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Introduction

Light is an indispensable part of our life, yet we cannot touch it di-
rectly. Light allows us to perceive objects, creatures or our fellow beings,
in other words, it allows us to see. Light is one of the fundamental nat-
ural elements, similarly to water or oxygen, however it is not a vital
element. It is in fact electromagnetic radiation the mediating particles
of which are the photons, which behave either as waves or particles,
depending on the investigated physical effect. Electromagnetic radia-
tion can most simply be characterized by the frequency of the mediating
photons, or by the corresponding wavelength, and can be divided into
different subgroups based on the "colour" of the mediating particles. In
other words, the broad spectrum of electromagnetic radiation represents
light having different coloured photons.

During biological evolution, the human eye, or more precisely the
photosensitive visual organ called retina, has evolved in a way to be
able to detect photons only from a certain wavelength range. In other
words, our eye is sensitive only to photons of specific colours. This sec-
tion of the electromagnetic spectrum is commonly called "visible light".
Our visual organ is completely insensitive to the electromagnetic radia-
tion outside of this wavelength region, which can even pose danger, as
our body could be exposed to radiation without the realization of the po-
tential hazard. Such electromagnetic waves come from outer space, for
instance from the Sun, but fortunately injurious interstellar radiation is
completely filtered out by the more than 10 km thick atmosphere of the
Earth, so they cannot harm organisms or the human body. By taking into
account all types of electromagnetic radiation, they cover broad spectral
range, starting from cosmic and gamma rays with wavelengths of only a
few picometres, through the region of X-rays and visible light, up to the
domain of infrared and the radio waves reaching the micro- and several
metres long wavelengths, respectively. Although the human eye is not
capable of sensing such radiation, some of them have numerous well-
known and very useful everyday applications, such as medical imaging
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devices, thermal cameras, routers used for wireless internet connection,
or mobile phones, which is probably an integral part of our lives.

Lasers, the name of which comes from an acronym (Light Amplifica-
tion by the Stimulated Emission of Radiation), also emit electromagnetic
waves, however, with characteristics different from those of the applica-
tions summarized above. Because of the exceedingly advantageous and
useful attributes of laser radiation, they are applied in almost all areas
of life, for example in barcode scanners, modern printers, in the auto-
motive industry, or during vascular or eye surgeries. Besides the colour
of emitted photons, lasers can also be classified based on the temporal
characteristics of their radiation. According to this categorization, we
can distinguish two major types: lasers that have continuous wave ra-
diation, and lasers which emit pulse trains. Lasers belonging to the first
group are most often used for machining metals, while pulsed lasers are
frequently utilized in research areas where ultrafast processes are inves-
tigated, since the temporal duration of the emitted pulses can go down
to the femtosecond (1 fs = 10−15 s) range. This time period compares to a
second as a second compares to ∼ 32 million years. This means that we
have such a short radiation that spans one millionth of one billionth of a
second. For this reason, we are able to trace changes in charge migration.
However, if we take into account the colour of laser photons as well, the
temporal duration of the pulses cannot be less than one full optical cycle
of the corresponding radiation. Accordingly, there exist a physical limit,
which prevents the production of arbitrary short laser pulses.

Due to this limitation, scientists have developed a method, called
high-order harmonic generation using femtosecond lasers to produce co-
herent radiation in the extreme ultraviolet wavelength region. The tech-
nique is based on the nonlinear frequency up-conversion of the driving
laser, therefore the radiation produced in this way has shorter wave-
length as well as higher frequency than the driving laser source. Conse-
quently, the pulse duration limit mentioned previously can be overcome,
and the production of shorter pulses down to the attosecond (1 as =
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10−18 s) range becomes feasible. This paves the way towards the experi-
mental examinations of processes occurring on as time scale, e.g. electron
dynamics or other molecular and atomic processes.

Scientific background

In the following sections I will give a detailed overview about the
most important characteristics of laser pulses, present a pulse recon-
struction technique, and describe one of the experimental applications
of ultrashort laser pulses, high-order harmonic generation (HHG).

Description of ultrashort laser pulses

In the mathematical description of ultrashort laser pulses the Fourier
transform establishes the connection between the complex electric field
and the complex spectrum. For the sake of easier mathematical han-
dling, it is worth dividing the complex spectrum to positive and nega-
tive frequency terms, and in addition, it is worth expressing the electric
field with real functions (real time-dependent amplitude and phase). In
the most common cases, the spectral amplitude has distribution only
around a well-defined angular frequency value, called central angular
frequency. By using this angular frequency and the complex temporal
envelope function, which can be described by the real temporal envelope
and time-dependent phase, the electric field can be expressed. Thereby
the formula describing the laser pulse’s electric field can be written in a
form which leads to simpler mathematical handling, and from which the
physical effects acting on an ultrashort laser pulse can be easily deduced.

