intensity by approximately 90 %, whereas the outer part
possesses almost perfect reflectivity. By moving the segments with respect to each
other, a variable delay between the pump and probe pulse can be introduced. The
amplitude of the pump field can be adjusted with an aperture. Both beams are focused
onto the same spot on the surface of a wedged fused silica sample. The target is
positioned in Brewster’s angle to optimize the signal-to-noise ratio. An additional
aperture blocks the reflected pump light and only the reflectivity of the weak probe
field is recorded.

In a first step the pump and probe pulse are adjusted in temporal overlap and the
amplitude of the pump field is steadily increased. When the field strength exceeds
2.5 V/Athe reflectivity of the probe beam rises very nonlinearly. An increase in
the field amplitude of 0.1V/Aintensifies the reflected pulse by more than one order
of magnitude (Fig.5.2). This steep rise cannot be explained with the Kerr effect
(Eq.3.3).

The strong field modification of the XUV absorptivity described in the previous
chapter is reversible on femtosecond timescales. To examine whether the detected
reflectivity change is related to these fast dynamics it is investigated with temporal
resolution. The intensity of the pump field is adjusted to a level where it alone does
not alter the probed reflectivity. Only when the pump and probe pulse temporally
overlap and interfere constructively at the sample, the field strength is high enough
© Springer International Publishing Switzerland 2016 35
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to induce the nonlinearity. The change in the probed reflectivity S is recorded as a
function of the delay between the two pulses. The measured autocorrelation curve
is displayed in Fig. 5.3. For negative delay the weak probe pulse precedes the pump
field and no modification of the reflected signal is detectable. When the two fields
start to overlap the nonlinearity is induced. The oscillation period of the electric field
is T; = 2.6 fs. Comparison of the value of S(—T77) and S(7;) shows that the probed
reflectivity increases by a factor of 2.1 £ 0.2 throughout the interaction. The ratio of
S(n x Tp)/S(n x (—Tp)) forn = £2, +3, ... shows no asymmetric behavior. If the
lifetime of the induced nonlinearity exceeded several subcycles of the pump field, the
assymmetry in the autocorrelation would be detectable on longer timescales. This
implicates that the system returns to its unperturbed state on femtosecond timescales.

The temporal characteristics of the nonlinear increase in reflectivity indicate that
it is related to the observed strong field modulation of the XUV absorptivity. This
means that intense petahertz fields excite highly nonlinear dynamics evolving on sub-
femtosecond scales in dielectrics. The results presented so far can be reproduced by a
theoretical model developed by M. Stockmann et al. [ 1-3]. The nonlinear polarization
predicted by this approach is depicted in Fig.5.4.
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Fig. 5.3 The change of the reflected probe light S is recorded depending on the delay between
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Fig. 5.4 Theoretically predicted nonlinear polarization (dashed line) induced by the incident elec-
tric field (solid line) [1-3]

The nonlinear polarization is the interesting quantity to comprehensively
understand the dynamics excited in the light-matter interaction. In Terahertz spec-
troscopy it can be tracked experimentally for pump fields with sub-millimeter wave-
length [4-7]. Atoptical frequencies (0.1 pm < A < Ipm)itis not possible to directly
access the induced nonlinear polarization in a time resolved manner so far. It can only
be extracted from complex theoretical modeling. As visible in Fig.5.4 the signal-
to-noise ratio of the calculated result is not sufficient to draw reliable conclusions
from it.

The presented experimental results describe the influence of the strong field
dynamics induced by few-cycle pulses in dielectrics on two different physical observ-
ables. The findings provide important information about the temporal evolution
and the nonlinear scaling of the excited mechanisms. However both experimen-
tal approaches probe individual features of the light-matter interaction. To under-
stand the physical processes triggered by the strong field it is necessary to get a
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comprehensive picture of the material response and access the nonlinear polariza-
tion. In principle the complete signature of the nonlinear interaction is imprinted on
the temporal structure of the reflected strong field. In the presented approach it can
only be resolved with femtosecond resolution. Observation of the reflected pulse in
real time would provide complete information about the nonlinear dynamics. The
experimental technique described in the following section makes use of this idea.
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Chapter 6
Attosecond Polarization Spectroscopy

The aim of this thesis is to examine whether optical few cycle pulses and dielectrics
can be used in ultrafast signal processing. The findings presented so far already pro-
vide several answers to the questions raised in Chap. 1. Ultrashort pulses can manip-
ulate distinct optical properties of insulators reversibly on femtosecond timescales.
The induced dynamics are able to follow the petahertz driving field and exhibit highly
nonlinear features. To exploit ultrafast strong field effects for application it is compul-
sory to understand the physical origin of the dynamics induced in the material. The
examination of the modulation of the XUV absorptivity in the presence of the pump
field is a very indirect method to investigate the induced changes of the electronic
material structure. Examining the reflected strong field, which is modified by the
nonlinearity constitutes a more intuitive approach. In the presented implementation
the temporal resolution was limited to the femtosecond range.

The light transmitted through the sample delivers complementary information to
the reflected radiation. As it is accessible more easily in experiment a novel method is
developed which is based on the detection of its nonlinear modification with attosec-
ond time resolution. The measurement technique together with a derived analytical
concept provides direct access to the full nonlinear polarization wave emitted by the
medium. The knowledge of the nonlinear material response can be used to extract
the population and energy transfer dynamics throughout the interaction. So far the
dynamics of the nonlinear material response could only be resolved at Terahertz
frequencies. Terahertz time domain spectroscopy allows to investigate the tempo-
ral profile of the Kerr effect [1-3] and the induced polarization [4, 5]. However its
temporal resolution is limited to several tens of femtoseconds at best [6, 7]. The
interaction of matter with optical fields evolves on sub femtosecond timescales.

The novel concept is named °‘Attosecond Polarization Spectroscopy’ (APS). In a
first step its applicability is verified in the gas phase. Subsequently it is employed
for the comprehensive investigation of the strong field dynamics in dielectrics with
attosecond resolution.
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6.1 Basic Concept

An external electric field E(7, t) entering a material generates oscillating dipoles
which themselves emit radiation. The sum over all emitted waves is the polarization
P(¥, t). The propagation of the light wave inside the medium is described by Eq. (2.6)
and can be considered as a polariton consisting of the electric field E(7, t) coupled
to the polarization wave P(F, r). Even though both fields are assumed to be directed
along the x-axis of the coordinate system, they are described as plane waves E(z, t)
and P(z, t). In a thin sample changes in the transverse field distribution of the prop-
agating field and thus also in the induced polarization are negligible. For this reason
E(z,t) and P(z, t) also describe the electric field and polarization on the optical axis
of the incident laser beam. Eq. (2.6) can be solved with a more general approach than
presented in Chap. 2 if the electric field is decomposed into fast oscillating complex
plane waves modulated with a slowly varying amplitude

E,(2) = A,(2) exp (ik2). (6.1)
In this case the first and second spatial derivative can be expressed as

OE,(x)  0A,@)
dz Oz

exp (ikz) + ikA,(z) exp (ikz) (6.2)

PE,(2)  PAL@) 0AL(z
522 oz P (tkz) + 2ik

~0

) exp (ikz) — k*A,(z) exp (ikz). (6.3)

With the slowly varying amplitude approximation the second spatial derivative in
Eq. (6.3) can be neglected and Eq. (2.6) becomes

A, (2) iw? ~ .
oz 2€oc2kPgL (2) exp (—ikz) 64
which is identical to

IE,(2)
0z

L W =y
=IkE, () + ——P"(2). (6.5)
2e0cn
Equation (6.5) is generally solved by
~ ~ . iwexp (ikz) [* . ~ ,
E,(z) = E,(0) exp (ikz) — —p( ) / exp (—(zkz’))PgL(z’)dz . (6.6)
2epnc 0

As expected in the absence of a nonlinear material response, Eq. (6.6) is the plane
wave solution £, (z) = E,, (0) exp (ikz) with the amplitude E,, (0) of the incident wave
at the entrance of the medium. If the interaction length, which is identical to the
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material thickness is small the nonlinear modification of the incident field during
propagation is negligible. Therefore all dipoles can be assumed to be excited by the
same waveform and oscillate in phase with E(z, 1)

PME(z) = P, exp (ikz). (6.7)

With this ansatz Eq. (6.6) becomes

E.(z) — E,(0) exp (ikz) = — (6.8)

Eﬁ"(z) = EW(O) exp (ikz) is the linear propagated incident field. Equation (6.8)
shows that the assumption of phase matched propagation of the driving field and the
nonlinear polarization (Eq. (6.7)) means, that the modification of the waveform due
to the nonlinear source term grows linearly with propagation distance. The validity
of this approximation is experimentally verified in Sect. 6.4.6.

The polarization source term can be written as

2meoc

P = [E.() — E"(»)]. 6.9)

As the phase of PNL (z) evolves linearly the nonlinear polarization can be calculated
from the fields EI”’ (¢) and E,,(¢) propagated through the material with thickness ¢

PNL( ) —

(6.10)

where _ B .
AE, = E,(t) — E"™"(¢). (6.11)

Figure 6.1 illustrates the meaning of Eq. (6.10) in time: If the electric field prop-
agates through a medium it excites electric dipoles which emit a polarization wave.
Depending on the amplitude of the incident field E(O0, ¢), the electronic properties
follow the driving force linearly or for high field strength develop a nonlinear contri-

E(0,t) E, (Et)
|~ lil |i|‘.'¢\-\

Fig. 6.1 Illustration of the physical concept of the nonlinear light-matter interaction exploited for
Attosecond Polarization Spectroscopy
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Fig. 6.2 Schematic principle of Attosecond Polarization Spectroscopy. Panel a to access E.f (¢, 1)
the pulse is attenuated before it passes through the material. In the interaction it is only affected
by the linear dispersion of the medium. Panel b the strong field E (¢, t) excites a nonlinear material
response. After the interaction the amplitudes of the reference and the strong field are theoretically
matched

bution. According to Eq. (6.8) the nonlinearly modified wave exciting the material
E(£, t) is the sum of the linear propagated field Ej;, (¢, t) and the induced nonlinear
polarization wave Py (¢, t). This means that the nonlinear polarization is accessible
via the difference between E (¢, t) and E;, (£, t) after propagation through the sample
(Eq. (6.10)).

Attosecond Polarization Spectroscopy makes use of Eq. (6.10) to access the non-
linear polarization induced in matter by intense optical few-cycle fields. Its experi-
mental implementation is schematically illustrated in Fig. 6.2. To record E (¢, t) and
Ej, (€, t) two measurements are performed. For Ej;, (€, t) the amplitude of the field
is decreased with a frequency independent attenuation factor 8 < 1 before the pulse
is transmitted through the material (Panel a). § is chosen so small that the weak
reference field E,(z, t) = BE(z, t) only interacts linearly with the medium and a
negligibly small nonlinear polarization wave is induced. To determine E (¢, t) the
field is transmitted through the material at a field strength close to optical break-
down (Panel b) and excites a nonlinear material response. In both cases the pulses
are modified by linear dispersion. The characteristics of the nonlinear polarization
are only imprinted on the intense field E(£, t). To compare E,.s(z, t) and E(¢, t) the
attenuation of E,(z, t) is theoretically compensated for after the interaction. With
Eq. (6.10) the Fourier transforms (Eq. (2.7)) of Ej;, (¢, t) = ﬂ’lE,ef(K, t)yand E(L, 1)
provide direct access to the nonlinear polarization induced in the material.

Equation (6.10) is a general relation suited to calculate f’ﬁL (z) at every z position
in the medium, however the accuracy of the obtained result differs with propagation
distance. In the ansatz in Eq. (6.7) the amplitude of the polarization wave p,, is
approximated with the Oth order contribution of the Taylor expansion of p,,(z)


http://dx.doi.org/10.1007/978-3-319-41207-8_2

6.1 Basic Concept 43

0z =2

p.(@) =p.+ (z—4/2) +.. (6.12)

As the next higher order term increases linearly with z the leading error for p,,(z)
vanishes at the midpoint of the material z = £/2. Therefore in the course of this thesis
ﬁﬁ”‘ (€/2) will always be evaluated at the middle of the medium. In the experiment
the fields can only be measured after exciting the material. Therefore E,.r(£/2, t) and
E(£/2, t) are not directly accessible experimentally. To obtain E,.¢(£/2, t) the linear
dispersion properties of the measured E,.r (£, t) are back propagated in frequency
space to the midpoint of the material z = £/2

E" (0/2) = E" (£) exp (—i”z—'f). (6.13)

The same is performed with E(Z, t)

E'eh(0/2) = E,,(€) exp (—iwz—nf). (6.14)

As the nonlinear modification of the strong field increases linearly with propaga-
tion (Eq. (6.8)), E,, (£/2) is taken as the average of ﬂ‘lE,fff(Z/Z) and Ei’fgh £/2)

E,(t/2) = %(ﬂ*‘Eﬁf (£/2) + El¢"(€/2)). (6.15)

The knowledge of the temporal evolution of the electric field and the induced
nonlinear polarization provides access to the time resolved energy density W (z, t)
transferred between field and material. As the polarization wave can be determined
with the best accuracy at the midpoint of the material W (€/2, ¢t) is also evaluated for
this position

t /
aPe/2, 1) 4

W(/2,1) = / E(/2,1) -

(6.16)
Its resultant value at the end of the pulse W (¢/2,t — o0) determines the total
amount of energy dissipated in the interaction.

6.2 Experimental Implementation

The experimental setup of Attosecond Polarization Spectroscopy is sketched in
Fig. 6.3. The measurement is performed with intense optical few-cycle laser pulses
with a duration of 7 < 4 fs (Fig. 6.4, Appendix A.1). In a first step these pulses are
employed to generate extreme ultraviolet light bursts with less than 200 as duration
(Appendix C). Subsequently the two beams are spatially separated with a perforated
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Fig. 6.3 Schematical experimental setup for Attosecond Polarization Spectroscopy
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Fig. 6.4 The electric field of the optical few-cycle laser pulse with a pulse duration of less than 4 fs
(evaluated as the temporal full width half maximum of the intensity envelope, right inset) employed
for the solid state experiment (Appendix A.1). The recorded streaking trace from which the electric
field is extracted is depicted in the left inset

mirror and launched into the arms of a Michelson interferometer [8]. There the few-
cycle pulse is focused onto the target under scrutiny. The Rayleigh length [9] is
adjusted to considerably exceed the thickness of the investigated samples. To record
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E, (¢, t) and E(¢, t) the intensity on the target has to be varied to switch from the
linear to the nonlinear interaction regime. This is realized in a dispersion free manner
by reflecting the beam off a high precision rotatable mirror coated with segments
with different degrees of attenuation. This facilitates the variation of the pulse inten-
sity by up to a factor of 15 without changing the temporal or spatial properties of the
field and keeping the experimental conditions identical. After transmission through
the sample the few-cycle pulse and the XUV radiation are spatially recombined by a
second perforated mirror. Both beams are focused onto a dilute Neon gas jet into an
attosecond streak camera (Appendix D) [10]. The focus at the target under scrutiny
is directly imaged into the streak camera where the transmitted field is temporally
characterized with attosecond resolution (Fig. 6.4).

For the APS experiment three independent traces are recorded. To access the
linear propagated reference field E,.s1 (¢, t), the pulse intensity is reduced to a level
where only a negligible nonlinear material response is induced. Then the mirror
is rotated to a high reflecting segment to measure E(¢, f). All other experimental
conditions remain unchanged. E,.s; (¢, t) and E(¢, t) already provide the complete
information to determine the nonlinear polarization. As the concept of APS is based
on the comparison of different scans the stability of the measurement apparatus
is very important. To ensure its reliability the reference measurement E.> (€, t) is
repeated and only scan sets with a timing difference of less than <30 as between
Ep1(£, 1) and E,2 (€, t) are considered.

6.3 Verification in the Gas Phase

If an external field is strong enough to ionize atoms in a gas, the generated plasma
reduces the refractive index of the medium (Sect. 2.6.3). To verify the applicability of
the new experimental technique, APS is used to investigate the nonlinear interaction
of intense few-cycle laser pulses with Neon gas. The aim is to observe the predicted
decrease of the optical density of the medium due to plasma excitation.

The field strength necessary to ionize Neon atoms is significantly higher than
the damage threshold (Appendix G) of dielectrics. Therefore it is not possible to
perform the measurement in the gas phase with the same pulses used for the solid
state experiment (Fig.6.4). Instead a sub 4 fs pulse with a higher pulse energy is
employed (Appendix A.2). Its electric field is displayed in Fig.6.5. It is used to
generate XUV pulses with less than 250 as duration (Appendix C).

