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Abstract
Nowadays, laser systems for the generation of ultrashort high intensity light pulses
are widely available and have enabled the observation of electron dynamics on a
real-time scale. This new area of research is called attosecondmetrology and is fo-
cused on understanding the correlation between the microscopic electron dynamics
and the resulting macroscopic changes to the physical system.
This thesis discusses two different subjects: The ultrafast strong field dynamics
in silicon and the preliminary steps towards a transient x-ray magnetic circular
dichroism (XMCD) spectroscopy experiment. The goal is to observe the induced
changes in the refractive index and conductivity of silicon as well as the mechanisms
behind de- and magnetization in nickel on a femtosecond time-scale.

Attosecond polarization spectroscopy (APS) is used to determine the charge carrier
dynamics induced by a femtosecond laser pulse in silicon. For the APS meas-
urements, the vector potential of the femtosecond laser pulse is measured via
attosecond streaking spectroscopy, which allows an accurate characterisation. The
necessary attosecond extreme ultraviolet (XUV) light pulse is created by the same
femtosecond laser pulse through high-harmonic generation (HHG). Both the electric
field and the corresponding intensity envelope are retrieved from the streaking
trace. By comparing two streaking traces, taken close to the optical breakdown of
the silicon sample and at a low intensities, the non-linear polarization occurring
inside the silicon is determined. From these results, the energy, which is reversibly
and irreversibly transferred between the medium and the light field, is calculated.
These results also show the charge carrier dynamics driven by the electric field of
the femtosecond laser pulses. These dynamics determine changes in the refractive
index and the conductivity.
By analysing several z-scan measurements, which show the intensity dependent
absorption behaviour of silicon, the two photon absorption coefficient is determined.
Using a simple absorption model the ultrafast charge carrier dynamics in the silicon
sample are predicted, based on the previously determined two photon absorption
coefficient. The prediction shows an excellent agreement with the experimental
results from the APS measurements.

By placing a reflector phase shifter in the beam path, the attosecond XUV pulses
are elliptically polarized. Attosecond streaking spectroscopy is performed with the
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polarized pulses in order to gauge the dispersive effects of the polariser on the atto-
second light pulses. A successful streaking trace is recorded and the femtosecond
laser pulse is characterised.

For the transient XMCD experiment, the first two steps are the measurement of the
XMCD effect in a multilayer sample and the measurement of transient absorption in
pure nickel. Utilizing the elliptically polarized XUV pulse, absorption spectra under
different magnetization directions are recorded and the characteristic XMCD signal
derived from them. For the transient absorption experiment nickel is optically
pumped by the femtosecond laser pulses. A time delay is introduced between the
two laser pulses and consequently the transient absorption in magnetized nickel is
measured.



Kurzzusammenfassung
In der heutigen Zeit sind Lasersystem zur Erzeugung ultrakurzer hoch-intensiver
Lichtpulse weitgehend verfügbar und haben es ermöglicht Elektronendynamik in
Echtzeit zu untersuchen. Dieses neue Forschungsgebiet nennt sich Attosekunden-
metrologie und beschäftigt sich mit der Korrelation zwischen der mikroskopischen
Elektronendynamik und den daraus resultierenden makroskopischen Veränderungen
eines physikalischen Systems.
In dieser Arbeit werden zwei Themen behandelt: Die durch starke elektrische
Felder induzierte ultraschnelle Dynamik in Silizium und die Vorbereitung für ein
transientes Röntgendichroismus (XMCD) Spektroskopie Experiment. Das Ziel
ist es die Änderung des Brechungsindexes und der elektrischen Leitfähigkeit von
Silizium, sowie den Mechanismus der Ent- und Magnetisierung von Nickel im
Femtosekundenzeitbereich zu untersuchen.