For example, the distorting effects on the laser pulse’s temporal elec-
tric field variation are strongly related to the spectral phase. To describe
these phenomena, the spectral phase must be expanded to Taylor se-
ries around the central angular frequency, where each phase-derivative
is responsible for different pulse distortions. These include the carrier-
envelope phase (CEP), which represents a phase shift between the peak
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of the pulse envelope and the electric field maximum, and the group de-
lay (GD) that shifts the pulse in time only, without modifying the pulse
shape itself. Additionally, the next phase derivative is called group de-
lay dispersion (GDD), which extends the electric field and changes the
instantaneous frequency. Here we must also mention third-order disper-
sion (TOD), whose main effect is to produce side-pulses with decreased
intensity beside the main peak. These pulse-distorting effects must be
determined before the experimental usage of laser pulses, otherwise the
expected results will not be representative, or we will get a different ex-
perimental outcome.

Besides the above mentioned pulse-distorting effects, double pulse
structures are used in numerous experimental applications, which some-
times positively, sometimes negatively affect the outcome of the exper-
iment. From the mathematical point of view, the same formulas can be
applied as for a single pulse. Because of the spectral interference of the
two constituents of the double-pulse structure, the spectral amplitude
changes when the temporal delay between them is varied. Furthermore,
if the time delay is comparable to the temporal duration of the laser
pulse, interference will occur directly between the electric fields, result-
ing in a complex intensity substructure.

The laser field envelope can be experimentally measured by various
laser pulse reconstruction methods, from which numerous techniques
have gained routine applications in laser laboratories worldwide. The
most widespread of these methods are Frequency Resolved Optical Gat-
ing (FROG), Spectral Phase Interferometry for Direct Electric field Recon-
struction (SPIDER), and Self-Referenced Spectral Interferometry (SRSI).
In the following, I will describe in more detail the SRSI method, since
this is indispensable to fully understand my motivation and results.

Self-referenced spectral interferometry

The self-referenced spectral interferometry pulse characterization
technique utilizes the cross-polarized wave (XPW) generation process to
create a reference pulse for the characterization of the unknown laser
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pulse. XPW is a frequency-conserving third-order nonlinear process,
which is particularly sensitive to the polarization state of the driving
pulse. Therefore, the measurement setup must contain an input polar-
izer, which assures the linear polarization state. The replica pulse, re-
quired for pulse characterization, is produced by a birefringent fused sil-
ica plate, after which the two pulses are orthogonally polarized, and de-
lay τ is introduced between them. The two pulses propagate collinearly.
After the fused silica plate, the reference pulse is generated by the p-po-
larized pulse in a BaF2 crystal, while the s-polarized pulse goes through
the crystal without any nonlinear interaction. Then, an output polar-
izer assures that the reference and the measured pulses have the same
polarization state, thereby they can interfere. Finally, the interference
pattern of the two pulses, or in other words the spectral interferogram
is recorded by a spectrometer, having a broad spectral range. The mea-
sured interferogram contains the information needed for pulse recon-
struction.

In the first step in the evaluation process of the spectral interferogram
we need to inverse Fourier transform the given signal, thereby we obtain
the temporal interferogram, which contains three well-separated peaks.
There is one at the delay of 0 fs, and in addition, two peaks appear at pos-
itive and negative τ delay instants, respectively. By numerically filtering
the peaks at the delay of 0 fs and +τ, and by Fourier transforming them
back to spectral domain, the spectral amplitude of both the measured
and the reference pulses can be expressed by two analytical formulas.
However, for complete temporal pulse characterization the calculation
of the spectral phases is also required, which can be determined from the
measured interferogram by an iterative phase retrieval algorithm. The
input parameters of the algorithm are the previously calculated spectral
amplitudes, and using the spectral interferogram, we must estimate the
phase. The algorithm fine-tunes the input spectral phase in each itera-
tion cycle, which converges to the final spectral phase after a few itera-
tions. As a final step, the spectral phase can be extracted, which can be
used for complete temporal pulse reconstruction.
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Nevertheless, this iterative phase retrieval algorithm inaccurately de-
termines the spectral phase which corresponds to a double-pulse struc-
ture, since in this case the spectral phase contains phase jumps, or even
disruptions at the positions where the spectral amplitude drops to zero
because of spectral interference between the two constituting pulses.
Therefore, this results in a discontinuous spectral phase, which is chal-
lenging to retrieve by the iterative phase retrieval algorithm.