For the reference measurement the intensity of the femtosecond pulse is adjusted
to Iy = (1.1 £0.1) x 10", This corresponds to a field strength of E; =
2.84+0.1) x 1010% (87! =2.5) and is assumed to be located below the ioniza-
tion threshold of the nobel gas. E,.¢ (¢, t) is compared to the strong field transmitted
through the gas cell at an intensity of / = (6.6 & 0.6) x 10'"*-%;_ This corresponds
to a field amplitude of E = (7.1 £0.2) x 10'°Y for which considerable plasma
generation is expected.
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Fig. 6.5 The electric field of the VIS/NIR few-cycle laser pulse (Appendix A.2) used for the APS
measurement in the gas phase

Keldysh theory [11] describes the impact of the ionization potential /, and the
properties of the electric field on the probability for nonlinear photoionization. It
identifies multiphoton and tunneling ionization as the two limiting regimes of the
nonlinear process. The Keldysh parameter 7 is defined to distinguish between the
two ranges.

_ [ (6.17)
T2y, '
eE?
= 6.18
P 4mw§ ( )

U, is the ponderomotive energy and describes the energy a free electron acquires
while oscillating in an electric field. Under the assumption that hwg < I, the Keldysh
parameter v < 1 for large field amplitudes E and low frequencies wy in the strong
field regime. For small field amplitudes and high frequencies v > 1 in the regime of
multiphoton ionization. As the ionization potential of Neonis I, = 21.56 eV [12] the
Keldysh parameter for the strong field in the APS experiment can be calculated toy =
0.53. Hence the electron wavepackets escape the Coulomb potential predominately
via tunneling ionization [11].

The comparison between the weak reference and the strong field after the prop-
agation through a 1 mm long gas cell filled with 330 &£ 30 mbar Neon is depicted
in Fig. 6.6. Strikingly, E(¢, t) (solid line in Fig. 6.6a) experiences a continuous neg-
ative shift to earlier times compared to E,.r (¢, t) (dashed line) during propagation.
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Fig. 6.6 Panel a comparison of the weak reference wave (dashed line) with a field strength of
Epf = (2.8£0.1) x 101°Y (37! = 2.5) to the strong field E(¢, 1) = (7.1 £0.2) x 10" ¥ (solid
line) after the interaction with Neon gas. E(¢, f) is assumed to ionize a significant fraction of
the irradiated Neon atoms. The generated plasma reduces the refractive index of the medium.
Therefore during propagation E (¢, t) experiences an increasing negative shift (highlighted in the
inset) compared to Eyr (£, t). This is explicitly visible in the difference in phase between Ej.r (¢, t)
and E(¢, t) in Panel b

The carrier wave is accelerated throughout the entire interaction. The shift does
not recover at the end of the pulse as the electric field vanishes. This behavior
is even better visible in the temporal evolution of the nonlinear phase difference
Ay (t) between E, (£, t) and E({,t) (Fig. 6.6b). The phase ¢(r) is extracted
from a Hilbert transformation [13] performed for the reference and the strong
field. Throughout the pulse A¢yy(7) steadily decreases to a maximum value of
Apnp (15 fs) = AdnL mar = —1.1 £ 0.1 rad. Due to the vanishing amplitude of the
light field the nonlinear phase shift cannot be reliably evaluated for bigger delays.
The strong field is distorted too heavily by the growing dispersion of the medium.
The increasing blue shift of the phase velocity of E(£, t) compared to E,.r (¢, t)
originates from the negative plasma contribution to the refractive index described
in Sect.2.6.1. As the Coulomb barrier of the atomic potential well is suppressed by
the strong external field the carriers can escape by tunneling. The freed electrons are
accelerated by the laser field. Both processes contribute to the nonlinear polarization
wave generated in the medium. The coupling between the electric field and the
polarization determines the propagation of light inside the gas and makes it travel
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faster than the linear propagating incident field E,. (¢, t). This phenomena is known
as photon acceleration [14].

As the lifetime of the plasma exceeds the pulse duration only a small amount of
electrons return to their parent ions during the light-matter interaction. This explains
the irreversible phase shift A@yy, e = —1.1 £ 0.1 rad at the end of the pulse which
can be related to a change in refractive index An

_ A QSNL max A

An = (6.19)
2mlp

With A = 780 nm, the interaction length ¢ = 1 mm and the pressure p = 330 +
30 mbar in the gas cell, An is calculated to An = (—4.1 £0.1) x 10~*. The refrac-
tive index of neutral Neon atoms is ny.,, ~ 1 at optical frequencies. According
to Eq. (2.43) the refractive index change An is caused by a free electron density
of n,=(1.4+0.1) x 1018#. Compared to the atomic density of the neutral gas
(NNeon = 8.4 X 1018$ at 330 mbar), this corresponds to a fraction of (17 &= 1.5)%
atoms ionized in the light-matter interaction.

According to Eq. (2.50) two physical processes contribute to the nonlinear polar-
ization response of the plasma: on the one hand the escape of bound electrons from
the atomic potential, on the other hand the acceleration of the freed carriers in the
electric field. As the tunneling rate increases with field strength the probability for
ionization is highest at the peaks of the electric field in each half cycle. This depen-
dency should cause a steep increase of the absolute value of A¢y, (¢) at each local
field extremum. The lack of steps in the quasi constant decrease of A¢y.(¢) (Fig.
6.6b) hints to the dominance of the free electron contribution. This is not particularly
surprising as the excursions of free carriers accelerated by an external force exceed
the maximum amplitude of the trajectories of bound particles. However it is also
possible that bound carrier contribution is not visible in A¢y; (f) due to propagation
effects in the medium.

Equation (6.10) facilitates the direct calculation of the time resolved nonlinear
polarization induced by the electric field. As explained in Sect. 6.1 Py (z, ) can be
determined with highest precision at the midpoint of the medium. Therefore E(£/2, t)
and Pyz(€/2,t) are compared after half the propagation distance (Fig.6.7). The
induced nonlinear polarization wave reaches a maximum amplitude of 5.5 x 1073 %
which corresponds to an electric field with a strength of 3.1 x 10° % This means that
the driving field is more than 2000 times stronger than the nonlinear polarization it
generates. Strikingly E(£/2, t) and Py.(£/2, t) oscillate out of phase and are shifted
by 7 with respect to each other. This shift can be explained with Eq. (2.49): Carriers
which are released into the continuum at a peak of the electric field reach their
maximum excursion close to the subsequent extremum of the driving wave. At this
moment their velocity is zero as they are entirely decelerated. According to Eq. (2.49)
Pyi(z, t) is directly proportional to the ensemble average position of the electron
wavepacket. This means that Pyy,(z, ) and E(z, t) are shifted by = if the free electron
contribution dominates the emitted nonlinear polarization wave.
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As described above Eq. (2.43) relates the measured change in refractive index
to the generated free electron density n,(¢). Its temporal evolution is depicted in
Fig. 6.8a, light solid line and is in a first order approximation considered to increase
linearly with time (dark fit). Together with the extracted nonlinear polarization
Eq. (2.49) allows to determine the expectation value of the electron wavepacket
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(x(#)) during the strong field interaction. Figure 6.8b shows that (x(¢)) oscillates at
the laser frequency with a maximum amplitude of 2.3 nm. Even though the tem-
poral evolution of n,(t) is approximated with a linear increase, the evaluated (x())
is in good agreement with theoretical predictions of more sophisticated models (N.
Karpowicz, Appendix F).

The confirmation of the predicted decrease of the medium’s refractive index due to
photoionization verifies the applicability of Attosecond Polarization Spectroscopy. It
can be used to investigate the nonlinear interaction between optical few-cycle pulses
and matter with attosecond resolution. The findings in Neon provide direct real
time access to the ionization rate. The determined nonlinear polarization contains
information about the individual contribution of bound and free electrons to the
plasma dynamics. It hints to the dominance of free carriers oscillating on length
scales of a few nanometers.

The APS measurement in gas is primarily performed to verify the applicability
of the experimental technique. In a next step it is interesting to further extend the
investigation. By variation of the strong field amplitude different nonlinear inter-
action regimes can be explored. At intensities below the ionization threshold Kerr
dynamics are expected to increase the refractive index of the material. A saturation
of the nonlinearity at high field strength is controversially discussed [15-18]. If the
field amplitude is stepwise increased above the ionization threshold the dynamics
of plasma formation can be investigated in more detail. The results could be used
to qualitatively and quantitatively review the different theoretical models describing
the ionization process [11, 19, 20] and the plasma dynamics [21].

6.4 Nonlinear Interaction of Few-Cycle VIS/NIR Pulses
with Solids

The successful detection of the plasma contribution to the refractive index in gas
proves the suitability of APS for the examination of ultrafast strong field dynamics.
The evaluation of the nonlinear polarization with the derived theoretical concept pro-
vides physically reasonable and intuitively comprehensible results. In the following
APS is employed to access the nonlinear response of dielectrics to few-cycle fields.
The results presented in Chaps. 4 and 5 reveal the characteristics of a nonlinear field
effect reversible on femtosecond timescales. As APS allows to extract the nonlinear
polarization it is expected to provide a more comprehensive picture of the interaction
and extend the understanding of the underlying physical mechanisms.

APS is performed on two different dielectrics: at first the findings in fused silica
are presented. Then they are compared to the results obtained in sapphire.
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Fig. 6.9 Comparison of the two reference fields Eer (£, 1) and Eor2 (€, t). The excellent agreement
proves the reproducibility of the experiment

6.4.1 The Nonlinear Refractive Index Change

For the APS experiment in SiO, the reference and strong field are transmitted through
10 wm thick fused silica plates. The intensity of the weak field is adjusted to /,,s =
(6.7 £0.3) x 10'2_%; which corresponds to a field strength of .y = (5.9 £0.1) x
10° Y. The strong pulse possesses an intensity of / = (1.3 £0.1) x 10", which
is equivalent to £ = (2.6 £0.1) x 1010%. The streaking spectrogram of both fields
are displayed in Appendix D (Fig. D.4).

As described in Sect. 6.2 the reference measurement is always performed before
and after the high intensity scan to verify the stability of the experimental setup.
Figure 6.9 displays E,.s (£, t) and E,z> (£, t) and demonstrates the excellent repro-
ducibility of the recorded traces. The uncertainty of the relative timing is determined
to 30 as. It is the average deviation in approximately 50 pairs of reference scans at
the end of the pulse.

Figure 6.10 compares the reference (dashed line) and the strong field (solid line)
after transmission through the medium and reveals an entirely different behavior
than observed in the gas phase. With increasing electric field at the beginning of the
pulse E(¢, t) is delayed with respect to E,.r (€, t). The accumulated temporal shift
reaches a maximum value of At,,, = 290 £ 40 as which corresponds to a phase
shift of A@nL max = 0.7 £ 0.1 rad. Towards the end of the pulse the delay decreases
and finally vanishes entirely within the experimental uncertainty.

The maximum phase shift Aoy e = 0.7 £ 0.1 rad can be related to a relative
change of the refractive index of dn/n = 0.6 £ 0.1 %. According to the optical Kerr
effect (Eq. (2.22)) the optical material density increases proportional to the intensity
envelope of the driving field. The Kerr prediction A¢y (t) = k€nyI(t) with the non-
linear coefficient n, = (1.1 £0.3) x 10_16% determined in the Z-scan (Chap.3)
is displayed as the dashed line in Fig. 6.11. The solid line depicts the experimentally
determined temporal evolution of A¢y,. It is obvious that neither the time profile
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Fig. 6.10 Comparison of the reference (dashed line) and strong electric field (solid line)
transmitted through 10 wm fused silica at an intensity of E,,r = (5.9 £0.1) x 10° % B '=44
and E = (2.6 £ 0.1) x 1010 % With increasing field strength E(¢, ¢) is shifted back with respect
to Eer (left inset). The phase shift recovers at the end of the pulse (right inset)

Fig. 6.11 The difference T T T
A¢nr (1) between the phase 14 ]
of E(€, 1) and E,.¢ (€, 1)
(solid line) is compared to
the prediction of the Kerr
nonlinearity (dark dashed
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driving field. The Kerr
response is calculated with
ny =

(1.1£0.3) x 10716
determined in the Z-scan
measurement

Ag,, [rad]

Time [fs]

nor the absolute amplitude of the two curves coincide. The Kerr prediction directly
follows the intensity envelope of the driving field, whereas the measured temporal
phase shift exhibits a pedestal-like structure around the main pulse, with sharp edges
near the nodes of the intensity envelope. The discontinuity of A¢gy, (f = 21 — 22 fs)
is due to the local minimum of the pulse intensity in this range [22]. It is a numerical
artifact and has no physical meaning.

Simulations (Appendix H) confirm that the temporal profile of Ay, (¢) results
from an interplay of nonlinearity and propagation effects for ultrashort broadband
light fields. In the interaction of fused silica with femtosecond pulses the dispersion
length (Eq. (2.32) k, = 446 % [23]) exceeds the 10 wm material thickness by a factor
of 20. Therefore the influence of dispersion is expected to be negligible. Despite
for the reported few-cycle pulses propagation significantly affects the temporal and
spectral phase of the strong field. This is due to the fact that the information describing
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the nonlinear phase shift is more tightly confined in time than the pulse itself, but still
influenced by dispersion in the subsequent material. This results in red-shifted light
generated in the nonlinear material response outrunning the underlying pulse. These
frequency components precede the high-intensity portion of the pulse and arrive
at times where the fundamental field was zero. Hence the phase difference is very
sensitive to changes at these points. In a similar way the blue-shifted components
modify the phase shift behind the pulse.

The behavior of the Kerr nonlinearity at field strength close to optical break-
down is controversially discussed. It is not clear whether its amplitude saturates or
even decreases close to the damage threshold of the material [15, 24]. To investi-
gate this issue in the interaction of dielectrics with the reported few femtosecond
pulses the peak intensity of E(£, t) is continuously increased. The intensity scal-
ing of Ay, (t) is displayed in (Fig.6.12). It is striking that the overall temporal
profile of A¢y.(¢) seems to be independent of the maximum field amplitude the
material is exposed to. However the phase shift attained at the peak of the field enve-
lope APni peak = Apnr(t = 18 — 191s) increases without any signs of saturation.
As depicted in Fig. 6.13 the increase can be described as a linear rise with intensity.

rad
AONL peak (Tpeak) =M X Dpear m = 5.1 x 1077 = (6.20)
Analogous to the Kerr effect a nonlinear coefficient n,
m = kiény (6.21)

2
17¢m

=6 x 10" (6.22)
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can be extracted. This value is a factor 2 smaller than the result obtained in the time
integrated Z-scan measurement (Chap. 3) where the nonlinear phase shift is assumed
to follow the intensity envelope of the field.

Careful comparison of the amplitude of E(¢, t) and E,r (¢, t) in Fig.6.10 yields
a decrease of the field strength of E (¢, t) at the beginning of the pulse (16 fs < 7 <
19 £s) and an increase in the trailing part (20 fs < ¢ < 25 fs). This behavior is even
more pronounced in the modification of the field envelope depicted in Fig. 6.14. For
the strong field 9 &£ 0.3 % of the energy is redistributed from the main part of the
pulse (14 fs < t < 19 fs) toits tail (20 fs < ¢ < 25 fs) in the interaction. The peak of
the envelope is delayed by AT,eqr = 0.46 £ 0.1 fs. This shiftis predicted by the Kerr
nonlinearity: inside the material the group velocity of the pulse becomes intensity
dependent and decelerates the central part more strongly than the pulse flanks. This
leads to a steepening of the trailing edge and a shift of the first momentum of the

Fig. 6.14 Comparison of the Y T Y Y L
squared field envelope of
E(¢, 1) (dark line) and Aprk
E,or (£, 1) (light line). The r
peak of E(¢, 1)? is delayed
with respect to Eyr (€, 1).

08 +
Additionally a substantial 06 -
amount of energy is L
redistributed from the main 04 L
part of the pulse towards its
tail | ’.‘
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envelope (Sect.2.3). The delay AT, can be employed to calculate the nonlinear
group velocity index ng =(1.2+£0.2) x 10’16% (Eq. (2.31)).