Mittels Attosekunden Polarisations-Spektroskopie (APS) wird die Dynamik der,
von einem mehrere Femtosekunden langen Lichtpuls angeregten, Ladungsträger
in Silizium bestimmt. Das Vektorpotential der Femtosekundenpulse wird dafür
mittels Attosekunden Streaking Spektroskopie gemessen und die Lichtpulse darüber
charakterisiert. Der dafür notwendige Attosekundenpuls wird erzeugt, indem
mit dem Femtosekundenpuls Hohe Harmonische im extrem ultravioletten (XUV)
Wellenlängenbereich erzeugt werden. Aus den Streaking-Messungen kann sowohl
das elektrische Feld als auch die Intensitätseinhüllende bestimmt werden. Indem
zwei Streaking Spektrogramme, aufgenommen für Intensitäten nahe der optischen
Zerstörschwelle von Silizium und deutlich darunter, miteinander verglichen werden,
kann die nicht-lineare Polarisation, welche im Silizium stattfindet, ermittelt werden.
Mit dieser kann die zwischen Lichtpuls und Silizium reversibel und irreversibel
übertragene Energie berechnet werden. Diese Ergebnisse geben Aufschluss über die
Ladungsträgerdynamik, welche durch das elektrische Feld des Lichtpulses ausgelöst
wird. Diese Dynamik bestimmt unter anderem die Änderung im Brechungsindex
und des elektrischen Leitvermögens des Siliziums.
Durch die Auswertung mehrerer z-Scan Messungen, welche die Intensitätsab-
hängigkeit des Absorptionsverhalten von Silizium zeigen, konnte der Zwei-Photonen-
Absorption Koeffizient bestimmt werden. Basierend auf dieser Erkenntnis konnte
ein einfaches Model für das Absorptionsverhalten entwickelt werden. Mit diesem
Model können Vorhersagen über die ultraschnellen Ladungsträgerdynamik in Sil-
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izium gemacht werden. Das Model zeigt eine gute Übereinstimmung mit den
Ergebnissen der APS Messungen.

Durch Einsetzen eines reflektions-basierten Phasenverzögerers in den Strahlverlauf
der XUV Attosekundenpulse werden diese elliptisch polarisiert. Mit den polaris-
ierten Attosekundenpulsen wird Attosekunden Streaking Spektroskopie durchge-
führt um die dispersiven Effekte, welche durch den Polarisator verursacht werden,
abzuschätzen. Es wurde erfolgreich eine Streaking Spur aufgezeichnet. Mit dieser
Spur wird dann der Femtosekundenpuls charakterisiert.

Die ersten Schritte zur Umsetzung eines transienten XMCD Experiments bestehen
darin den XMCD Effekt in einer mehrschichtigen Probe und transiente Absorp-
tion in reinem Nickel zu messen. Für eine Nickel-basierte mehrschichtige Probe
wurden Absorptionsspektren für die elliptisch polarisierten Attosekundenpulse auf-
genommen. Dabei wurde die Magnetisierung der Nickelprobe jeweils zwischen zwei
Messungen umgekehrt. Die Auswertung dieser Spektren-Paare zeigt das charak-
teristische XMCD Signal. Beim transienten Absorptions Experiment mit reinem
Nickel wird dieses mittels des Femtosekundenpulses angeregt. Durch zeitliches
Verzögern des Femtosekundenpulses gegenüber des Attosekundenpulses kann das
transiente Absorptionsverhalten des Nickels beobachtet werden.
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1. Introduction
In the 1960s, a major problem arose for computer engineers, called the ”tyranny of
numbers”. They were unable to increase the performance of early electronic com-
puting devices, due to the sheer amount of components involved. All components
would need to be connected to one another, resulting in designs that would consist
almost entirely of wiring. These designs would be heavily susceptible to failure, as
a single bad component, or solder joint, could render the entire machine inoperable
[1].
A possible solution was presented by Jack Kilby, who managed to create the first
germanium-based integrated circuits (IC) [2]. These combined the functionality
of multiple components in a single module, which could easily be connected to a
larger, more complex circuit. Following this success, a more practical silicon version
of the ICs was developed, which could be built en masse on an assembly line, using
photoetching techniques. Consequently, ICs were not only more reliable, but cheap
as well, and would become commonplace for computing applications by the early
1970s. Thus, nearly 70 years ago, the ”tyranny of numbers” was assuaged with the
advent of silicon-based ICs, but not defeated.

Modern computers are based on microprocessors, the progeny of ICs, which contain
an entire collection of ICs on a single chip. The computing performance of these
microprocessors depends mainly on the number of transistors they contain. As
such, the goal, from an engineering point of view, has been to reduce the size of
the individual transistors and thereby increase the overall number of transistors
in a microprocessor. Utilizing modern lithography manufacturing techniques, the
nanometer scale has been reached, placing transistor sizes even below the diffraction
limit of light. In 2018 processor designs by IBM have already breached the 14-nm
mark, close to the atomic scale of silicon itself, and reach operating frequencies
of up to 5 GHz [3]. At these scales, transistors are approaching the heat limit
postulated by Landauer’s principle [4], as well as the fundamental downscaling limit
[5], beyond which quantum mechanical effects, like tunnelling, can occur between
the transistors and would disrupt computations. As such, the generated heat and
detrimental quantum effects impose limits on the achievable performance. The
”tyranny of numbers” has returned, albeit with a more complex facet.