High-order harmonic generation

As I already mentioned in the Introduction section, femtosecond-
long pulsed lasers are used to drive the high-order harmonic generation
(HHG) process. During HHG, a nonlinear frequency upconversion of
the driving laser radiation is carried out, thereby broadband, coherent,
extreme ultraviolet radiation can be produced. Because of the symme-
try properties of the process, spectral peaks appear in the spectrum of
the produced radiation at the positions of odd multiples of the driv-
ing laser’s central angular frequency. These spectral peaks with fixed,
equidistant separation are called harmonics. The distance between the
peaks is twice the central angular frequency of the driving laser, there-
fore the central photon energy of the distinct harmonics cannot be ar-
bitrarily varied, since this feature is unambiguously determined by the
spectral properties of the driving laser.

The HHG process can most simply be described by the three-step
model. The model summarizes the harmonic generation phenomenon
with three simple steps: (1) Firstly, the supposed atomic Coulomb poten-
tial is distorted by the interacting strong laser field in such a way that the
bound electron is able to break free via tunnelling through the potential
barrier. As a result, the motion of the freed electron is influenced only by
the laser’s electric field, the atomic potential does not affect it. (2) Then
the laser’s electric field accelerates the electron, and during motion it
gains energy from the driving field. If the direction of the field reverses,
the motion of the moving electron is oriented towards the ionic core. (3)
While approaching the core, the electron recombines with the ionized
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nucleus, and simultaneously the energy gained from the laser’s electric
field is released in the form of a high energy extreme ultraviolet pho-
ton. These three steps occur every half-cycle of the driving laser field,
which results in extreme ultraviolet radiation. This way the most impor-
tant characteristics of the HHG process can be described, and the most
important features of the harmonic dipole spectrum can be presented.
However, to investigate harmonic generation in more detail, quantum
mechanical approaches are required.

To be able to take into account quantum mechanical effects during
HHG, the time-dependent Schrödinger equation must be solved. How-
ever, the numerical solution of this equation is complicated and excep-
tionally time-consuming even in case of a 1-dimensional model. The cal-
culation can be significantly simplified by applying the so-called strong-
field approximation, which means the following assumptions: (i) Dur-
ing light-matter interaction, the contribution of excited states can be ne-
glected, and only the ground state of the atom takes part in the ioniza-
tion process. (ii) The electron population of the ground state cannot be
depleted. (iii) The ionized electron can be investigated as a free parti-
cle, and its motion is influenced only by the laser’s electric field. In this
case the effect of the Coulomb potential on the electron’s motion can be
neglected. By applying these assumptions, the single atom dipole spec-
trum can be expressed analytically. Since this approximation was first
described by Lewenstein and co-workers, it is called Lewenstein inte-
gral. The numerical evaluation of the Lewenstein integral is relatively
simple, thus the HHG process can be studied by considering the quan-
tum mechanical effects as well.

Results

I. I have improved an already existing femtosecond laser pulse char-
acterization technique, called SRSI to be able to reconstruct femtosecond
double-pulse structures. I have shown that by manipulating the tempo-
ral interferogram, a spectral phase correction term can be extracted. The
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combination of this phase correction term and the originally retrieved
spectral phase gives an improved final phase for complete pulse recon-
struction. I verified the improved method by simulations, and I suc-
cessfully reconstructed the temporal shape of experimentally produced
double pulses. I determined the deviations of the retrieved spectral
phases, obtained both by the original and the improved methods, from
the expected spectral phase, and by this I quantitatively demonstrated
the level of improvement of the technique on a wide range of amplitude
ratios of double pulses [T1].

II: I have investigated theoretically the impact of the temporal double-
pulse structure on the high-order harmonic generation process. I have
proposed to use these electric field structures to control the spectral char-
acteristics of the generated high-order harmonics. I have demonstrated
with simulations that the central photon energy of the harmonics can
be directly tuned, and that the tuning range broadens with increasing
harmonic order. Moreover, I have shown that spectral narrowing of har-
monics can also be achieved by increasing of the temporal delay between
the driving interfering pulses [T2].

III: I successfully produced double pulses under experimental con-
ditions in noncollinear geometry by utilizing a custom-made split-and-
delay unit. I showed that the high-order harmonics generated using
these pulse structures inherit the central angular frequency from the
driving laser spectrum, thereby the central photon energy of harmon-
ics can be controlled by changing the delay between the driving laser
pulses. I demonstrated that the tuning range of certain harmonic orders
can reach the photon energy of the fundamental laser field. Moreover,
I measured that the delay-dependent spectral bandwidth of the driving
laser manifests its effects in the bandwidth evolution of the generated
high-order harmonics. With the measurements, I revealed that regard-
less of the spectral shape of a single pulse originating from the laser
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source, spectral characteristics of the generated harmonics can be con-
trolled by using double pulses [T3].
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