¢ CATpeak
Al’leﬁc = T (623)
Anfﬂ = ngl (6.24)

Far away from resonance the nonlinear Kerr coefficient n, and the group veloc-
ity index are expected to coincide [23]. However nj exceeds the value extracted
for n, from the intensity scaling of A@npeqr (Fig.6.12) by a factor of 2. A possi-
ble explanation for this discrepancy can be given by assuming that the nonlinear
response of the medium is influenced by an electronic and a Raman contribution.
As the electron dynamics evolve on shorter timescales than the lattice excitations,
the electronic contribution dominates the nonlinearity in the pulse center where the
field strength is highest. At the trailing edge of the field the Raman processes which
oscillate at lower frequencies become visible. For intra pulse Raman scattering blue
photons at the pulse front excite electrons into virtual levels with finite lifetime. Upon
their decay optical phonons are excited and a red shifted photon is emitted. Like this
energy is transferred from the front to the tail of the pulse (Sect.2.5). The value for n,
evaluated from the intensity scaling of A@yzpeqr at the field maximum is dominated
by the nonlinear electronic processes. The delay of the intensity envelope A7pqqk
is influenced by both, the electronic and Raman dynamics. Hence the result for n
exceeds the n, extracted from Adyrpeak-

The value of the group velocity index is in good agreement with the nonlinear Kerr
coefficient extracted from the Z-scan (Chap.3). The time integrated measurement
cannot distinguish between the electronic and lattice contribution to the nonlinearity.
Therefore its result coincides with n5.

Remarkably the induced phase shiftis reversible up to field strength close to optical
breakdown within the experimental uncertainty (Fig. 6.10). This observation hints to
a negligible amount of real carriers excited into the conduction band by the external
field. V. Temnov et al. determined the lifetime of real conduction band population
excited via multiphoton absorption in the interaction of fused silica with 50 fs pulses
to approximately 200 fs [25]. This shows that real carriers generated by the few
femtosecond pulse would survive the interaction period and decay after the pulse
already vanished. As verified for the plasma dynamics in Neon free carriers decrease
the optical density of the medium. If the ultrashort light field excites a considerable
fraction of electrons into the conduction band, this population generates a negative
phase shift which does not recover at the end of the pulse. This is not detectable in
the experiment.

To estimate the maximum amount of excited carriers which is not detectable within
the experimental uncertainty, the residual nonlinear phase shift after the pulse is deter-
mined. It is evaluated as the average of 30 independent measurement sets recorded
at 1 ~ 1 x 104 10 Agy(t ~ 30fs) = 0.16 £ 0.09 rad. This corresponds to a
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refractive index change of An < (2+£1.1) x 1073, According to Eq. (2.47) this
An is induced by a free electron density of n, < (1.1 £0.5) x 1019#. The aver-
age density of valence band electrons in quartz is 1.4 x 1023 l = (atomic density
2.7 x 10? 1@, oxygen 6 valence electrons, silicon 4). This means that less than
0.008 £ 0. 005 % of the valence electrons remain excited in the conduction band
after the pulse. Therefore the interaction can be claimed as entirely reversible on
femtosecond timescales.

6.4.2 Comparison of the Nonlinear Refractive Index
of Different Dielectrics

The time resolved investigation of the strong field dynamics in fused silica reveals
that the Kerr effect alone cannot describe the temporal evolution of the nonlinearity
for few-cycle pulses. The optical material density is not modified proportional to
the intensity envelope of the driving field but exhibits a more sophisticated temporal
structure. It is caused by the interaction of nonlinearity and dispersion during the
propagation of the broadband light field. There is no indication for saturation of the
nonlinear effect up to field strength close to the damage threshold (Appendix G) of
the material. Comparison of the nonlinear modification of the carrier wave and the
field envelope hint to a contribution of the lattice to the light-matter interaction on
few femtosecond timescales.

Itis interesting to investigate whether the observed behavior is unique in fused sil-
ica or universal for wide-gap solids. To examine this question the APS measurement
is repeated in sapphire. Fused silica and sapphire possess a bandgap of similar size.
Apart from this communality their energetic, crystal and chemical structure does not
resemble each other.

In the experiment 25 wm thin Al, O3 plates are exposed to few- cycle pulses with
anintensity of 7 = (8.1 £0.5) x 10X [E = (1.9 +0.1) x 10'°Y]. To record the
reference trace the intensity is reduced by a factor of 13.5 to [,y = (O 6+ 0.02) x
108 Y [E.r = (0.5+0.08) x 10'°% (37! = 3.7)]. The electric fields extracted
from the recorded streaking spectrogram are depicted in Fig.6.15.

Similar to the behavior observed in fused silica the strong field is increasingly
delayed with respect to E,(£, 1) in the central part of the pulse. When the field
strength decreases the phase shift A¢y, is gradually reduced and recovers at the end
of the pulse. A¢yy reaches a maximum value of A¢pyrmax = 1.3 £ 0.1 rad which
corresponds to a relative change in refractive index of An/n = 0.4 £ 0.03 %. For
comparison, the optical density of fused silica is modified by 0.35 % at an peak
intensity of 8 x 10" %

The temporal proﬁle of A¢yy is displayed in the inset in Fig.(6.15 solid line).
The Kerr prediction (dashed l1ne) is estimated with the nonlinear Kerr coefficient of
n, =(1.3+0.4) x 10~ 16““ extracted with the Z-scan technique. Obviously A¢y,
is not proportional tothe 1nten51ty envelope of the field but exhibits a pedestal-like
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Fig.6.15 Comparison of the electric field E,ef (€, 1) = (0.5 £ 0.08) x 10'Y (371 = 3.7) (dashed
line) and E(¢,1) = (1.9 £ 0.1) x 1010% (solid line) transmitted through 25 pPm sapphire. The
evolution of the nonlinear phase A¢yy is displayed in the inset (solid line) together with the
prediction of the Kerr effect A¢ge, (dashed line)

shape similar to the profile observed in SiO,. As analyzed in the previous chapter
this behavior results from the interplay of nonlinearity and dispersion for ultrashort

pulses (Sect. 6.4.3).

The variation of Ay (¢) with the maximum field strength of the strong pulse is
depicted in Fig.6.16, where the peak intensity is increased stepwise from
I=(56+ 0.4)x10°Y; (light line) to I = (8.7 +0.6) x 1013% (dark line).
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Fig. 6.16 The dependence
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and E(¢, t) on the peak
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Fig. 6.17 Comparison of the field envelope (Panel a) and spectra (Panel b) of E,.¢ (¢, t) (light line)
and E(¢, t) (dark line) after the transmission through 25 pm sapphire

Similar to the observation in fused silica (Fig. 6.12) the pedestal like shape of Ay (1)
throughout the pulse seems to be independent of the peak intensity the material is
exposed to. Again the value of Agyy pear at the maximum of the field envelope
(Fig. 6.16) rises linearly with intensity. No indication of saturation is visible. Ana-
logue to the procedure performed for SiO; (Sect.6.4.1) a nonlinear Kerr coefficient
n, = 0.65 x 10‘16% (Eq. (6.21)) can be extracted from the intensity scaling of
AGNL peak- This value is by a factor 2 smaller than the n, evaluated in the Z-scan
(Sect.3.1).

The field envelope of E,.r (¢, t) and E(¢, t) after the interaction with the material
is depicted in Fig. 6.17a. The peak of E(¢, t)? is delayed by ATpear = T70 £ 210 as
with respect to E, (¢, t)*. This shift corresponds to a nonlinear group velocity index

of ¥ = (1.5 £ 0.4) x 10710 (Eq. (2.31)). In fused silica and sapphire n5*’ coin-
cides well with the nonlinear Kerr coefficient measured in the Z scan. In both cases
it is twice as big as the n, evaluated from Adyy pear. As described in Sect. 6.4.1 this
discrepancy can be explained with the different timing of the electronic and lattice
contribution to the nonlinearity.

Comparison of the integral over I(£, t) and I, (¢, t) reveals that the area below
I(¢, 1) contains 11 % less energy than for the reference field. There are two possible
explanations for this discrepancy. Either the energy is absorbed by the material. It
is also possible that the pulse spectrum is modified in the nonlinear interaction and
new frequency components are generated which are delayed and do not appear in
the time window of the streaking measurement. To find out which explanation is
correct the pulse energy of the weak and the strong field is additionally determined
in a time integrated power measurement. Under consideration of the attenuation
of the reference field the energy of both pulses is identical. The spectra of both
fields are compared Fig. 6.17b. It is apparent that new frequency components are
generated in the nonlinear interaction at both sides of the fundamental spectrum. The
entire frequency range of the strong field is modulated at a slowly oscillating beating
frequency. This interference pattern corresponds to a double pulse structure in time.
These findings prove that photons of the fundamental strong field are converted
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to new frequencies in the nonlinear interaction (Sect.2.4). Most probably due to
propagation effects these generated spectral components are delayed to the driving
pulse and do not appear in the time window of the streaking measurement.

The APS experiment with fused silica is performed on sample plates which are 2.5
times thinner than the sapphire targets. In these thin samples no modifications of the
spectral composition of the light field are detectable after the nonlinear interaction.

The results obtained with APS in SiO, and Al,O3; resemble each other very
strongly. For both materials the temporal evolution of the induced nonlinear phase
shift A¢y, is dominated by the interplay of nonlinearity and propagation effects. Up
to field strength close to optical breakdown the amplitude of the nonlinear effect rises
linearly with intensity. In both dielectrics there is evidence of a Raman contribution
to the strong field effect on femtosecond timescales in addition to the triggered elec-
tronic nonlinearity. Fused silica and sapphire possess a completely different chemical
and crystalline composition. The only communality they share is the classification
as wide-gap solids. The strong similarity of the experimental results for the two dif-
ferent dielectric hints to an universal response mechanism of insulators to intense
few-cycle pulses.

6.4.3 The Nonlinear Polarization Response

The nonlinear polarization completely characterizes the nonlinear response of matter
to an intense electric field. It is the essential quantity to gain insight into the excited
strong field dynamics and understand their physical origin. As explained in Sect. 5 so
far the nonlinear polarization induced by optical few-cycle pulses in dielectrics could
only be extracted from theoretical simulations (Fig.6.18). Attosecond Polarization
Spectroscopy provides access to its complete amplitude and phase information via
the analytic relation described by Eq. (6.10).

At first the nonlinear polarization induced in fused silica is evaluated for the data
set depicted in Fig. 6.10. The 10 pm fused silica sample is exposed to a light pulse
with a peak intensity of / = (1.3 +0.1) x 10"_%; close to the optical breakdown
of the material. As the reliability of the extracted nonlinear polarization is highest at
half the propagation distance (Sect.6.1), Pyz(£/2, t) is compared to the strong field
E(¢/2, t) at the midpoint of the material (Eq. (6.15)).

The results are displayed in Fig. 6.18. When the electric field strength increases at
the beginning of the pulse Py, (€/2, t) is delayed with respect to the strong field. The
shift decreases towards the center of the pulse until the polarization wave overtakes
E(£/2,1). This reversal is caused by the inversion of the energy transfer between
field and material which will be analyzed in more detail in the following section.
With rising field strength the electric wave performs an increasing amount of work
to displace the electrons from their equilibrium position and transfers energy to the
medium. As explained in the next chapter this energy flow is directly related to the
delay of the polarization wave to the strong field. When the field strength decreases
the electronic system partially returns to its unperturbed state and energy flows back
to the medium. This reversal of the flow direction shifts Pyz (£/2, f) to earlier times.
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In the regime where energy is transferred from the light field to the medium, the
delay between the nonlinear polarization and the driving field can be considered
as an upper limit for the response time of the electronic system. This is the time
which an external field requires to distort the electronic distribution in a medium. In
dielectrics excited far from resonance this nonlinear process is assumed to be very
fast. The response time can be estimated by the orbital period of the electron circling

around the nucleus [23].

27’((13
TR

(6.25)

Ve

With ag = 5.3 x 10~'! m and v, ~ ¢/137, 7 is assumed to be of the order of a
few 100 as. The results of APS can be used to scrutinize this estimation. The shift
between Py (£/2,t) and E(£/2,t) can be evaluated with highest precision in the
zero crossing of the central flank were the slope of the two fields is steepest. The
comparison yields a delay of 70 4 30 as (Fig.5.4 inset). Therefore an upper limit
of Tresetee < 100 as can be set for the electronic response time of fused silica to
the reported few-cycle pulses at a field strength close to optical breakdown (here
E=26+0.1V/A).

The response time is evaluated for different peak amplitudes of the strong field.
Figure 6.19 displays the results of 7 individual traces recorded at intensities between
0.7—1.4 x 10™ % It shows the rising tendency of 7, . With increasing intensity.
For I <1 x 10" % the amplitude of the induced nonlinear polarization and its
delay to the driving field becomes very small. This reduces the signal to noise ratio
and increases the error bar of 7, ... compared to higher field strength. Hence the
value of the evaluated response time scatters considerably around 20 % 25 as in this
range. However the trend of a slower response with rising field strength is visible.
As explained in the next section the delay of the nonlinear polarization to the strong
field is directly related to the energy transferred from the field to the material. As this
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delay defines 7, ¢iec» the increase in absorption with rising field strength, decelerates
the electronic response.

Comparison of the Nonlinear Polarization in Different Dielectrics

It is interesting to investigate whether the response time of different dielectrics is
of the same order of magnitude and exhibits a similar intensity dependence as in
fused silica. Therefore the nonlinear polarization induced in the 25 wm sapphire
samples by a field with a peak intensity of / = (8.1 £0.5) x 10" Y (Fig.6.15) is
evaluated with Eq. (6.10). Itis displayed in Fig. 6.20a, solid line. Py (£/2, t) exhibits
the same temporal characteristics as the nonlinear material response of fused silica:
at the beginning of the pulse the external wave transfers energy to the material. This
energy flow delays the nonlinear polarization wave to the strong field. When the field
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Fig. 6.20 Panel a the nonlinear polarization (solid line) is compared to the strong field (dashed line)
at the middle of the sapphire sample. Comparison of the delay between Pyy, (£/2,¢t) and E(£/2, t)
in the zero crossing of the central flank allows to extract the electronic response time of the system
(inset). Panel b 7. ojec Clearly increases with the peak intensity of the driving field
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amplitude decreases the electrons partially return energy to the field as they come back
to their initial unperturbed states. Then the nonlinear polarization wave precedes the
strong field. For a peak intensity of / = (8.1 £ 0.5) x 10"3 % an electronic response
time of Tye e = 40 £ 30 as is evaluated by comparing Py (£/2,¢) to E(€/2, 1) in
the zero crossing of the central flank. Therefore an upper limit of Tyeg e < 70 as is
claimed.

As derived in Eq. (6.8) and experimentally verified in Sect.6.4.6 the nonlinear
modification of the strong field scales linearly with the propagation distance. The
sapphire samples are 2.5 times thicker than the fused silica targets. As the refractive
index of the two materials possess similar values the nonlinear phase shift accu-
mulated in A,O3 is approximately 2.5 times bigger than in SiO,. This improves
the signal to noise ratio in the evaluation of Py (#) especially for fields with low
peak intensities. On the other hand the validity of Eq. (6.7) decreases with grow-
ing interaction length. It assumes all nonlinear dipoles to oscillate in phase and be
driven by the same nearly-undistorted waveform. Figure 6.17b shows that the spec-
tral composition of the driving field is slightly altered in the interaction. However
the modifications are still small enough to have negligibly affect on the pulse shape.
It is possible to reliably evaluate the nonlinear polarization and the response time of
sapphire down to intensities of 6 x 10'3 cfnvz . Figure 6.20b shows a clear increase of
Tres elec With rising intensity. This is the same trend as observed for fused silica. This
finding hints to an universal intensity dependent delay of the nonlinear response in
wide-gap materials. For field strength close to optical breakdown an upper boundary
Of Tyes etec < 100 as is claimed.

6.4.4 Energy Transfer Dynamics

The knowledge of the nonlinear polarization does not only allow to extract the elec-
tronic response time of the system but provides access to the energy transfer dynamics
during the light-matter interaction. It is possible to investigate when and to which
amount the material gains or looses energy.

The time resolved energy density W (¢) transferred between the electric field and
the material is accessible via Eq. (6.16). It is displayed in Fig.6.21 for fused silica
and an intensity of the driving field of / = (1.3 4£0.1) x 10' % With rising field
strength the external wave distorts the electron cloud in the material and moves the
carriers further and further away from their equilibrium position. It performs work
to modify the energetic structure of the system and thereby transfers energy to the
material. The energy flow rises with increasing field amplitude approximately until
the center of the pulse. As the field strength decreases the electrons can partially
return to their initial state and energy is transferred back to the field in the second
half of the pulse. The slope of W (¢) is directly related to the shift between the strong
field and the nonlinear polarization (Fig. 6.18). W (¢) is calculated as the integral over
the strong field and the induced current, represented by the temporal derivative of
Py (t) (Eq. (6.16)). If the system follows the driving force instantaneously Py (t)
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Fig. 6.21 The energy x10°
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oscillates in phase with E(¢). The integration over the period of the pulse would result
in zero dissipated energy. The transferred energy can only be non zero if Py (¢) and
E(t) are delayed with respect to each other. In the first half of the pulse the nonlinear
polarization lags behind the driving field as energy flows to the medium. In the second
half the electrons return energy to the field which reverses the direction of the shift
between Py (¢) and E(¢).