In the future, computation cannot continue to rely on current electronic semi-
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conductor technology. Instead the future of computing requires optics, in order
to deal with the emerging problems [6]. Optically driven signal processing and
interconnectivity would allow faster operations at optical frequencies, in the Peta-
hertz regime, while generating less heat, by replacing electric currents with optical
signals.
Over the last decades, laser systems capable of generating ultra-short light pulses
have emerged [7]. Through Kerr-lens modelocking, Titanium-Sapphire based laser
systems are able to reliably emit laser pulses with only a few femtoseconds duration.
The decrease in pulse duration lead to an increase in achievable peak intensity,
which allows the investigation of non-linear ultrafast strong field dynamics in
dielectrics [8]. The light-matter interactions in the intensity regime below optical
breakdown are governed by the polarization response of the medium. Polarization
describes the charge carrier dynamics induced, when the medium is illuminated, and
is responsible for its optical properties. For optical few cycle pulses, the threshold
for optical breakdown is increased, which enables stronger non-linear polarization
responses of the investigated media [9]. These responses do not linearly follow
the electric field of the driving pulse, but introduce intensity dependent electron
dynamics and the resulting effects, such as multi-photon absorption and the Kerr-
effect. The ability to measure the ultrafast strong field dynamics in dielectrics is
the gateway to understanding and ultimately controlling physical processes on a
femtosecond time-scale. Coherent control over the change in refractive index or
conductivity of a medium at optical frequencies would enable signal processing at
Petahertz clock rates.

The goal of this thesis is the observation of ultrafast charge carrier dynamics in
silicon and the magnetization dynamics in nickel on a femtosecond time-scale.
Silicon is examined, because it is abundantly available and the infrastructure for
processing it is extremely advanced. This makes silicon interesting as a medium for
optoelectronic applications. The magnetization process in nickel, a transition metal,
is of significant interest for ultrafast signal processing in the field of spintronics.
Studying the electron dynamics will give insight into physical changes, occurring
inside the media, on a femtosecond time-scale and whether they are potentially
usable for ultrafast signal processing.
For the investigation of silicon, the recently developed attosecond polarization
spectroscopy (APS), which relies on attosecond streaking spectroscopy for pulse
characterisation, is employed. APS is used to determine the energy, which is
reversibly and irreversibly transferred between a light pulse and a thin silicon
sample. Insight into the magnetization process in nickel can be gained through
studying the x-ray magnetic circular dichroism (XMCD) effect in combination with a
transient absorption experiment. The change in the absorption behaviour of extreme
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ultraviolet light, which depends on the macroscopic direction of magnetization,
while exposed to a visible to near-infrared femtosecond light pulse, would show
the influence of charge carrier excitation on the microscopic magnetization. Both
methods are based on pump-probe schemes, using an XUV attosecond light pulse
and a visible to near-infrared femtosecond light pulse.





2. Fundamentals
In this chapter, the fundamental concepts for two experimental techniques, Atto-
second Polarization Spectroscopy (APS) and X-ray Magnetic Circular Dichroism
(XMCD) Spectroscopy, will be explained. Both techniques rely on ultra-short pulses
in the femto- and attosecond regime, so a short introduction into the generation of
ultra-short pulses is given as well. Additionally an overview for the polarization of
ultra-short light pulses is included.

2.1. Generation of Ultra-short Light Pulses
These days, a commercially available laser system using a titanium-sapphire gain
medium can generate light pulses with durations of several tens of femtoseconds
via Kerr-lens mode-locking [10]. This technique for passively mode-locking a laser
utilizes the Kerr-effect inside the gain medium, in order to allow a pulsed operation.
The Kerr-effect is a third order non-linear effect and therefore dependent on the
intensity of the incident light-field. Assuming a centroysmmetric, third-order
non-linear medium the refractive index n(t) is given by

n(t)2 = 1 + χ(1) + 3χ(3) |A(~r, t)|2 + ...

⇒ n(t) = n0 + n2I(~r, t)
(2.1)

with

n2 = 3χ(3)

n2
0ε0c

.

In this context χ(1,3) are the susceptibilities, A(~r, t) the amplitude of the incident
field and I(~r, t) the intensity. In equation (2.1) the dependence of the refractive
index on the intensity of the incident light field becomes apparent. This dependence
is called the Kerr-effect and is responsible for several different phenomena. For
the mode-locking, the associated self-focusing effect is important. Assuming a
Gaussian beam, the intensity at the centre will be higher compared to the fringes
of the intensity profile. This can be expressed mathematically by
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I(r, z) = 2P

πω(z)exp

(
− 2r2

ω(z)

)
. (2.2)

Here P is the power, ω(z) the beam radius, z the propagation distance and r
the radial coordinate. As a result, the refractive index inside a Kerr-medium
will be non-homogeneous, higher in the centre and lower at the fringes. As such,
the medium will act like a focusing lens, due to the difference in optical path-
lengths. This focusing plays an essential role for Kerr-lens mode-locking. When
the lasing process is started inside the laser cavity, there are initial fluctuations
in the generated continuous wave, until the mode competition is resolved. From
the highest-intensity fluctuation, the a pulse is generated, since it is focused more
strongly compared to the rest. Consequently, the focusing leads to a better overlap
between these modes and the pump beam and thus to a higher gain for the peak
of the pulse with each pass. After a certain amount of passes, the weaker modes
will die out and a mode-locked spectrum remains. Thus, a laser system, using
Kerr-lens-mode-locking, can achieve pulse durations of a few femtoseconds.
It is possible to further decrease the duration of the laser pulses. For a Gaussian
pulse the relation between pulse duration ∆τ and the frequency bandwidth ∆ν at
full-width half-maximum (FWHM) can be described by

∆τ∆ν ≥ 0.441 . (2.3)

The relation between the two is inverse, meaning a broader spectrum allows for a
shorter pulse. Spectral broadening of the original pulse, beyond the spectrum of
the gain medium, can be done by utilizing another phenomenon associated with the
Kerr-effect. In a third-order non-linear medium, self-phase modulation (SPM) can
occur at sufficiently high intensities. In this case, the temporal profile of the pulse
is responsible for introducing an intensity dependent non-linear phase contribution

φNL(t) ∝ n2I(t). (2.4)

This phase contribution changes over time t and thus creates new frequency
components:

δω = −dφNL

dt
. (2.5)

This is shown schematically in figure 2.1.
As the figure shows, the change in the temporal envelope of the pulse is directly
linked to the newly generated frequency components, following equation (2.5). The
front of the pulse is red-shifted and the back blue-shifted. Using SPM therefore
introduces a chirp in the pulse, as the pulse experiences positive dispersion in
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Figures 2.1.: Spectral broadening via self-phase modulation.The upper plot
shows the temporal profile of a Gaussian light pulse as intensity over
relative timing. The lower one shows the change in frequency from the
centre frequency ω0 due to SPM. At the front of the pulse, the increase
in intensity results in the creation of lower frequency components until
−τ , where the increase is at maximum. Afterwards the change in
frequency goes towards zero again, until the pulse peak is reached,
after which the decrease in intensities results in higher frequency
contributions.

the medium. This chirp has to be compensated, by recompressing the pulse
afterwards with chirped mirrors. These mirrors consists of several layers, with
different refractive indices. Depending on the layers, these mirrors can introduce
negative dispersion to the pulse and thus remove the positive chirp. Broadening the
spectrum in this fashion can yield pulses with durations of only a few femtoseconds.
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Nowadays, ultra-short light pulse with a duration of only a few hundred attoseconds
can be generated for experiments, by using a non-linear process called high harmonic
generation (HHG). For HHG the femtosecond pulses are focused into the noble gas
target. It occurs, when a noble gas target is illuminated by an intense laser pulse
(I > 1014W/cm2), after which it emits the high harmonics of the generation beam.
In figure 2.2 the process of high harmonic generation is shown schematically in a
three step model. The first step is tunnelling. The atomic potential is modified by
the electric field of the generation beam, which allows an valence electron to tunnel
through the potential barrier. After leaving the atomic potential, the electron
is accelerated away from the nucleus by the electric field. Since the light field
propagates, the electric field eventually reverses and the electron is accelerated
back towards the nucleus. There the two recombine and a photon is emitted. The
recombination probability can be reduced by using elliptically polarized light. The
emitted photon now does not only carry the recombination energy, but also the
kinetic energy of the electron. The maximum photon energy produced by HHG,
also called the cutoff energy [11], is therefore given by

Emax = Ip + 3.17Up (2.6)

where Up ∝ I is the ponderomotive energy from the laser field, proportional to
the laser intensity, and Ip is the ionization potential of the target gas. While (2.6)
is the maximum photon energy, there are also lower harmonics generated before
the cutoff region but only odd numbered. This is because gasses have inversion
symmetry, any induced polarization must be an odd function of the field and as a
result only odd numbered harmonics can be produced. If the HHG is driven by a
few cycle pulse, the highest harmonics in the cutoff region are only produced by
a single half-cycle of the light field. Due to a missing counterpart, created by an
equivalent half-cycle, there is no destructive interference and a continuous spectral
shape can be observed at cutoff. By filtering the lower discreet harmonics, a single
attosecond pulse can be obtained. This of course requires full control over the
carrier-envelope-phase (CEP) of the femtosecond pulses. HHG is a coherent process,
passing the coherent nature of the generation beam to the generated attosecond
pulse.
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Figures 2.2.: Schematic principle of High-harmonic generation. The process
of High-harmonic generation happens on the time-scale of a single
wave cycle. The electric field of the light wave alters the potential
well of an atom, as shown in. This allows tunnelling to occur in the
first step a), resulting in an electron which is accelerated away from
the nucleus in b). When the electric field reverses, after a time of
t = π/ω0 the direction of acceleration is reversed as well, driving the
electron back towards the nucleus as shown in step c). When the
electron now recombines in d) it not only sheds the energy of the
potential difference but also the accumulated kinetic energy due to
the effects of the electric field.
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2.2. Attosecond Polarization Spectroscopy
The basic principle behind the Attosecond polarization spectroscopy will be de-
veloped analogous to [8]. The technique is based on the understanding, that
distinct optical properties of materials can be changed by ultra-short pulses on a
femtosecond time scale. Consequently, a femtosecond pulse, transmitted through a
sample, should deliver information about the non-linear electron dynamics inside
said sample. This information could be gained by analysing the non-linear modific-
ation of the transmitted light field.
When an external electric field E(~r, t) enters a medium, it generates oscillating
dipoles, which in return emit electro-magnetic radiation. The sum over all the
emitted waves is the polarization P (~r, t). The propagation of E(~r, t) and P (~r, t)
through the material, under the assumption that there are no free charge carriers,
can be described by the non-linear wave equation [12],