The residual energy density W,,; = W(t — 0o) deposited in the medium after
the pulse vanished defines the amount of energy which is irreversibly transferred
from the electric field to the material. This work is performed by the external field
to excite real carriers across the bandgap into the conduction band. Their lifetime
outlasts the interaction period [25]. This means that the electrons cannot return their
energy to the field upon decaying and therefore cause energy dissipation. W,,s can
be related to the residual real conduction band population 7,.,; with E; ~ 9 eV.

Wres
Nyeal = (626)
Eg
For an electric field with an intensity of 7 = (1.3 £0.1) x 10" % the amount

of real excited electrons is 1,.q; = (3.4 & 1.5) x 107 ﬁ This means that 0.02 % =+
0.01 % of the valence band population is permanently excited into the conduction
band during the light-matter interaction. In Sect.6.4.1 the fraction of excited car-
riers was derived from the residual phase shift between E,.;(¢) and E(¢) with the
Drude model. This estimation resulted in an upper limit of 0.008 £ 0.005 % excited
valence band electrons after the interaction. The conduction band in fused silica
is energetically very broad (approximately 10 eV). Electrons are not only excited
into states close to the band edge but hot carriers populate the complete spectral
width of the band. Therefore the estimation for n,., computed from Eq. (6.26) with
E, ~ 9 eV constitutes a conservative upper limit for the generated amount of real
excited carriers.



64 6 Attosecond Polarization Spectroscopy

In analogy to the relation between W, and n,., the difference between the max-
imum transferred energy W,,. and W, can be connected to the induced virtual
population [26-28]. Close to the center of the pulse the electric field performs the
maximum amount of work to perturb the electronic structure of the material. Thereby
the laser dressed valence band states which are fully populated in the ground state
are projected onto the conduction band states. This overlap generates virtual carriers
which immediately decay with decreasing field strength. When the electronic system
recovers from its distortion the material returns energy to the field. The process can
be considered as stimulated emission. An upper limit for the maximum amount of
virtual carriers generated during the interaction is given by

Wmux - Wres
Myirt = ——————— (6.27)
Eg

with E, ~ 9 eV. At a peak intensity of / = (1.3 £0.1) x 104 % the strong field
excites at most a number of virtual charges of n,;; = (2.1 & 1) x 107 # (Fig.6.21).

Comparison of the temporal evolution of the nonlinear phase shift A¢y (f)
(Fig.6.11) and W (¢) identifies the induced virtual population as source of the increase
in optical material density throughout the pulse. As verified in the gas phase free car-
riers decrease the refractive index of the medium. The generated real conduction
band electrons contribute negatively to the phase shift and counteract the effect of
the virtual carriers. However the amount of real excited carriers is too small to have
a detectable effect on A¢gyy.

The intensity dependence of W () is investigated in Fig.6.22. 4 individual data
sets recorded in the intensity range between 0.9 — 1.4 x 10 % are depicted.
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If the material is exposed to pulses with peak intensities higher than 7 > 1 x

10" Y, the qualitative temporal profile of W (¢) exhibits the characteristic features

2

descriclgled above. The generation of virtual and real carriers are the two physical
processes determining the nonlinear interaction. Even at field strength close to optical
breakdown no new additional mechanisms are triggered. As expected for increasing
peak intensity the total amount of generated virtual and real carriers rises. At inten-
sities below I < 1 x 10' % a negligible amount of real carriers is excited in the
interaction which lies below the experimental detection limit. The data set depicted
in Fig. 6.22 for an intensity of (0.9 & 0.06) x 10' C:ZZ is closest to the average over 5
scans recorded at this field strength. The results for W, of the individual traces scat-
ter around zero, negative values lie within the error bar. It is interesting to investigate
the intensity scaling of W,,; and W, in more detail: An increase in intensity from
(0.9 £0.06) x 10™ X, t0 (1.2 +0.08) x 10" X, approximately doubles Wiq.
W,es tises steeply from a value close to zero to a measurable amount of residual
energy deposited in the material.

Virtual carriers are generated during the perturbation of the energetic structure of
the material by the strong field. The reversible polarization of the medium is described
by the Kerr effect. This means that the maximum number of excited virtual carriers
scales with the peak field strength to the power of 4 or the peak intensity to the
power of 2. Real carriers are excited via multiphoton absorption where the excitation
rate grows proportional to I° or 1° for wide-gap solids and optical fields. Figure 6.23
displays the scaling of the excited real and virtual population with intensity for
5 individual measurements. The statistics of the obtained results are insufficient
to confirm the predictions of the Kerr effect (light dashed line) and multiphoton
absorption (dark dashed line). However the data hints to a more nonlinear increase

of n, (dark circles) with intensity than for n,;, (light circles).
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The increase in absorption with rising field strength explains the intensity
dependence of the evaluated response time (Sect.6.4.3). The value of W(¢) cal-
culated from the integral in Eq. (6.16) can only be non-zero if the polarization lags
behind or precedes the driving field. The more energy is dissipated the bigger the
delay between Py (t) and E (7). This means that the response of the electronic system
is decelerated proportional to the amount of work performed on the system by the
external field.

Energy Transfer Dynamics in Different Dielectrics

The results obtained with APS in fused silica shed light onto the energy transfer
dynamics in the light-matter interaction. It is possible to temporally resolve when
the field performs which amount of work and how the material responds. The strong
field generates real carriers which are permanently excited into the conduction band
and virtual population which decays as the pulse vanishes. The amount of induced
real carries defines the total energy dissipated in the interaction and scales highly
nonlinear with the peak amplitude of the external driving field. The generation of
virtual charges increases the optical material density and scales less nonlinear with
intensity. As presented in Sects.6.4.2 and 6.4.3 the nonlinear modification of the
refractive index and the structure of the nonlinear polarization in sapphire and fused
silica exhibit very similar features. Therefore the dynamic energy flow between field
and material in A/,O3 is expected to resemble the findings in SiO;. As explained
in Sect. 6.4.3 the sapphire samples are 2.5 times thicker than the fused silica plates,
which improves the signal to noise ratio in the evaluation of Py; (¢). Hence it should
be possible to extract more quantitative information about the intensity dependence
of the excitation probability for virtual and real carriers. This would provide further
insight into the physical excitation mechanisms.

The transferred energy density extracted for sapphire at different peak
intensities of the external field is depicted in Fig.6.24. The temporal evolution of
W (¢) is qualitatively very similar to the dynamics investigated in fused silica and in
accordance with the observed intensity scaling of 7,e ¢jec. The direction of the energy
flow between field and material reverses close to the center of the pulse. W, is related
to the real conduction band population generated by the strong field (Eq. (6.26)). At
a peak intensity of I = (8.1 £0.5) x 103 % 0.005 % of the valence band electrons
are permanently excited across the band gap in the interaction. This is in good agree-
ment with the 0.003 & 0.001 % estimated with the Drude model (Eq. (2.47)) from
the residual phase shift after the pulse (Fig.6.15, Sect.6.4.3).

The generated amount of virtual and real charges rises with increasing peak inten-
sity of the driving field. As explained in section Sect. 6.4.3 the precise intensity scaling
of this rise can be determined in a more reliable way than for the thinner fused silica
samples. Even though only 4 individual measurements are considered they coincide
very well with an increase of n,;,, with / Zanda dependency of 7., on [ 6 (Fig.6.25).
As explained for fused silica this is the scaling predicted by the Kerr nonlinearity
and multiphoton absorption for wide-gap dielectrics.

The presented results demonstrate that the nonlinear energy transfer induced by
intense few-cycle pulses in fused silica and sapphire exhibits the same characteristic
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features. Throughout the pulse both materials absorb energy with rising electric field
strength which they partially return to the field when the amplitude of the driving
wave decreases. This temporal evolution is caused by two physical mechanism: the
maximum number of generated virtual carriers follows the Kerr prediction and a
small fraction of real electrons is excited into the conduction band via multiphoton
absorption.

The extracted nonlinear material response of two different insulators to ultrashort
intense light pulses exhibits big qualitative and quantitative similarities. This finding
strongly hints to the conclusion that the revealed physical mechanisms dominate the
ultrafast strong field dynamics in all wide-gap materials.
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6.4.5 Energy Consumption of a Hypothetical Ultrafast
Optical Transistor

The main aim of the investigation of the ultrashort strong field dynamics in dielectrics
is to determine whether they can be used for signal processing. The fastest state-of-
the-art electronic transistors can operate at clock frequencies of 100 GHz [29]. The
results of APS prove that it is possible to reversibly modulate the optical density of
dielectrics with optical few femtosecond pulses at >100 THz speed. One limiting
factor for the performance of current electronic semiconductor devices is the energy
dissipated in a switching cycle which leads to accumulated heat [30, 31]. The devices
are downscaled in size to the sub micrometer range to decrease the switching time
and minimize the heat generation. Energy dissipation will also be a critical quantity
for future ultrafast optical switches. As APS provides access to the energy dissi-
pated in the nonlinear light-matter interaction it can be benchmarked to the energy
consumption of current electronic devices.

A state-of-the-art MOSFET in a CMOS inverter with a delay time of 20 ps, a gate
length of 100 nm and a capacity between source and drain of 2.8 fF/pum? operated
with a gate voltage of 1.5 V dissipates in average 0.5 mW in one switching cycle
[29]. Itis (60 nm)? big. In a very conservative approximation the complete (60 nm)?>
are considered as the active area. Under this assumption the MOSFET dissipates an
energy density of 3.6 x 108 e;; . In the nonlinear light-matter interaction the residual
transferred energy density W, defines the amount of consumed energy. The energy
consumption of the MOSFET is of the same order of magnitude as W,,, in fused
silica in the interaction with strong fields with amplitudes bigger than 2.7 V/A. This
field strength corresponds to an intensity >1.4 x 10'* -%; and is close to the optical
breakdown threshold of the material (Appendix G). In the light-matter interaction the
amount of excited virtual carriers determines the induced change in refractive index.
The modification of the optical material density would be the observable manipu-
lated for signal processing. Fields with amplitudes of >2.7 V/Ainduce a maximum
refractive index change of 6n/n > 0.6 %. The results of APS show that én increases
linearly with intensity whereas the number of real charges grows proportional to 7°.
This means that the ratio between induced signal and energy consumption in a future
high frequency optical switch grows with decreasing field strength. Fields with an
intensity of 7 = 4.5 x 10" % [E = 2.7 V/A] still induce a maximum change of
the relative refractive index of approximately én/n = 0.2 %. The dissipated energy
can be reduced by a factor of 900 to 4 x 10° Y5,

It has to be considered that the volume of an optical device is limited by the beam
size of the electric field. Principally the radius of the focus cannot be decreased below
the diffraction limit [32]. However the increase in size compared to an electronic
MOSFET can be compensated when the device is operated at intensities I < 5 X
101'% Y

cm?*
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6.4.6 Experimental Verification of the Derived Concept
to Access the Nonlinear Polarization

In the derivation of Eq. (6.10) the nonlinear polarization wave in thin samples is
assumed to oscillate in phase with the driving field (Eq. (6.7)). This approximation
directly implies that the change of the electric field AE,(z) due to the nonlinear
source term T’Q’L (z) increases linearly with propagation distance and material thick-
ness (Eq. (6.8)). The validity of Eq. (6.7) can be experimentally verified by performing
attosecond polarization spectroscopy with different sample thicknesses.

In addition to the study on 10 pm thick fused silica samples, the experiment
is repeated under identical conditions with fused silica plates of 20 wm thickness.
The intensity of the strong and the reference field is adjusted to / = (1.1 £0.1) x
10™ Y and I,,; = (6.5 +£0.3) x 10'2 .

Figure 6.26 compares the weak (dashed line) and strong field (solid line) after the
propagation through 10 wm (panel a) and 20 pm (panel b) material. In the thick
samples the nonlinear shift between E,¢ (¢, t) and E(£, ) exhibits a similar temporal
profile as observed for the 10 wm plates (Sect.6.4.1). Throughout the interaction
the strong field is delayed but catches up with the linear propagated reference at
the end of the pulse. In the 20 wm targets the maximum accumulated phase shift is
approximately twice as big as for the 10 pm plates. This means that the modification
of the driving field AE(z, t) due to the nonlinearity does indeed scale with propagation
length. As explained at the beginning of this section, this finding delivers direct
proof for the validity of Eq. (6.7) which describes the build up of the nonlinear
polarization wave phase matched to the driving field. The approximation is on of
the key assumptions in the derivation of the analytic relation between AE,, and the
nonlinear polarization (Eq. (6.10)).
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Fig. 6.26 Comparison of E({, t) (dashed line) and E,f (£, t) (solid line) after the transmission
through 10 pwm (Panel a) and 20 pm (Panel b) fused silica. The shift between the two waves is
twice as big for double the material thickness
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Fig.6.27 Comparison of the nonlinear polarization (solid line) and the weak reference field (dashed
line) at the middle of a 10 wm (Panel a) and 20 um (Panel b) thick sample. The delay of Py, (£/2, t)
with respect to E.r(£/2, t) doubles with twice the interaction length

For both sample thicknesses the nonlinear polarization is evaluated from Eq. (6.10)
at the middle of the samples and compared to weak reference fields at this position
in Fig.6.27. As Py;(£/2, 1) is directly proportional to AE(z, t) the nonlinear shift
between Py (£/2, 1) and E,r(£/2, t) is also expected to grow linearly with increasing
interaction length. The experimental findings support this claim as the delay between
Pni(€/2,t) (solid line) and E,.r (¢, t) (dashed line) within the experimental error is
twice as big for double the material thickness.

The comparison of Py (£/2, t) and the strong field at the midpoint of the material
confirms the robustness of the evaluation method for the electronic response time
(Fig.6.28). For both sample thicknesses the two waves are delayed by less than
<70 as at the zero crossing of the central flank.
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Fig. 6.28 Comparison of the nonlinear polarization (solid line) and the strong field (dashed line)
after half the propagation distance through a 10 pm (Panel a) and 20 wm (Panel b) thick fused
silica plates. The comparison of the delay of Py (¢/2,t) to E(£/2,t) in the zero crossing of the
central flank results in the same electronic response time independent of the material thickness
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As highlighted above Eq. (6.10) relates f’,’w‘,’L (z) and AEU (z) in a linear way. As
AE,(z) = E,(£) — B7'E™ (¢) this implies a high sensitivity of the calculated non-
linear polarization on the attenuation parameter 3. In the experiment the amplitude of
the strong field is attenuated to record the weak reference scan E,.¢ (¢, t). To compare
the reference and strong field in Eq. (6.10) this attenuation has to be compensated for
theoretically ﬁ“E,ef (€, t). In experiment § can be determined within an accuracy
of 5 %. This variation in amplitude translates itself into a variation of the electronic
material response time of 30 as.

Therefore an upper limit of the electronic response time of fused silica to the
reported few-cycle pulses of T, 0rec < 100 as is claimed at intensities close to optical
breakdown.

6.5 Major Findings of APS

Attosecond polarization spectroscopy is an experimental technique which directly
facilitates the complete characterization of the nonlinear modification of the strong
driving field in the interaction of intense few-cycle laser pulses with matter at
petahertz frequencies. In contrast to conventional pump-probe techniques it is not
restricted to the examination of individual features of the nonlinear dynamics [33].
In the presented implementation of APS the strong field functions as pump and probe
field. The temporal resolution of conventional techniques is limited by the extent of
the intensity envelope of the probe pulse. In APS the nonlinear interaction is resolved
with pulses of a few hundred attosecond duration. As electron dynamics in solids
evolve on attosecond timescales their motion can be claimed to be examined in real
time.

With the developed theoretical concept the complete amplitude and phase infor-
mation of the induced nonlinear polarization is accessible via an analytical relation
to the experimental observables. The nonlinear material response contains the full
information about the excited strong field dynamics and provides insight into the
underlying physical mechanisms.

In a first step the new experimental technique is verified in the investigation of
strong field ionization in gas. External fields with amplitudes above the ionization
threshold generate plasma which decreases the optical density of the medium. APS
can detect the acceleration of the phase velocity of the field as an increasing fraction
of the neutral gas atoms is ionized during the interaction. The temporal evolution of
the induced change in refractive index is directly related to the dynamic ionization
rate. Therefore the amount of generated plasma at each point in time throughout
the interaction can be determined. The evaluated nonlinear polarization is found to
be dominated by the free carrier contribution. Hence it oscillates preciously out of
phase with the driving field. As the ionization rate and the nonlinear polarization are
accessible the expectation value of the generated electron wave packet in space can
be determined directly from the measured results. It oscillates with an amplitude of
less than 3 nm.
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After the successful verification of APS in gas, it is employed to investigate the
strong field dynamics excited in two different insulators by intense few femtosecond
pulses. In the nonlinear interaction with fused silica and sapphire qualitatively and
quantitatively similar characteristic features are observed. These finding hint to an
universal nonlinear response of wide-gap dielectrics to intense optical few-cycle
pulses.