− ∇2E(~r, t) + 1
c2

∂2E(~r, t)
∂t2 = − 1

ε0c2
∂2P (~r, t)

∂t2 (2.7)

with ε0, the electric constant, and c, the speed of light. For high field strengths
≥ 1010 V

m
the induced dipoles can not follow the electric field linearly any more,

which results in an additional non-linear polarization response.

P (~r, t) = P L(~r, t) + P NL(~r, t) (2.8)

The linear contribution P L(~r, t) is given by

P L(~r, t) = ε0χ
(1)(~r, t)E(~r, t) , (2.9)

where χ(1)(~r, t) is the first order susceptibility. For small amplitudes of the non-
linear contribution P NL(~r, t), it is given by the Taylor expansion

P NL(~r, t) = ε0χ
(2)(~r, t)E(~r, t)2 + ε0χ

(3)(~r, t)E(~r, t)3 + . . . , (2.10)

where accordingly χ(2)(~r, t) and χ(3)(~r, t) are higher orders of susceptibility. Using
equations (2.8), (2.9) and (2.10) the non-linear wave equation (2.7) can now be
written as

− ∇2E(~r, t) + ε(1)

c2
∂2E(~r, t)

∂t2 = − 1
ε0c2

∂2P NL(~r, t)
∂t2 (2.11)

with ε(1) = 1 + χ(1) the first order material permittivity. Fourier transforming
equation (2.11) results in differential equations for every frequency component
Ẽω(~r). Transforming
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E(~r, t) = 1
2π

∫
Ẽω(~r)e−iωtdω (2.12)

and

P NL(~r, t) = 1
2π

∫
P̃ NL

ω (~r)e−iωtdω (2.13)

to the frequency domain yields the equation

− ∇2Ẽω(~r) + ε(1)ω2

c2 Ẽω(~r) = − ω

ε0c2 P̃ NL
ω (~r) . (2.14)

This equation now describes the propagation of an electric field within a non-linear
medium. We now consider a medium with a thickness smaller than the wavelength
of the incident light field d < λ. In that case, we can approximate the electric
field and polarization response, close to the optical axis, as plane waves E(z, t)
and P NL(z, t). Using this plane wave approach, the electric field can be separated
into a slowly varying amplitude and a fast changing phase. In frequency space the
electric field becomes

Ẽω(z) = Ãω(z)eikz (2.15)

With this approach the spatial derivative in equation (2.14) can be solved as such

∂Ẽω(z)
∂z

= ∂Ãω(z)
∂z

eikz + ikÃω(z)eikz

⇒ ∂2Ẽω(z)
∂z2 = ∂2Ãω(z)

∂z2︸ ︷︷ ︸
=0

eikz + 2ik
∂Ãω(z)

∂z
eikz − k2Ãω(z)eikz ,

(2.16)

where the second spatial derivative of Ãω(z) can be assumed to be zero, due to the
slowly varying amplitude approximation. Going forward, it is important to point
out that this approximation is still valid for short light pulses, as long as the pulse
length is still greater than one wavelength cycle.
Now that the second spatial derivative has been determined, equation (2.14)
becomes

∂Ãω(z)
∂z

= iω2

2ε0c2k
P̃ NL

ω (z)e−ikz, (2.17)

which is identical to
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∂Ẽω(z)
∂z

= ikẼω(z) + 1ω

2ε0cn
P̃ NL

ω (z) . (2.18)

Here n represents the refractive index. Solving equation (2.18) yields

Ẽω(z) = Ẽω(0)eikz − iωeikz

2ε0nc

∫ z

0
eikz′

P̃ NL
ω (z′)dz′ (2.19)

for the electric field at the position z along the beam axis. This would again be the
plane wave solution Ẽω(z) = Ẽω(0)eikz, if there would be no non-linear contribution
to the polarization. On the other hand, if the interaction length, which is equal to
the material thickness, is small, the non-linear modification of the incident light
field, during the propagation inside the material, is negligible. Consequently, we
assume that all dipoles are excited by the same waveform and oscillate in phase
with E(z, t). We get

P̃ NL
ω (z) = p̃ωeikz, (2.20)

which changes (2.19) into

Ẽω(z) − Ẽω(0)eikz︸ ︷︷ ︸
=Ẽlin

ω (z)

= − iωz

wε0nc
P̃ NL

ω (z) . (2.21)

The term Ẽω(0)eikz is equal to the linearly propagated electric field at z position
Ẽlin

ω (z), since it carries no non-linear modifications. From this we can now get the
non-linear polarization term after propagation through the sample,

P̃ NL
ω (z) = 2nε0c

ωl
∆Ẽωeik(z−l), (2.22)

where, in this context, l is the length of the material, or the interaction length, and
∆Ẽω = Ẽω(l) − Ẽlin

ω (l).
In figure 2.3 the principle use of linear and non-linear light matter interaction
for Attosecond Polarization Spectroscopy is shown schematically. In both cases,
the driving field enters the material and induces electric dipoles which emit a
polarization wave. To get access to Ẽlin

ω (l) it is essential to prevent non-linear
effects from occurring inside the material, which can be achieved by lowering the
intensity of the incident light and thereby attenuating the incident electric field
E(0, t). The attenuated electric field βE(0, t) then propagates through the sample
and the excited dipoles follow it linearly. After passing through the entire sample,
the field takes the form of βElin(l, t), the linearly propagated electric field, as shown
in the figure. In order to induce a non-linear response, the intensity of the incident
light field has to be high, ideally close to the damage threshold of the sample
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β
Low Intensity

High Intensity

β

Figures 2.3.: Concept behind APS The figure showcases the processes behind
APS. The linearly propagated electric field Elin(l, t) can be acquired
by sending the attenuated field through the sample, as not to induce
non-linear effects due to high intensities. Performing a second meas-
urement using the full intensity then allows the acquisition of the
whole propagated electric field E(l, t), which contains the non-linear
polarization PNL(l, t). [8]

material. As shown, the electric field E(0, t) is then strong enough to generate
an additional non-linear contribution PNL(l, t) to the polarization response when
passing through the sample, which results in the modified field E(l, t). Fourier
transforming these fields into the spectral domain results in Ẽlin

ω (l) and Ẽω(l),
which are required by equation (2.22).

Knowing the temporal evolution of the electric field and the induced non-linear
polarization gives us

W (l/2, t) =
∫ t

−∞
E(l/2, t′)dP (l/2, t′)

dt′ dt′ , (2.23)

the time resolved energy density transferred between the light field and the sample
material. Accordingly, W (l/2, t → ∞) describes the entire energy dissipated in the
light-matter interaction.
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2.3. X-ray Magnetic Circular Dichroism

X-ray Magnetic Circular Dichroism spectroscopy is a form of x-ray absorption
spectroscopy, which is used to observe dichroism in magnetic materials. Dichroism
is an optical effect in matter, where the photon absorption of a material depends
on the polarization of the incident light field. In magnetic materials it stems from
the magnetocrystalline anisotropy, the difference in energy required to magnetize
a material based on its orientation. For the XMCD spectroscopy the absorbed
photons are either right-handed circularly polarized or left-handed circularly polar-
ized. From the difference between the absorption spectra for these two polarizations
the XMCD signal can be gained. Alternatively, in magnetic materials one can keep
one polarization direction and simply change the direction of magnetization in the
sample. Both ways of measuring the XMCD effect yield the same results.
This thesis focuses on XMCD in nickel (Ni), a 3d-transition metal like iron (Fe) or
cobalt (Co), which is ferromagnetic. As such, Ni can be magnetized by applying an
external magnetic field and will stay magnetized after the external field has been
removed.

2.3.1. Spin-Orbit-Coupling

The magnetic properties of 3d-transition metals are determined by the valence
electrons in the 3d-shell. Filled electron shells, where all electronic spins are paired
off, do not contribute to the total magnetic moment of the material. Only partially
filled shells contribute, in the case of Ni the 3d-shell, which contains six paired and
two unpaired electrons. These electrons are, according to Hund’s law, naturally
unpaired. This configuration is energetically beneficial for the system, even more
so if their spins are in parallel, which prevents them from pairing up.
Two properties of these electrons, the spin and orbital angular momentum, contrib-
ute to the total magnetic moment. The spin is an angular momentum intrinsic to
particles, which generates a magnetic moment µs.