In the presence of the strong field the optical density of the material is increased.
The Kerr prediction alone cannot describe the temporal evolution of the induced
modification as the refractive index change is not directly proportional to time pro-
file of the intensity envelope of the driving field. The reason for this discrepancy can
be found in the interplay of nonlinearity and linear propagation effects for ultrashort
pulses. However the change of the refractive index at the peak of the field envelope
scales linearly with the maximum intensity of the driving pulse and shows no indica-
tion of saturation up to field strength close to optical breakdown. The linear increase
allows to extract a proportionality factor analog to the nonlinear Kerr coefficient.
Values for the Kerr index reported in literature exceed this result by up to a factor
of 4 [34]. They are extracted from time integrated measurements with longer pulses
under the assumption that the induced refractive index change follows the intensity
envelope of the pulse.

The analysis of the strong field modification of the field envelope hints to the
existence of a fast electronic and lower frequent Raman contribution to the nonlinear
interaction.

The theoretical concept developed for APS provides an analytical relation between
the experimental observables and the nonlinear polarization. The nonlinear polariza-
tion wave includes the complete information about the nonlinear dynamics evolving
in the material. It provides access to the electronic response time of the system and the
energy transfer dynamics in the interaction. The response time is found to depend on
the amount of energy absorbed by the system. Hence the nonlinear material response
is decelerated as the amplitude of the external field rises. For field strength close
to the damage threshold of the material an upper limit of Tyes erec < 100 as can be
determined.

With the knowledge of the nonlinear polarization the dynamics of the energy trans-
fer between field and material can be accessed. When the field amplitude increases
at the beginning of the pulse the external field performs work to modify the ener-
getic structure of the electronic system. Hence energy is transferred from the field
to the material. With decreasing field strength part of the electrons return to their
equilibrium position and give back energy to the medium. Only the energy which is
permanently absorbed is dissipated in the generation of real carriers via multiphoton
absorption. In the presence of the field laser dressed valence band states are projected
onto the conduction band. This leads to the non permanent excitation of virtual car-
riers [26]. They vanish with decreasing amplitude of the driving wave and thereby
return energy to the field. This process can be considered as stimulated emission. The
virtual population is related to the detected increase of the optical material density.
Their maximum number scales according to the Kerr effect. At field strength close
to optical breakdown less than 0.01 % of the valence band electrons are permanently
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excited as real carries into the conduction band by the external field. This generated
conduction band population decreases the refractive index of the material. However
their number is too small to have an experimentally detectable effect.

As the real carriers are generated in the highly nonlinear process of multipho-
ton absorption, their excitation probability increases faster with the peak intensity
of the driving field than the generation of virtual charges. Their maximum number
follows the Kerr prediction. This means that the amount of energy dissipated in the
interaction scales more nonlinearly with the amplitude of the driving field than the
induced refractive index change. These findings are of high relevance for the appli-
cation of nonlinear optical switches in signal processing at >100 THz frequencies.
The energy density consumed in the interaction can be decreased several orders of
magnitude below the characteristic values of state-of-the-art electronic GHz devices
if the dielectric is operated with the smallest detectable signal at field intensities

below I < 5 x 103 %
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Chapter 7
Outlook

7.1 Wave Form Synthesis

The results presented in the previous chapters point out that APS is a suitable
technique for the time resolved investigation of the nonlinear dynamics intense few-
cycle pulses induce in matter. Its potential can be further exploited if another degree
of freedom is accessible: by employing few-cycle pulses with a modifiable temporal
envelope, the dependence of the nonlinearity not only on the peak intensity but on
the shape of the waveform can be explored. It would be interesting to investigate the
sensitivity of the temporal evolution of the nonlinear phase difference A¢yy (f) on
the temporal composition of the driving field. The variation of the response time and
energy dissipation dynamics could be examined in more detail. Like this it would
be possible to optimize the temporal profile of the waveform for the maximum ratio
between generated virtual and real carriers. The tailored field offers the best com-
promise between induced change in optical density and dissipated energy which are
the critical parameters for future application in signal processing.

The approach pursued here to generate few-cycle pulses with a defined non
Gaussian time profile is to spatially divide the broadband spectrum into two narrow
band parts. The phase of the light field in each channel is individually manipulated
with customized chirped mirrors (Appendix B, faricated by Olga Razskazovskaya).
Afterwards the different pulses are recombined. By varying the delay between them,
various waveforms can be tailored. As displayed in Fig.7.1 the spectrum is divided
at 600 nm into a blue channel extending from 400 to 600 nm and a red channel from
600 to 1000nm. The technical details of the setup are specified in Appendix I. In
the following the temporal characteristics of the pulses in the individual arms are
presented.

As the pulse intensity in the blue channel is too low to efficiently drive the highly
nonlinear process of high harmonic generation (Appendix C) attosecond streaking is
not well suited (Appendix D) for the characterization of the pulses in the individual
arms. The electric field is measured with the technique of transient grating frequency
resolved optical gating (TG FROG, Appendix E) [1]. It cannot determine the absolute
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Fig.7.1 The spectrum of the few-cycle pulse (Panel a, Appendix A.2) is divided into the dark area
and light area channel channel (Panel b) of the wave form synthesizer

value of the phase of the electric field. This means that the carrier envelope phase
and the absolute arrival time of the pulse is not accessible (Appendix E). However
the TG FROG technique provides complete information about the amplitude and
relative phase of the electric field and hence allows to extract the pulse duration with
comparable small experimental effort.

7.1.1 Blue Channel of the WFS

The recorded (Panel a) and reconstructed (Panel b) TG FROG spectrogram of the
pulse exciting the blue arm of the wave form synthesizer is depicted in Fig.7.2.
Figure7.3 displays the retrieved spectral intensity (dark blue line) and phase
(light blue line). The structure of the spectral phase between 400-550nm of the
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Fig. 7.2 Panel a the recorded TG FROG spectrogram of the blue channel. Panel b the retrieved
trace which deviates by a FROG error of 8 x 1073 [2]
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uncompressed pulse before compensation by the chirped mirrors is highly sophisti-
cated. Without the wave form synthesizer the complete pulse spectrum is compressed
with one set of chirped dielectric mirrors (Appendix A.2). Their design has to be cho-
sen as the best compromise between compensating higher order nonlinearities of the
spectral phase and maintaining the highest reflectivity throughout the whole spectrum
(Appendix E). Therefore it is not possible to consider the complex phase structure in
the wavelength range below 500 nm in great detail. It is largely ignored as it contains
less than <10 % of the pulse energy. For the wave form synthesizer the spectrum is
divided and the bandwidth in the individual channels decreased. Like this the phase
nonlinearities can be compensated more individually with the chirped mirror design.
As visible in Fig. 7.3 the spectrum is successfully compressed down to 450 nm. This
results in a pulse duration of trw gy = 7.6 fs which is close to the Fourier limit of
TFL = 6.1 fs.

7.1.1.1 Red Channel of the WFS

The TG FROG spectrogram, extracted spectral intensity and phase of the red channel
are depicted in Figs.7.4 and 7.5. It is apparent that the spectral phase does hardly
depended on frequency over the entire bandwidth. Hence the pulse is compressed
to a duration of tgy gy = 6.1 fs which is only slightly above the Fourier limit of
TrL = 5.8 fs.

7.1.1.2 Synthesized Waveforms

Recombination of the compressed pulses out of the two arms results in a sub 4fs
few-cycle pulse. As the phase nonlinearity below 500 nm is compensated to a higher
degree than without the synthesizer (Appendix E) the contrast before and after the
main field can be improved. The additional degree of freedom of delay between the
channels enables the synthesis of new waveforms. The parameter facilitates more
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variations than sole modification of the carrier envelope phase (Fig. E.3). A few
theoretical examples of possible tailored fields are depicted in Fig.7.6.

Currently there is no experimental data of the combined channels of the synthe-
sizer available as the setup is not yet optimized for interferometric stability. Despite
a water cooled solid vibration low construction is designed to attenuate mechani-
cal oscillations and prevent thermal extension of the components. As soon as this
setup is manufactured the waveform synthesizer will be ready for operation to tailor
waveforms which will be used in the APS experiments.

7.2 Investigation of Semiconductor Materials with APS

In the work presented in this theses APS is used to investigate the ultrafast strong field
dynamics in dielectrics. The experimental concept is not limited to any material class,
but can also be employed for the examination of semi conductors. In 2014 the strong
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Fig. 7.6 Theoretically simulated synthesized waveforms with a pulse duration of less than
trwam < 4 fs after recombination of the two channels of the waveform synthesizer. Panel a,
b for a sine pulse the oscillations preceding and succeeding the main pulse and the contrast within
the subcycles can be improved. Panel ¢, d it is possible to tailor a cosine pulse with a particular
steep rise of the electric field within the first subcycle

field dynamics in silicon were examined in a transient absorption scheme identical
to the method described in Sect.4 [3]. It was possible to experimentally resolve
the generation of real conduction band population by an external few femtosecond
pulse in real time. However the signal to noise ratio was not sufficient to extract
the signature of the induced transient virtual carriers predicted by theory. As the
noise level in APS is considerably improved compared to the transient absorption
technique chances are high that it is possible to access the complete energy transfer
dynamics in semiconductor materials.

7.3 Extension of APS to Broadband Probe Fields

In the current implementation of APS the strong optical few-cycle pulse functions
as pump and probe field. The technique can be extended by replacing the VIS/NIR
probe pulse with a weak field in the short wavelength range. To do so the spectrum is



80 7 Outlook

broadened by for example generating the third harmonic of the fundamental beam in
a nonlinear conversion process (Sect.2.4). The UV photons probe strong field mod-
ification of semiconductors and dielectrics more directly as they possesses enough
energy to excite electrons across the bandgap in a one or two photon process. As
long as the amplitude of the probe field is kept low enough its nonlinear interac-
tion with the material can be considered in subsequent data analysis. A possible
experimental setup for such a VIS/NIR pump UV probe APS setup is depicted in
Fig.7.7. Before the sample both pulses are reflected off a rotatable mirror which
is coated with different dichroic segments: all of them uniformly possess maxi-
mum reflectivity for the UV part of the spectrum, whereas the long wavelength
can be variably attenuated. Like this the intensity of the pump beam can be var-
ied while the probe field remains unaltered. After transmission through the sample
the pump field is entirely suppressed by another set of dichroic mirrors. Only the
remaining pump field is temporally characterized for example in an attosecond streak
camera (Appendix D) [4]. Again a reference scan, where the sample is exposed to
a weak pump field, is compared to the strong field measurement. This experimental
scheme possesses attosecond resolution independent of the temporal extent of the
UV pulses. A probe pulse with a duration that slightly extends the pump field could
provide information about triggered dynamics evolving on longer timescales. The
strong field modifications of the energetic material structure are expected to affect
the amplitude and the phase structure of the probe pulse. This could facilitate the
investigation of the Franz—Keldysh effect with attosecond resolution [5].
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Fig. 7.7 Schematic setup of APS with a strong pump field in the VIS/NIR and a separate UV probe
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Chapter 8
Conclusion

The aim of this thesis is to examine whether the optical properties of dielectrics
can be manipulated with intense few femtosecond laser pulses for future application
in ultrafast signal processing. The temporal evolution of the strong field dynamics
triggered by ultrashort electric fields in insulators is largely unexplored. It is not
clear whether they possess suitable characteristics which can be exploited for optical
high frequency switches. To estimate the feasibility of the approach the two basic
questions about the nonlinear light-matter interaction raised in Chap. 1 have to be
answered:

e How fast does the material react to the external strong field and how quickly can
it follow the driving wave?

e How big is the reversible contribution to the nonlinear material response compared
to the irreversible part and is it possible to optimize the ratio between them for
near-dissipation-free optical signal processing?

The physical quantity which provides answers to these questions is the nonlin-
ear material polarization. It is the nonlinear wave emitted by the dipoles which are
excited in the medium by the strong field. Hence it contains the comprehensive infor-
mation about the induced dynamics. Throughout this thesis different experimental
approaches are pursued to access the nonlinear polarization.

In a first step, the nonlinear Kerr coefficient is examined with time integrated
techniques. These measurements yield a considerably smaller n, than the values
reported in literature for longer pulses [1]. To understand the physical origin of this
discrepancy an experimental method which provides attosecond time resolution is
developed: Attosecond Transient Absorption Spectroscopy can provide first answers
to the questions raised above. The absorptivity of XUV radiation in dielectrics is
found to be modified in the presence of the strong field. It is modulated and spectrally
shifted with twice the laser frequency which proves that the underlying dynamics
are induced by the carrier wave. The effect vanishes together with the driving field.
To extend the understanding of the observed phenomena the influence of the strong
© Springer International Publishing Switzerland 2016 83
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field interaction on the amplitude of the reflected strong field is explored. It is found
to increase highly nonlinearly with the intensity of the strong field at field strengths
close to material breakdown. A nonlinear autocorrelation measurement reveals that
the strong field modification is again reversible on femtosecond timescales.

The two experiments independently examine the influence of the strong field
on two different quantities: the XUV absorptivity and the reflectivity of the strong
field. The modification of both observables vanishes with the field within femtosec-
onds. However the obtained results do not provide direct insight into the nonlinear
dynamics induced in the material, which are the reason for the alteration of the exper-
imental observables. A complex theoretical model attempts to explain the underlying
physics and extract the nonlinear material polarization. Nevertheless the experimen-
tal results are insufficient to explicitly verify the theoretical approach. Furthermore
the signal-to-noise ratio of the extracted polarization is too low to reliably draw
further conclusions from it.

The crucial step to the comprehensive understanding of the ultrafast strong field
dynamics is the development of the technique of Attosecond Polarization Sampling. It
is not restricted to the examination of distinct features of the nonlinear interaction but
facilitates the complete characterization of the modified strong field with attosecond
resolution. The full amplitude and phase information of the nonlinear polarization is
accessible via an analytic relation to the experimental observables.

APS reveals that virtual carriers are generated in the presence of the strong field [2].
When the electric field strength rises throughout the pulse the electronic properties
of the system are increasingly distorted. Energy flows from the external field to
the medium to modify its energetic structure. The laser dressed valence band states
are projected onto the conduction band levels and generate virtual population. With
decreasing field strength the system returns to its equilibrium state and the energy
which was transferred flows back to the field. The virtual charges decay via stimulated
emission. In total, no energy is dissipated in the transient process.

The maximum amount of generated virtual carriers rises proportionally to the
square of the intensity of the external field. This is the scaling predicted by the
Kerr nonlinearity. In the presence of the strong field the optical material density
is increased. The amplitude of the refractive index change at the peak of the field
envelope also increases according to the Kerr proportionality. The virtual carriers and
the modification of the optical density do not only exhibit the same intensity scaling,
but also appear and vanish immediately with the driving field. Therefore the virtual
carriers are identified as source of the induced refractive index change. These findings
are very interesting in regard of future application: the refractive index of dielectrics
can be predictably and reversibly modulated with strong fields on femtosecond time
scales. This means that it can be used as a signal in optical high frequency switches.

Depending on the peak field strength of the external wave and the maximum
amount of energy transferred between field and material the response time of the
system is found to be delayed. At field strengths close to optical breakdown the
electronic properties of the dielectric respond within <100 as. The response time is
accelerated with decreasing intensity of the driving field.
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The virtual carriers are found to be generated and eliminated with the driving
field. Additionally, real carriers are excited into the conduction band via multiphoton
absorption throughout the interaction. Their negative contribution to the refractive
index is negligibly small. However they determine the amount of energy dissipated
in the light-matter interaction as their lifetime exceeds the duration of the driving
pulse. This means that they cannot return the energy expended in their excitation to
the field. In the interaction of optical 50 fs pulses with fused silica a decay time of
approximately 200 fs is determined for the generated real conduction band electrons
[3]. In the current implementation of APS, where the ultrashort strong field functions
as pump and probe beam, this parameter cannot be determined for the excitation
with sub-4-fs pulses. As described in Sect. 7.3 the APS scheme will be extended by
replacing the probe with a UV pulse. If its duration slightly exceeds the pump pulse
the dynamics evolving after the strong field interaction can be investigated.

The experimental findings show that the generation of real carriers grows more
quickly with the intensity of the external field than the induced modification of the
refractive material index. This means that the energy consumption of an ultrafast
optical switching device can be optimized by choosing the smallest external field
amplitude which induces a detectable signal. With this method the energy density
dissipated in one switching cycle can be reduced significantly below the parameters
of transistors in current semiconductor technology [4].

The presented findings show that the idea of manipulating dielectrics with few
femtosecond strong fields is a valid approach in future ultrafast signal processing.
The two questions raised above can be answered and show that wide-gap solids fulfill
all the fundamental requirements to function as optical >100 THz switches: their
electronic properties react within <100 as and can follow a driving force reversibly
at PHz frequencies. Only a negligible number of carriers remain excited after the
interaction. Their amount and therefore the dissipated energy can be minimized by
correct choice of the amplitude of the driving field.
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Appendix A
Laser System

A.1 Laser System Emitting Few Cycle Pulses with 500 n.J
Pulse Energy

The laser system used for the APS experiments in solids (Sect.6.4), the time
integrated measurement of the nonlinear Kerr coefficient (Chap.3) and the dam-
age detection (Appendix G) consists of three major components: the oscillator, a
chirped pulse amplifier and a neon filled hollow core fiber with negatively chirped
dielectric multilayer mirrors (Appendix B). The system emits sub-4-fs pulses in the
VIS/IR (Fig. 6.4) with a pulse energy of approximately 500 J at a repetition rate of
3 kHz. The spectrum displayed in Fig. A.1 extends from A = 450—1050nm with a
central wavelength of Ay = 780 nm and supports a Fourier limited pulse duration of
TrL = 3.21fs [1].

Oscillator

The gain medium in the oscillator is a Ti:Sa crystal cut at Brewster’s angle in order
to eliminate reflection losses. It is pumped by a frequency doubled Nd : YV O4
laser with an average power output of P = 4.35 W at a wavelength of A = 532nm
which is focused by a lens into the crystal. The pump power can be varied with
an acoustic-optical modulator. The cavity is formed by high reflecting mirrors. For
precise dispersion control two wedged fused silica plates are positioned in the beam
path. The size of the pump laser spot in the crystal is matched to the continuous
wave mode of the IR beam in the oscillator, however the Gaussian intensity profile
generates increasing occupation inversion towards the center of the pump focus. Due
to the Kerr lensing (Sect.2.2) the modes resonant with the cavity are self focused
most strongly in the crystal and completely overlap with the most efficiently pumped
region. Therefore they are amplified to a higher amount than less intense modes
with a bigger beam size. With each crystal transition this phenomena becomes more
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Fig. A.1 Spectrum of the 10° F
few-cycle laser pulse [
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and more pronounced until weaker modes completely die out and a mode locked
spectrum remains [2].

The oscillator is designed with 15 % leakage rate in each cycle, which is realized
with a wedged output coupler. In order to compress the pulse temporally the beam is
reflected two times off a pair of chirped mirrors after descending from the oscillator.
For the performed experiments a few-cycle laser pulse with a stable and tunable CE
phase (Fig.E.3) is necessary. In principle the dispersion introduced by the optical
components in the beam path determines the CEP, however mechanical vibrations,
air movement etc. decrease the CEP stability and change it from pulse to pulse.
Thus after the chirped mirrors the beam is focused into a periodically poled lithium
niobium crystal (PPLN) for difference frequency generation between the oscillator
modes.

The temporal carrier envelope offset depicted in Fig. E.3, corresponds to a fre-
quency shift fog in energy space, therefore the frequency comb of a mode locked
laser ff,.q can be expressed as:

Sruna = kfrep + fece k=0,1,2,... (A.1)

with the repetition rate f,.,. If the laser beam interacts with a nonlinear medium the
difference frequency between laser modes m and n can be generated [3]:

Jairr = Mfrep + fcE) — Mfrep + feE) = 0 —m) frep n>m
(A.2)

Additionally f,,q and the originated fz; s, interfere in the nonlinear medium
which produces a new frequency fpeqs [31:
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Svear = fo — fairr = kfrep + fcE) — (0 —m) frep
= (k_n+m)frep+fCE (A.3)

For k — n + m = 0 the induced oscillation frequency is equal to the carrier envelope
frequency fpear = fck-

The described beating signal between the fundamental and the difference fre-
quency component can be extracted with a low pass filter. It is passed on to a PI
controller varying the pump power and therefore the nonlinear dispersion in the
Ti:Sa crystal by adjusting the frequency of the acoustic-optical modulator. The PI
controller stabilizes the emitted pulse train in such a way that every fourth pulse
possesses an identical CEP. Therefore it is working at a quarter of the oscillator
repetition rate frequency of 78 MHz. The high operating rate is the reason why this
stage of the CEP stabilization mechanism is called the fast loop. To compensate the
dispersion effects in the PPLN crystal the beam is subsequently reflected on another
pair of negatively chirped multilayer mirrors (Appendix B). Subsequently the CEP
stabilized laser pulses possess a duration of approximately 6 fs and a spectral width of
A = 600—1000 nm. The average output power amounts 280 mW which corresponds
to a pulse energy of approximately 4 nJ [3].

Chirped Pulse Amplification

In the amplifier stage the beam energy is increased by five orders of magnitude. To
avoid damage of the optical components the pulse is stretched in time by introduc-
ing a chirp (Appendix E) to decrease the peak intensity (chirped pulse amplification
[4]). After the oscillator a Faraday isolator turns the polarization of the laser field
independent to the transmission direction. As it is encircled by two perpendicular
polarization filters back reflection into the oscillator is prevented. Subsequently the
pulse is stretched and positively chirped by transmission through a thick glass block.
After the amplification the recompression is achieved with a prism compressor com-
pensating the second order dispersion from the glass and the amplifier crystal [3].
The amplifier medium is again a Ti:Sa crystal, cut at Brewster’s angle to minimize
reflection losses and pumped by a Nd:YLF laser with pulses of nanosecond dura-
tion at a central wavelength of A = 532nm. The beam is transmitted nine times
through the gain medium. A mask with perforations of the size of the beam diam-
eter additionally determines the beam path and prevents the ‘cavity’ from lasing.
Due to the lack of higher repetition pump sources a pulse pick arrangement based
on a Pockels cell encircled by two perpendicular polarizers only transmits a pulse
approximately every 330 ws. Thus the laser repetition rate is reduced to 3kHz. As
the pick frequency is adjusted to the carrier envelope frequency fcg only pulses
with identical CEP are amplified. Additionally unintended amplified spontaneous
emission is filtered out [3].
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As the spectrum of the seed is broader than the energetic amplification bandwidth
of Ti:Sa crystal, not all modes are supported. This gain narrowing decreases the
spectral width of the amplified pulse and therefore increases its temporal transform-
limit (for the Gaussian pulse AvAT = %) to approximately 23 fs. The pulse is
compressed to this minimal duration by a combination of 4 glass prisms and a set of
chirped mirrors. If only prisms were used the high peak intensity in the last prism
would cause undesired nonlinear effects. After the amplifier the pulse energy amounts
1.1 mlJ, with a pulse duration of 23 fs at a repetition rate of 3kHz [1].

Hollow Core Fiber and Multilayer Mirrors

In order to generate few-cycle pulses, the spectral bandwidth has to be broadened to
more than one octave. Therefore the beam is focused into a 1 m long hollow core fiber
with a core diameter of 260 wm. The fiber is filled with 1.8 bar Neon gas in which
additional frequency components are established on both sides of the spectrum by self
phase modulation (Sect. 2.1). After the spectral broadening in the fiber a wavelength
range from A = 400—1000nm is covered (Fig.A.1). As the energy transmission
of the fiber amounts approximately 50 % a pulse energy of approximately 500 pJ
remains [5]. The temporal compression is performed subsequently by three pairs of
low loss negatively chirped multilayer mirrors (Fig. E.5b) designed to compensate
the positive material dispersion the pulse accumulates during propagation through
glass and air on its way to the experiment (Appendix B). Thus the pulse duration
is decreased bellow 4 fs (Fig.6.4). On the way through the amplifier and the fiber
the influence of the different optical components and thermal instabilities require an
additional CE phase stabilization. As these drifts evolve slowly [1], it is sufficient to
operate on a 100 Hz timescale and therefore is called the slow loop. After the fiber
and the chirped mirrors the spectrum is broad enough to perform a f-2f CE phase
measurement. Therefore about 4 % of the light are focused into a BBO crystal by a
parabolic mirror to generate the second harmonic f, of the fundamental frequency
f.- A short pass filter isolates the second harmonic f,,, and the high energy part of
the fundamental spectrum. Additionally the polarization of the second harmonic is
matched to the fundamental by turning it by 90° and the intensities of both beams
are adapted. Subsequently the spectral interference f,,, of the fundamental f,, and
frequency doubled light f,,, is recorded in a spectrometer and Fourier transformed by
a software code. As the second harmonic f5,, = 2mf,., + fcr contains information
about the carrier envelope frequency fcr the beating frequency fp.., between fo,
and f,, corresponds to fcg [6]

fbeat = 2fw - fZ;u = 2nfrep + 2fCE - anrep - fCE = fCE (A4)

To adjust the CEP one of the prism in the amplifier compressor is moved on a
pm scale to adapt the amount of glass in the beam path. The changes in dispersion
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caused by these small movements are negligible as they have no influence on the
pulse duration or beam pointing, but alter the CEP in the desired way.

A.2 Laser System Emitting Few-Cycle Pulses with 1 mJ
Pulse Energy

The laser system employed for the APS experiment in the gaseous phase (Sect. 6.3)
and the waveform synthesizer (Sect.7.1) is constructed very similarly to the arrange-
ment described in the previous chapter (Appendix A): it is composed of an oscillator,
two chirped pulse amplification stages, a hollow core fiber and negatively chirped
dielectric multilayer mirrors for pulse compression (Appendix B). Thus sub 4fs
pulses (Fig.6.5) with an energy of 1 mJ and a spectral bandwidth extending from
400 nm to 1050 nm centered at 780 nm (Fig.1.2) supporting a Fourier limited pulse
duration of 3 fs at a repetition rate of 4 kHz are emitted [7].

The oscillator is build in the same modular concept as in the laser system pre-
sented in the Appendix A.1 Section “Oscillator” and generates pulses with a duration
of 7fs and an energy of 2 nJ CEP stable at 1/4 of the repetition rate. These pulses
accumulate positive dispersion by propagation through a thick fused silica block and
are thus stretched for the amplification by 9 transmissions through a pumped Ti:Sa
crystal identical to the CPA scheme presented in the Appendix A.1 Section “Chirped
Pulse Amplification”. The only difference is that the Pockels cell reduces the repe-
tition rate to 4 kHz instead of 3 kHz and additionally a Dazzler [8, 9] compensates
higher order phase distortions the pulse accumulates during amplification. There-
fore the pulse energy is intensified to 1.1 mJ and a spectral bandwidth of 65 nm.
To achieve even higher field amplitudes the radiation is additionally boosted in a
second amplification stage where it is transmitted three times through a cryo cooled
(70K) Ti:Sa crystal cut in Brewster’s angle to minimize reflection losses pumped
by a frequency doubled Nd:YLF laser with an output power of SO0 W centered at
A = 532 nm. Thus the pulse energy can be increased to 3 mJ. The recompression of
the stretched pulses and compensation of the positive material dispersion introduced
by the optical components and the passage through air is performed with a trans-
mission grating compressor [10]. As additional higher order phase distortions can
be precisely compensated with the Dazzler the pulse duration is decreased close to
the Fourier limit of 7rw gy & 23 fs. Subsequently identical to the concept described
in the Appendix A.1 Section “Hollow Core Fiber and Multilayer Mirrors” the pulse
spectrum is broadened via self phase modulation (Sect. 2.1) by transmission through
a 1.15 m hollow core fiber filled with neon gas with an inner diameter of 380 pm.
Thus a bandwidth extending from 40 to 1050 nm (centered at 780 nm (Fig.1.2)) and
a pulse energy of 1 mJ can be achieved at a repetition rate of 4 kHz. The CE phase is
stabilized according to the scheme presented in the previous section with a fast and
a slow loop (Appendix A.1).
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Appendix B
Chirped Dielectric Multilayer Mirrors

The reflection of electromagnetic radiation off a periodic crystal is described by
Bragg’slaw (Fig. B.1) [1]. The external field excites dipoles in the material which emit
spherical waves. The waves from the individual emitters in the different crystal layers
interfere and for special angles of incidence « the difference in optical path length
0 constitutes a multiple m of the wavelength ) resulting in constructive interference
(Fig.B.1).

26 =mA (B.1)

As the difference in optical path length ¢ is geometrically related to the lattice
period d by sin(f) = % with the Bragg angle § = m — o the Bragg condition for
constructive interference is given by

2d sin = mA\ (B.2)

Dielectric mirrors with a reflectivity of up to 99.9 % for a very narrow wavelength
range make use of this principle (Fig. B.2a). Multiple thin layers of different dielectric
materials with refractive index n; and n, and a thickness d; and d, are combined with
an optical path length n1d; = nod, = A/4. As the radiation travels back and forth
through the material and experiences a 7 phase shift for reflection under 6 = 90°,
nidy = nady = A/4 fulfills Eq. (B.2) and thus results in almost perfect reflectivity.
Even though the reflectivity at one interface is low the constructive interference
between the beams reflected from the individual interfaces strongly increases the
intensity. Bragg mirrors are commonly used in laser cavities as they can be optimized
for transparency of the pump light and simultaneously high reflectivity at the laser
wavelength.

In order to reflect a larger bandwidth the Bragg wavelength inside the multilayer
structure has to be varied by chirping the optical path length n;d; and n,d, which is
most easily realized by modification of the layer thickness. Thus different frequencies
penetrate to a varying extent into the material and are reflected from different depth.
This can be used to alter the temporal structure of a laser pulse and control its
dispersion properties. Commonly negatively chirped dielectric multilayer mirrors
© Springer International Publishing Switzerland 2016 93
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Fig. B.1 If Bragg’s condition is fulfilled (Eq.(B.2)) and the difference in path length 26 between
two beams diffracted at a periodic crystal structure amounts a multiple of the wavelength m\, the
two waves interfere constructively
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Fig. B.2 Schematic structure of Bragg mirrors (Panel a), chirped mirrors (Panel b) and double
chirped mirror (Panel ¢) [2, 3]

are designed to compensate the positive material dispersion a pulse accumulates
by propagation through glass and air. The layer structure is optimized for longer
wavelength components to penetrate more deeply into the material than short ones
and therefore travel a longer path than the high frequencies (Fig. B.2b) [3].

Despite a simple design of 2 different dielectrics stacked in multilayers with vary-

ing thickness introduces large oscillations in the group delay dispersion (Appendix E)
due to two different effects: On the one hand the intersection from air to the
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material and the first dielectric interface form a Gire-Tournois interferometer with
the air matter transition appearing as a semitransparent mirror with low reflectivity
and the back surface as a perfect reflector. This creates a resonator which periodi-
cally modifies the spectral phase of the different frequency components. For wave-
length resonant or antiresonant with the cavity no group delay dispersion is added, in
between it oscillates between positive and negative values. This beating can be sup-
pressed by addition of an anti reflection coating on top of the chirped Bragg system
(Fig.B.2¢) [2].

On the other hand the electromagnetic wave traveling back and forth in the chirped
mirror can be described with a formalism common in microwave engineering by allo-
cating an impedance to every layer pair. Fast changes of the impedance at the transi-
tion from air to matter causes big phase oscillations which can be suppressed by slow
variation of the properties of the electrical system. This can be realized by chirping
the thickness of the high refractive index material to slowly reach the desired extent
and simultaneously varying the Bragg wavelength. Therefore this design approach
is called the double chirped mirror (Fig. B.2c) [2].

For bandwidth as broad as one octave proprietary to few-cycle pulses a double
chirped system is not sufficient to suppress the oscillations in the group delay dis-
persion resulting in residual higher order phase distortions. This challenge can be
solved by coherent subtraction of the GDD oscillation after reflection off a pair of
chirped dielectric multilayer mirrors designed to compensate the phase distortions of
each other [4]. This approach is utilized to achieve the design displayed in Fig. E.5b.
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Appendix C
Generation of Isolated Attosecond Pulses

The perturbative description of the nonlinear light-matter interaction (Chap.2) is
valid as long as the amplitude of the external electric field is considerably lower than
the internal atomic forces E,; and therefore the Keldysh parametery > 1 (Eq.(6.17)).
The attracting electric field strength within an atom can be estimated to

e

Ey=—5
dreoal

=5.14 x 10" v (C.1)
m

with the electron charge e = 1.6 x 107'° C, the electric permittivity of free space

g0 = 8.85 x 107'% £ and the Bohr radius ag = 5.29 x 10~'" m. If the amplitude of

the radiation the material is exposed to exceeds E,; the Taylor expansion of the

nonlinear polarization (Eq. (2.4)) does not converge anymore and new models have

to be developed.