~µs = −gsµB

~S

~
(2.24)

Here ~S is the spin angular momentum, µB is the Bohr magneton and gs is the spin
g-factor.
The orbital angular momentum describes the precession of an electron around the
nucleus. Due to the electron being electrically charged, this precession induces a
magnetic dipole,
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~µL = −gµB

~L

~
, (2.25)

where ~L is the electron orbital angular momentum and g is the g-factor. The total
magnetic moment for each unpaired electron can thus be described by

µJ = gJµB

~J

~
(2.26)

with ~J = ~L + ~S and

gJ = gL
J(J + 1) − S(S + 1) + L(L + 1)

2J(J + 1)

+ gs
J(J + 1) − S(S + 1) + L(L + 1)

2J(J + 1) .

(2.27)

J ,L and S are the absolute values for the total electronic angular momentum,
the orbital angular momentum and the spin angular momentum. The summation
of the electron orbital angular momentum and spin angular momentum is called
spin-orbit coupling.

2.3.2. Band Splitting in Ferromagnets
In a magnetized ferromagnetic material the valence shell is split into a majority
and minority band. This split results from the imbalance in spin-up and spin-down
electrons and is shown in figure 2.4 below. The majority band is filled with electrons
whose spin magnetic moment (2.24) follows the direction of magnetization, while
the minority band is filled with electrons of opposite spin orientation. The band
splitting is also called exchange splitting, related to the exchange interaction of
the unpaired electrons. The system becomes more energetically stable, when the
Coulomb repulsion between two electrons is absent. Consequently, they will occupy
two different states and remain unpaired rather than pair up in a single state.
Additionally, it is favourable for the system, if both electron spins align parallel
to each other. Both electrons then become indistinguishable from one another
and the system gains the exchange energy. In general, the exchange interaction
increases or decreases the energy of a physical system of identical particles. This
difference in energy is called the exchange energy and results from the way several
identical particles form a quantum-mechanical state. During an interaction between
indistinguishable particles it is not possible to assign any specific particle to an



16 2. Fundamentals

DOS
Majority Band Minority Band

Energy

EF

m

ΔEex

Figures 2.4.: Spin-band splitting in ferromagnetic materials. The picture
schematically shows the 3d band of a ferromagnetic material. The
axes represent energy and density of states (DOS). All states with
energies below the Fermi-energy EF (grayed out) are occupied by
electrons, all that lie above are empty. The 3d-band is split according
to the spin orientation of the electrons in the 3d shell, as shown
by the coloured arrows. The black arrow in the upper right corner
shows the orientation of the macroscopic magnetization m. Since the
magnetization determines the alignment of the spin magnetic moment,
which is anti-parallel to the spin itself (2.24), the down spins fill the
majority band and the up spins the minority band. The difference in
energy between the two bands is equal to the exchange energy ∆Eex.

existing quantum state, since all particles are equal. If we consider fermions, this
means that the only allowed quantum states change their sign, if electrons are
exchanged with one another. Mathematically this means their wave-function has to
be asymmetric. For bosons on the other hand an exchange would require quantum
states to keep their sign, making the wave-functions symmetric. Returning to the
mathematical picture, the exchange interaction can be perceived as the transition
probability for the process, where two identical particles transit simultaneously
into each others quantum state.
Adding the exchange energy creates an imbalance in the density of states as
mentioned before. This concept is shown in figure 2.4.
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The minority and majority band depend on the magnetization and thus can be
influenced by an external magnetic field. At this point, it is important to note that
there can still be open states in the majority band and therefore transitions from
lower energy levels into the majority band, albeit less. In summary, it can be said
that the exchange interaction plays an important role and is not only the basis of
Hund’s law, but also the origin of ferromagnetism.

2.3.3. XMCD
On these grounds the XMCD effect can be explained in two steps, using a one-
electron model. In the first step, a circularly polarized extreme ultraviolet (XUV)
light pulse hits a nickel sample. The photons will excite valence electrons in
the core shells and transfer their angular momentum to the excited electrons.
Typically XMCD measurements in transition metals use the L2,3-absorption edge,
corresponding to the transition between the 2p → 3d energy levels , but can also
be performed for the M2,3-edge, which correspond to the 3p → 3d transition. This
requires lower photon energies, which can be achieved with a table-top setup. The
M2-edge represents the excitation from the 3p1/2-level and the M3-edge from the
3p3/2-level. The XUV pulse drives the transition from these core shell energy levels
to the 3d-level, which contributes to the magnetization of the sample. Assuming
the 3d-band is not spin-split and there would be the same amount of vacancies
for spin up and spin down electrons in the d-band, the right-handed polarized
photons would excite the same number of electrons as the left-handed photons and
no dichroism could be observed. In a ferromagnet however the spin-split is present,
which makes the transition for one spin direction more likely to occur.
During the excitation, the circularly polarized photons also transfer their angular
momentum of ~ or −~. For the sake of simplicity we assume a right-handed helicity,
defined as photon spin up, resulting in a transfer of ~ or ∆ml = +1. In this
case, the direction of magnetization becomes the variable parameter. A change in
magnetization is equal to a change of ml to −ml in the 3p states. The quantum
number ml in this context describes the angular orbital momentum along the axis
of magnetization. Thus for the change in magnetization ~m → −~m the initial states
change accordingly

|i+〉 = |n, l, ml〉
|i−〉 = |n, l, −ml〉.