The generation of high energetic radiation in the XUV and soft X ray range during
the strongly nonlinear interaction of intense laser pulses (I > 10 %) with noble
atoms in the gaseous phase is well described by the three step model [2, 3], which
combines quantum mechanical and classical considerations. A linearly polarized
laser pulse with a field strength E > E,, deforms the atomic potential in such a
way, that the electrons can tunnel through the Coulomb barrier into the continuum
(Fig.C.1a). This process can be considered as an immediate reaction to the external
electric field. After the charge escaped the attracting potential of the parent ion it
can be treated as a classical free particle whose motion is determined by the driving
force of the laser wave. The electron is freed around a peak of the external field
and appears outside the Coulomb barrier without kinetic energy. Subsequently it is
accelerated in the flank of the oscillating carrier field E (1) = E( cos(wt). When the
sign of E(¢) changes the electron is decelerated to zero velocity and changes direction
in the second half of the subcycle. Thus it is accelerated back towards the mother
ion and recombines close to the zero crossing of the electric field (Fig. C.1b). The
gained kinetic energy the electron accumulated in the laser field Ey;, together with
the ionization potential I, are emitted as a photon coherent to the driving external
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(a)

tunnel ionization

(b) acceleration in the
laser field

(c) recombination and
photoemission

I

Fig. C.1 The 3 step model for high harmonic generation. Panel a Under the influence of the external
strong field electrons can tunnel through the Coulomb barrier of the atomic potential. Panel b The
freed electron is accelerated in the external field. Panel ¢ Under suitable conditions the electron
recombines with the ion. Thereby a photon containing the kinetic energy accumulated in the external
field Ey;, together with the ionization potential , is emitted [1]

light wave (Fig. C.1c). The trajectory of the electron x(¢) in the electric field E(¢) is
calculated with the classical equation of motion [4]:
F =m.a — eEgcos(wt) = m X(t) (C.2)

with the free electron mass m, and charge e and the acceleration a.

E
X)) = —e sin (wt) +x1x(t) = e 02
mew mew

cos (wt) + x1t + xo (C.3)

After tunneling the particle starts out at x(#y) = 0 with zero velocity x(#y) = 0.

v(it) =e Eo

(sin (wtp) — sin (Wr)) (C.4)

e
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Ey
Mew

x(t)=e (cos (wt) — cos (wty) + sin (wiy) (wt — wtp)) (C5)

2

Therefore the kinetic energy of the electron amounts:

1 5 CE§ . 2 . . 2
Eiin = =m,v° = (sin (wt) — sin (wfp))” = 2U,(sin (wt) — sin (wip))
2 2m,w?
(C.6)
22
U,= % is the ponderomotive energy, which describes the average energy an

electron gains when quivering in a cycle of the electric field. The electron and the ion
can only recombine if x (¢,..) = 0 and thus the time of ionization fy and recombination
trec are connected by:

COS (Whree) — €OS (Why) + sin (wty) (Wtree — wig) = 0 (C.7

For one cycle of the laser pulse (0 < wfy, wt... < 27)Eq.(C.7) can only be solved
for0 < wty < g If the electron leaves the atoms later it cannot return to the ion and
recombine.

According to Eq.(C.6) Eyi,(trec) = Ekin 1S given by

Eki n (trec) . . 2
—————= = 2(sin (Wtye) — sin (wty)) (C.8)
Up

The associated phases for ionization wt, (blue curve) and recombination wt,,. (red
curve) connected by Eq. (C.7) for each value of Ey;, (f...) (expressed in multiples of
U,) are schematically depicted in Fig.C.2 [4].

Quantum mechanical calculation compute the maximum amount of kinetic energy
gained by the electron during acceleration in the external electric field to E}}7* =
3.17U, [5]. As the emitted photon contains this kinetic energy together with the
ionization potential /,, the cutoff of the harmonic spectrum amounts

Ecutoff = Ip + 317Up (C9)

For photon energies below Ey;, < E}75* Eq. (C.8) is solved by two pairs of phases
wty and wt,... (Fig.C.2 short and long trajectories). Even though on both paths elec-
trons acquire the same amount of energy for the long trajectories ionization occurs
earlier and recombination later than for the short ones. Thus the total period of time
the electron spends under the influence of the electric field within one subcycle
differs [4].

As E(t) = Eqcos (wt) is a periodic function also multiples of the phase pairs
wty + mm and wt,.. +mm (m € N) are valid solutions of Eq.(C.7) and Eq.(C.8).
Thus for noble atoms in the gas phase which possess inversion symmetry electrons
are freed close to every peak of the electric field and therefore XUV photons are
generated near the zero crossing twice during every half cycle of the laser pulse
(Fig.C.3).
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Fig. C.2 Equation(C.7) assigns phases of the external electric field wt,.. (dark line) when the
electron and the parent ion recombine to the phase when the atom is ionized wtg (light line) resulting
in a specific kinetic energy the particle gains during this period in the external field Ex;, (tyec) = Ekin
(expressed in multiples of U)). It is apparent that for Ey;, < E}}5" = 3.17U, (Eq.(C.9)) always
two pairs of wty and wt,.. exist in one sub cycle (long and short trajectories) of the electric field
(dark line). Even though on both paths electrons acquire the same amount of energy for the long
trajectories ionization occurs earlier and recombination later than for the short ones. Thus the total
period of time the electron spends under the influence of the electric field within one half cycle
differs [4]

This means that the process occurs with twice the laser frequency 2w. The lowest
spectral component in the Fourier transform of the high harmonic spectrum is the
fundamental laser frequency w itself, as all other contributions are separated by 2w,
the spectrum only contains odd multiples of the original laser frequency.

In general the high harmonic spectrum generated with cosine carrier envelope
phase stable few-cycle pulses can be divided into three parts according to the inten-
sity of the emitted radiation: the first range contains low order harmonics and is
well described by perturbation theory as the field amplitude strongly decreases with
increasing order of the nonlinearity. Subsequently the modulated plateau region suc-
ceeds, in which the intensity remains almost constant independent of harmonic num-
ber as proof of the non convergence of the Taylor expansion (Eq.(2.4)) and thus the
invalidity of the pertubative description for this energy range. It can be understood
with the three step model described above. In the plateau region bursts of XUV light
are emitted several times throughout the driving laser field. Thus radiation with the
same energy appears at different instants in time and interferes visible as a fringe
structure in frequency space (Fig. C.3). For cosine carrier envelope phase stable few-
cycle pulses (Fig. E.3) the highest frequency photons are generated only once in the
most intense half cycle of the driving laser field and form the non modulated cut off
region. To isolate the single XUV pulses with durations of a few 100 as providing
the attosecond time resolution in the streaking measurements this energy range is
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Fig. C.3 The emission of high harmonic radiation is temporally correlated to the driving laser
pulse (red line). Electrons are freed close to the field maxima and accelerated in the flank of the
electric wave until its sign changes. Then the particles are decelerated to zero velocity and finally
fly in the opposite direction. Close to the zero crossing of the electric field the charges recombine
with the parent ion and a short burst of high frequency light is emitted. The process happens twice
in every sub cycle. The time period between ionization and recombination is indicated with black
arrows. The higher the field strength at the time of ionization the more electrons are freed which is
directly proportional to the amplitude of the emitted XUV pulse. The amount of energy the electrons
accumulate in the electric field influences the frequency of the high harmonic radiation which is
indicated in the color code of the emitted pulses: blue symbolizes the highest energy, red the lowest.
As the time of birth and recombination and therefore the period in which the carriers are accelerated
in the external field differs the harmonic light possesses an intrinsic positive chirp (Appendix E) [6]

filtered out [4]. Fig.C.4 depicts the high harmonic spectrum generated with a car-
rier envelope phase stable cosine sub 4 fs VIS/NIR laser pulse (Fig.6.5) with an
intensity >1 x 10! W in 140 mbar Neon gas after transmission through 1.5 um
Zirconium. The spectrum is optimized to generate isolated attosecond pulses cen-
tered at 130eV for the APS experiment in the gaseous phase (Sect. 6.3). Therefore
the phase matching conditions are not fulfilled for low energy harmonics which inter-
fere destructively during propagation in the Neon gas and therefore do not leave the
medium they are generated in. This together with the transmission characteristics of
the Zirconium filter and the limited spectral detection range of the spectrometer is
the reason why the pertubative low harmonics are not visible and the intensity rises
throughout the plateau region. Despite the vanishing fringe structure in the cutoff
region where the most energetic XUV photons are only generated once in the central
flank of the driving field is well pronounced.
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Fig. C.4 The high harmonic spectrum generated with a CEP stable cosine few femtosecond laser
pulse (Appendix A.2)) with an intensity > 1 x 106 % in 140 mbar Neon gas after transmission
through a 1.5 pm thick Zirconium foil. The spectrum is modulated up to energies of 125 eV. In this
frequency range XUV photons with the same energy are emitted several times throughout the pulse
(Fig. C.3) which results in an interference structure in the spectrogram. The photons above >125eV
are generated only once in the most intense half cycle of the driving cosine field and form the non
modulated cut off region
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Appendix D
Attosecond Streaking Spectroscopy

Not only the generation of isolated attosecond pulses is a challenging task, but also
their temporal characterization. A sophisticated method which provides direct access
to the electric field of the driving few-cycle pulse generating the high harmonic
radiation (Appendix C) and the attosecond light burst itself, is the so called streaking
technique [1]. Both pulses are focused with variable delay onto a dilute Neon gas
jet. The XUV beam photo ionizes the atoms and the freed electrons are subsequently
exposed to the influence of the VIS/NIR field. Depending on their time of birth #,
they gain or loose part of their initial kinetic energy in the few-cycle field whose
substructure therefore functions as a timing reference [2]. The photoelectron energy
is determined by recording the time of flight the individual carriers require to reach
a detector in direction of the laser polarization axis. In order to directly resolve the
temporal evolution of the VIS/NIR electric field, the duration of the XUV pulse
must be shorter than the examined field [1]. If the ionization potential I, of the
atoms considerably exceeds the frequency of the VIS/IR photons and simultaneously
is substantially smaller than the energy of the attosecond pulse Exyy, the kinetic
energy of the photoelectrons after escaping the atomic potential is given by [2]:

1
Eyin = hwxyy — 1, = Emv(z) (D.1)

Vo is the velocity the electrons possess directly after photo ionization at 7y without
any influence of the VIS/NIR laser field E(¢). In the classical picture the subsequent
acceleration a in the few-cycle field can be expressed with

F =ma = —eE(t) (D.2)

A(t) is the vector potential of E ().

A1)
E@) =- D3
(0 By (D.3)
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Therefore the velocity of the electron in the electric field is

V(t) = —3/ Ecvdr =5 [ 28D 00— € aiy— A +ve (DA)
m m

o m J, Ot m

The time resolution of the streaking recorder is determined by the temporal profile
of the attosecond pulse. In frequency space the XUV radiation possesses a certain
spectral bandwidth (Fig. C.3), which determines the energy distribution of the freed
photoelectron. The measurement of this energy distribution is additionally effected
by the temporal pulse structure as the time the electrons require to reach the detector
is recorded representatively. Particles set free by photons arriving later in the XUV
pulse seem to have lower kinetic energy than photo electrons which are born at the
pulse front.

The additional influence of the VIS/NIR field makes these carriers distinguishable,
as the alteration of the energy of the electrons by the few-cycle pulse depends on their
time of birth 7y (Eq. (D.4)). Therefore comparing the static and streaked photoelectron
spectra gives insight into the temporal properties of the XUV pulse. Figure D.1 A
dashed line depicts a simulated photoelectron spectrum [2] generated with a Fourier
limited attosecond XUV pulse. The solid line displays the prediction of the quantum
mechanical model for the spectral modifications caused by the interaction with a
few-cycle laser pulse when the attosecond pulse overlaps with a zero crossing of
the rising flank of the vector potential A(¢) (Fig.D.2)).The energy distribution is
broadened (Fig. D.1a solid line) as the photoelectrons emitted at the beginning of the
XUV pulse are partly decelerated in the negative part of the vector potential while the
electrons born at the end of the pulse are immediately accelerated by the VIS/NIR
influence (Eq. (D.4)) [2].

Photoelectron
spectrum

Electron energy Electron energy

Fig.D.1 Panel a The photoelectron spectrum generated by a transform limited XUV pulse (dashed
line). It is modified in the presence of an optical strong field. If the attosecond pulse overlaps with
a zero crossing of the rising flank of the vector potential A(¢) (Fig.D.2)) the energy distribution is
broadened (solid line). Panel b The photoelectron spectrum generated by a chirped XUV pulse in
the absence of a strong field (dashed line). If a positively chirped attosecond pulse overlaps with a
zero crossing of the rising flank of the strong field the photoelectron spectrum is broadened (solid
dark curve). For a XUV pulse with negative chirp the influence of the strong field narrows the
bandwidth of the photoelectron distribution (solid light line) [2]
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A

E(t), Alt)

Fig. D.2 The ultrashort attosecond pulse overlaps with a maximum of the electric field E(¢) of an
optical few-cycle pulse (dashed line). This corresponds to a zero crossing of the rising flank of its
vector potential A(t) (solid line)

By varying the delay between XUV and VIS/NIR pulse, the entire few-cycle field
can be sampled (Fig.6.5). The recorded spectrogram provides direct access to the
temporal profile of the vector potential of the examined field A(¢) (Eq.(D.4)) and
therefore to the complete amplitude and phase information of the VIS/NIR field.
With an algorithm disentangling the autocorrelation trace the temporal profile of the
attosecond pulse can be extracted [2, 3].

A chirp of the attosecond pulse possesses a characteristic signature imprinted
on the photoelectron spectrum modified by the influence of the VIS/NIR pulse.
Figure D.1b depicts the energy distribution for the delay step when the XUV radiation
overlaps with a maximum of the electric field and therefore a zero crossing of the
rising flank of the VIS/NIR vector potential A(¢).

If the chirp is positive low frequency components arrive earlier than high energetic
photons and are partially decelerated by the negative A(¢) < 0 (Eq.(D.4)), while the
high frequency components are further accelerated under the influence of the positive
A(t) > 0. Therefore the photoelectron spectrum is broadened (Fig. D.1b solid dark
line) compared to the field free case (Fig. D.1b dashed line). For a XUV pulse with
negative chirp the high frequencies temporally precede the long wavelength and are
decelerated more strongly than the delayed low energy part which decreases the
bandwidth of the photoelectron distribution (Fig. D.1b solid light line) [2].

Accordingly a positively chirped photoelectron distribution is narrowed if it over-
laps with the falling flank of the VIS/NIR vector potential while a negative chirp
broadens the spectrum. This effect is well visible in the streaking traces recorded
with chirped attosecond pulses depicted in Fig.D.3 [5, 6]. The XUV radiation is
reflected of metal multilayer mirrors (Appendix B) particularly designed for altering
penetration depth of different frequency components [4, 7]. As the streaking trace is


http://dx.doi.org/10.1007/978-3-319-41207-8_6

106 Appendix D: Attosecond Streaking Spectroscopy

(b) 140

delay delay

Fig. D.3 The streaking spectrogram recorded with a XUV pulse wit positive (Panel a) and negative
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Fig. D.4 The streaking spectrogram of the reference pulse (Panel a) and the strong field (Panel b)
recorded for the APS measurement in 10 um fused silica. The center of mass of the photoelectron
distribution (white dashed line) is proportional to the vector potential of the field

directly proportional to the vector potential A(¢) of the VIS/NIR field (Eq. (D.4)) the
bandwidth of the spectrogram recorded with a positively chirped attosecond pulse is
narrowed in the falling flanks and broadened when % > 0 (Fig.D.3a). If the XUV
possesses a negative chirp the energy spread of the photoelectrons is increased for
ag;n < 0 and decreased in the rising flank of A(¢) (Fig.D.3b).

The streaking spectrogram recorded for the APS experiment in fused silica are
depicted in Fig. D.4 (Sect. 6.4.1). Panel a shows the trace of the weak reference field
which is transmitted through the sample with an amplitude of E,.; = (5.9 £ 0.1) x
10° % In Panel b the spectrogram of the strong field which possesses a field strength

of E=(2.6+0.1) x 1010% at the sample is displayed.
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Appendix E
Frequency Resolved Optical Gating

The TG FROG (transient grating frequency resolved optical gating) technique is
based on a third order auto-correlation where the polarization wave is generated in
a four wave process at the fundamental frequency. The input pulse is divided into
three identical replica. Two of them overlap in a Kerr medium and their sinusoidal
intensity pattern nonlinearly modifies the optical material density. Their delay T with
respect to the third probe pulse E (¢) is varied. In temporal overlap E(¢) is diffracted
off the induced refractive index grating. Hence |E (¢t — 7))? can be considered as
a gate function g(¢ — 7) for the investigated electric field. For each delay step the
generated polarization wave is spectrally resolved. As the FROG measurement is
mainly performed to extract the pulse shape constants are ignored in the following
and the polarization is replaced by the signal field E;, (¢, 7) = |E(t — 7) 1> E(t). By
varying 7 the spectrogram 17 (w, 7) can be recorded [1].

2

2 00
= ‘/ E(t)g(t — 1)exp (—iwt)dt

(E.1)

o0
"% w, 1) = ‘/ Eyio(t, T) exp (—iwt)dt
—00

2

I"%w, 1) = ‘/oo |E(t —7)> E(t) exp (—iwt)dt (E.2)

From I7%(w, 7) the signal field can be numerically unambiguously reconstructed
in frequency space Ej;,(t, ) [1].

2

oo oo
ITe (w, 1) = ‘/ / Eiq(t, Q) exp (—i27) exp (—iwt)dtd2 (E.3)
—00 J —00
oo ~
Ego(t,7) = / Eyio(1, ) exp (—iQT)dQ (E.4)
—00
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Fig. E.1 Schematic setup of the TG FROG with the folded BOXCARS arrangement [2]

From E;¢ (¢, 7) the electric field E(¢) is accessible.

The schematic setup of the TG FROG is depicted in Fig. E.1. To fulfill the phase
matching condition for the four wave process and spatially separate the generated
signal the folded BOXCARS arrangement is employed [2]: the incoming beam is
transmitted through a mask with 3 perforations positioned in the corners of a square.
They divide the pulse into the required 3 replica of the input field. Two of them hit
the same half of a double mirror which focuses them onto a 100 wm thick fused silica
plate. The third probe beam is reflected from the movable double mirror side and
variably delayed. In temporal overlap the generated polarization wave appears in the
forth corner of the square formed by the pump and probe beams (Fig.E.1) [2]. Its
spectrum is recorded for each delay step.

The phase of an electric field can be expressed in time ¢(¢) or frequency space
p(w).

E(t) = Egexp(iwt) exp(—ip(t)) + c.c. (E.5)
E(w) = E, exp(—ip(w)) + c.c. (E.6)

with | o
E(w) = o / E(t) exp(—iwt)dt (E.7)

For convenient analytical handling the spectral phase, ¢ (w), can be developed
into a Taylor expansion around the central frequency wy.

1 1
p(w) = o+ (W —wo)p1 + z(w — w0)2g02 + g(w — w0)3<p3 +... (E.8)
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Fig. E.2 Theoretical simulation of the impact of higher order contributions to the spectral phase:
A transform limited Gaussian pulse (Panel a) possesses a constant spectral phase (Panel b phase
light line, intensity envelope dark line). In the corresponding TG FROG spectrogram all spectral
components are centered at temporal overlap (Panel ¢). A positive quadratic phase contribution
(Panel e phase light line, intensity envelope dark line) chirps the pulse (Panel d the chirped pulse
(dark line) is compared to the transform limited field (light line)). As high frequency components
are retarded more strongly than long wavelength the TG FROG spectrogram is tilted (Panel f). A
positive cubic phase term (Panel h phase light line, intensity envelope dark line) leads to post pulses
(Panel g dark line, the light line represents the transform limited pulse) and manifests itself in a C
shape structure in the TG FROG trace (Panel i)

A transform limited pulse possesses the shortest possible duration at a given
spectral width. All wavelength interfere constructively at the same time (Fig. E.2a).
The phase of these pulses is independent of wavelength p(w) = g = const. and
invariant under Fourier transformation ¢(w) = ¢(t) = g (Fig. E.2b). As ¢ deter-
mines the relation between the pulse envelope and the carrier field it is called the
carrier envelope phase. Figure E.3 shows that ¢cg determines the amplitude ratio
between the field maxima throughout the pulse. A cosine pulse (light line) possesses
a global maximum whereas the absolute value of the maximum field amplitude is
reached twice during a sine pulse (dark line).

The ¢cg is measurable with attosecond streaking (Appendix D) but cannot be
accessed with the FROG technique. A theoretical example of the TG FROG spec-
trogram of a bandwidth limited pulse is depicted in Fig.E.2c.

A non zero ¢; in Eq. (E.8) adds a linear frequency component to ¢(w). This cor-
responds to a shift of the entire pulse in time. Except for interferometric applications
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the absolute arrival time of the pulse is usually irrelevant and therefore the linear
frequency phase term can be ignored in general.

A quadratic phase contribution ¢, in Eq. (E.8) alters the instantaneous frequency
of the pulse (Eq. (2.24)) as it retards long and short wavelength to a different amount.
This phenomena chirps the carrier wave and modifies the pulse duration (Fig. E.2d).
In the visible materials like glass or air introduce positive dispersion and accelerate
low frequencies compared to high ones. The introduced chirp tilts the TG FROG
spectrogram (Fig. E.2f) as the long wavelength arrive earlier than the high frequency
part [1].

Depending on its sign a cubic phase term 3 (Eq. (E.8)) retards the margins of the
spectrum less or more strongly than the central part. This leads to the formation of
pre- or post pulses (Fig. E.2g). A cubic phase contribution is visible as a C shaped
structure in the TG FROG spectrogram (Fig. E.21).

E(t) [norm.]

L
o
i

Time [fs]

Fig. E.3 Two few-cycle pulses with different carrier envelope phase ¢c: the light line displays a
cosine, the dark line a sine pulse
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Fig. E.4 The recorded (Panel a) and reconstructed (Panel b) TG FROG spectrogram of the few-
cycle field employed in the APS measurement in gas (Appendix A.2). The FROG error which
measures the numerical derivation between the two traces is 5 x 1073 [1]
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The temporal structure of most pulses can be described under consideration of
nonlinear phase terms up to third order (Eq. (E.8)). Figure E.4 displays the TG FROG
spectrogram of the few-cycle laser pulse which is used for the APS experiment in
the gas phase (Appendix A.2).

The retrieved spectral intensity and phase are plotted in Fig. E.5a. The wavelength
range between 500 and 1000 nm contains the main part of the pulse energy. In this
region the spectral phase varies little with frequency. It merely exhibits a slight third
order nonlinearity. The weak blue part of the spectrum below <500 nm possesses
a highly sophisticated phase structure. As described in Appendix A.2 the whole
spectrum of the pulse is compressed with one set of chirped multilayer mirrors
(Appendix B). The design is chosen as the best compromise between compensating
the phase nonlinearities and maintaining the maximum reflectivity throughout the
entire bandwidth. It is considered the best solution to ignore the complicated phase
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Fig. E.5 Panel a The spectral intensity (dark line) and phase (light line) retrieved from the TG
FROG spectrogram displayed in Fig.E.4. Panel b Design of the chirped multilayer mirrors to
compress the laser pulse (Appendix B)
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Fig. E.6 The group delay dispersion GDD = 822 is calculated from the phase information
extracted with the TG FROG measurement (Fig.E.5) (dark blue line). Theoretically the effect
of 1 mm fused silica is added to the GDD curve (light blue line). The red line is retrieved from a
TG FROG spectrogram recorded for the pulse after transmission through 1 mm additional glass
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structure below 500 nm and optimize the design for the spectrum between 500 and
1000nm which contains the main part of the pulse intensity. The reflectivity and
group delay dispersion GDD = g—fﬁ of the employed chirped mirrors are depicted in
Fig.E.5b. They are fabricated by the group of Dr. Volodymyr Pervak (LMU). The
retrieved duration of the pulse is below Ty < 4 fs.

In order to verify the reliability of the TG FROG measurement it is tested whether
the dispersion of 1 mm fused silica can be measured correctly. First the dispersion
contribution is theoretically added to the group delay dispersion GDD = gi}f of
the measured pulse (Fig. E.6 light blue line). The obtained result is compared to the
GDD extracted from a TG FROG spectrogram recorded under identical conditions
for the pulse after transmission through 1 mm additional glass. Figure E.6 displays
the agreement between the theoretical prediction and the experimental result.
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Appendix F
Free Electron Trajectories in Neon Plasma

Dr. Nicholas Karpowicz solved the time dependent Schroedinger equation together
with the 1 dimensional wave equation to predict the plasma dynamics induced in Neon
gas by the few-cycle waveform used in the experiment (Sect. 6.3). The trajectories of
the individual electrons are depicted in Fig. F.1 together with the the average carrier
motion (x) (dashed blue line). It is evaluated as the center of mass of the individual
electron trajectories d,-. The prediction of the temporal evolution and amplitude of

(x) coincides qualitatively and quantitatively with the results obtained experimentally
with Eq. (2.49).
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Appendix G
Damage Threshold Measurement

In the course of this thesis the nonlinear interaction of insulators and few-cycle
waves up to field strength close to optical breakdown is investigated. So far the
exact mechanism behind optical damage induced by femtosecond laser pulses could
not be entirely clarified [1]. The pulse durations are too short to cause considerable
heat accumulation in the lattice which melts the medium [2]. To determine the exact
boundary of optical breakdown for the pulses employed in this study (Appendix A.1)
an independent damage threshold measurement is performed.

The sample is positioned in the focused laser beam under a small angle of incidence
to monitor the beam profile of the light reflected from the front surface (Fig. G.1).
Additionally the stray light from the sample excluding the direct reflection is collected
by an large aperture lens. By stepwise moving the target towards the focus, the
intensity it is exposed to is increased. At the moment of incipient damage the profile
of the reflected beam is distorted and scattered light can be detected as displayed in
Fig. G.2. The irreversible material modifications are subsequently verified by ex situ
examination of the targets under a light microscope.

To reliably distinguish damages on the front and back surface of the medium, in
a first step wedged fused silica and sapphire samples (with an opening angle of 3°)
are investigated. The front surface of the fused silica wedges is irreversible modified
at an intensity of I5; 0, wedge = (2.2 £0.4) X 10 % and sapphire at /41,0, wedge =
(1.9+£0.3) x 1014%. The damage threshold for both materials coincides within
the error bar as §i O, and Al O3 possess a band gap of similar size (AE, 4,0, ~
8.8eV, AE,;si0, ~ 9€eV). Additionally the intensity of optical breakdown for 50 um
thick amorphous Si O, and Al, O; plates is determined to Is; 9, soum = (2.0 £0.2) x
10" X and I4;,0, soum = (1.7 £0.2) x 10'*-%; Due to the difficult manufacturing
process of dielectric plates with pm thicknesses their optical surface quality is slightly
inferior to the thicker wedges. Therefore they tend to be break at lower intensities.
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Appendix G: Damage Threshold Measurement
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Fig. G.1 Schematic setup for the determination of the material damage threshold

(a)

(b)

Fig. G.2 Panel a The medium is exposed to intensities below the damage threshold where no light
is scattered from the sound surface. Before performing the experiment a microscope picture of the
surface is recorded (right). b The damaged sample surface scatters an considerable amount of stray
light. The hole ablated by the laser pulse is clearly visible under the microscope (right)
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Appendix H

The Impact of Linear Material Dispersion
on the Nonlinearity

As explained in Sect.6.4.1 the temporal evolution of the phase difference between
E,.;(£,t) and E(£, t) cannot be described by Kerr theory. Even though A¢yy peak
rises linearly with the peak intensity of the driving field, the temporal profile of
A¢n(t) is not proportional to its intensity envelope (Fig.6.11). This discrepancy
can be explained by the influence of dispersion on ultrashort broadband light pulses.
The nonlinear Kerr response of the medium is confined to a time window which is
approximately 1/+/3 the duration of the fundamental pulse. Therefore the nonlinear
polarization is affected to a higher degree by material dispersion during propagation
than the driving field. New low frequency components generated in the interaction
tend to outrun the underlying fundamental, while high frequencies are delayed. If field
components emerging from the nonlinear process appear at times where the intensity
of the linear propagated reference is close to zero, the phase is very sensitive to
changes. In the experiment this is visible as pedestals near the nodes of the intensity
envelope. Additionally it explains the discontinuity A¢y (t = 21fs) at the local
minimum of the field envelope (Fig.6.11) which is a numerical artifact and has no
physical meaning.

To test the validity of the given explanation the pulse propagation through 10 pm
fused silica is numerically simulated by Dr. Nicholas Karpowicz with and without
consideration of linear dispersion. He solves the one dimensional wave equation
under assumption of the slowly varying wave approximation (Chap. 2). The intensity
of the strong field is adjusted to I =5 x 10"3 % the weak reference is assumed
with I,ep =1 x 10" X

For the non-dispersive medium A¢yy (f) (Fig.H.1a, light blue line) the phase
shift follows the intensity envelope of the driving field according to Kerr theory. The
impact of self steepening is visible as the center of mass of the strong field envelope
is delayed compared to the reference. Additionally the slope of the pulse is increased
at its back and reduced at its front (Sect.2.3). In the dispersive material A¢yy (¢)
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Fig. H.1 The intensity envelope of the reference (dashed line) and strong (dark solid line) field
after the theoretical propagation through 10 pwm fused silica. The phase difference between the two
field is marked as the light solid line. Panel a shows the results obtained if material dispersion is
ignored. In Panel b it is considered

exhibits a spiky structure close to the nodes of the intensity envelope (Fig. H.1b). The
phase of the reference field is almost zero at these points. Small changes in the phase
of the strong field significantly affect A¢y (¢). In the simulation this modification
is visible as spikes, in the experiment it induces pedestals. Due to dispersion also the
impact of self-steepening is less pronounced.



Appendix I
Technical Implementation of the Wave Form
Synthesizer

The schematic setup of the wave form synthesizer is depicted in Fig.I.1. The
broadband spectrum of the few-cycle pulse (Appendix A.2) hits a beamsplitter which
reflects wavelength from 400 to 600nm (blue channel) and transmits the spectral
range from 600 to 1100nm (red channel Fig.1.2a). Like this approximately 20 % of
the pulse energy are distributed to the blue and 80 % to the red channel. The spec-
tral reflectivity and transmittance of the beamsplitter are depicted in Fig.1.3. The
phase it introduces is designed as a constant with a negligible frequency dependence
(Appendix E).

In both arms the beam is reflected off 6 pairs of negatively chirped multilayer
mirrors (Appendix B) (in Fig.1.1 only 3 pairs are displayed) individually designed
and fabricated by Olga Razskazovskaya (MPQ) to compress the pulses in both arms
(Sections “Red Channel of the WFS” and “Blue Channel of the WFS” in Chap. 7). For
flexible dispersion control movable fused silica wedges are located in both channels.
To minimize reflection losses they are positioned in Brewster’s angle. Convex mirrors

5.
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Fig. 1.1 Schematic setup of the two channel wave form synthesizer
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with slightly modifiable radius of curvature enable the variable compensation of small
deviations in the beam divergence in both arms. To regulate the temporal overlap of
the pulses and synthesize distinct waveforms a piezo stage is positioned in the blue
channel. It additionally is part of an active delay stabilization between the two arms.
After recombining the two channels with another beamsplitter (Fig.1.3) the pulse is
transmitted through a glass window under Brewster’s angle into the vacuum system.
As the beamsplitter does not perfectly divide the spectrum at 600 nm, the blue channel
still possess components around 600-650nm (Fig.1.2a). These spectral components
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Fig. 1.2 Panel a The spectrum of the blue (light line) and red channel (dark line) of the wave
form synthesizer. Panel b zooms into the spectral region between 600 and 650 nm. Panel b The
interference pattern between the wavelength from 600 to 650 nm of the red arm and the residual
components in the blue channel is used as a signal for the active delay stabilization
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Fig. 1.3 Reflectivity (dark line) and transmittance (light line) of the beamsplitter dividing the
spectrum at 600 nm (fabricated by Olga Razskazovskaya, MPQ)
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are reflected but not compressed by the chirped mirrors in the blue arm. As mentioned
above the red channel is transmitted through the beamsplitter whereas the blue arm is
reflected. The chirped mirrors are designed to compensate this difference in optical
path length (Appendix B). As they do not work for the wavelength residues above
600 nm in the blue channel these components do not temporally overlap with the main
blue pulse. When the main pulses out of the two arms are spatially and temporally
recombined the beating is well visible in the wavelength range between 600 and
650 nm (Fig. [.2b). This interference structure can be tracked in the loss light reflected
from the entrance window and utilized as an error signal for the active stabilization.
The stabilization controls the optical path length of the blue arm by adjusting the
piezo position. Like this the temporal jitter between the two channels caused by
thermal drifts or slow mechanical vibrations can be compensated.



Appendix J
Data Archiving

All figures, raw data and evaluation software analyzed and developed in the course
of this thesis is stored on the data archive computer of the Max Planck Institute for
Quantum Optics, Division Attosecond Physics (Prof. Dr. Krausz). The following

table of contents presents how the data is organized.
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