(2.28)

Given by n is the principle quantum number, while l represents the azimuthal
quantum number. These states represent the initial states for the transition for
the corresponding direction of magnetization.
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Since the relevant transition for XMCD spectroscopy in nickel is the 3p → 3d
transition, the electrons will be excited from their initial states (2.28) to

|f+〉 = |n, l + 1, ml + 1〉
|f−〉 = |n, l + 1, −ml + 1〉,

(2.29)

depending on the orientation of the magnetization (+, −). We still assume a right-
handed helicity for the polarized photons, which adds the ∆ml = +1, while the
excitation adds ∆l = +1. These two changes form selection rules for the allowed
3p → 3d transitions. It is now possible to calculate the XMCD effect as an electric
dipole transition with the matrix elements

〈n′, l + 1, ml + 1|P (1)
1 |n, l, ml〉 =

√√√√(l + ml + 2)(l + ml + 1)
2(2l + 3)(2l + 1) R (2.30)

and

〈n′, l + 1, ml − 1|P (1)
−1 |n, l, ml〉 =

√√√√(l − ml + 2)(l − ml + 1)
2(2l + 3)(2l + 1) R. (2.31)

Here P
(1)
1 and P

(1)
−1 are

P
(1)
1 = 1√

2
(x + iy) = r

√
4π

3 Y 1
1 (2.32)

P
(1)
−1 = 1√

2
(x − iy) = r

√
4π

3 Y −1
1 , (2.33)

polarization-dependent dipole operators [13] for right-handed (eq. (2.32)) and
left-handed helicity (eq. (2.33)). They can be expressed by unit electric fields
via equation (2.41) and equation (2.42) or using spherical harmonics Y ml

l . It is
important to note, that we can see that the change in helicity is equal to the change
in magnetization direction (2.28). The matrix element (2.31) remains the same.
Since electric dipole operators do not act on spins, the allowed transition have
∆s = 0 and ∆ms = 0. Consequently no spin-flip occurs in the transition process.
The R in equations (2.30), (2.31) is the radial matrix element, given by

R =
∫

R∗
nl(r)Rn′l′(r)r3dr. (2.34)

The variable Rnl represent the radial eigenfunctions for the nl and n′l′ states. We
assume that the radial wave functions and consequently the radial matrix elements
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are identical for the degenerate spin-orbit states.

We assume that the majority band is completely occupied when the nickel is
magnetized, which only allows the transition of electrons with the right spin
direction. The final states can now be written as

|f〉 = |l = 2, s = 1
2 , ml + 1, ms〉 = Y ml

2 Φms (2.35)

where Φms=1/2 = α is the spin wave function for spin up and Φms=−1/2 = β for spin
down. Since all spin states in the majority band are filled only electrons of opposite
spin can be excited to the 3d-band. For 3d-states the orbital angular momentum
along the axis of magnetization can assume the values ml = {−2, −1, 0, 1, 2}.
For the calculations only transitions with allowed spin configurations need to be
considered. Consequently the initial states take the form

|i〉 = aml
|l = 1, s = 1

2 , ml, ms〉 = aml
Y ml

1 Φms. (2.36)

The coefficients aml
can be found in table 2.1 and give the probability to find the

electron in a certain state with a specific wave functions.
Thus we calculate approximate transition probabilities from the matrix elements
(2.30) for the excitation from the initial 3p-states (2.36) to the final 3d-states (2.35)
according to

I±
2,3 =

∑
i,f

|〈f |P (1)
1 |i〉|2 (2.37)

where I±
2 gives the transition probability from the 3p1/2-level for either positive or

negative magnetization and I±
3 gives the probability for the 3p3/2-level, by summing

over all degenerate states in these levels and all possible final states. Following
table 2.1 we get the following approximate ratios for the transition probabilities
2.2.
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One-electron label |l, s, j, mj〉 basis: mj |l, s, ml, ms〉 basis: Y ml
l Φms

P1/2 +1/2 1√
3(Y 0

1 α −
√

2Y 1
1 β)

−1/2 1√
3(

√
2Y −1

1 α − Y 0
1 β)

P3/2 +3/2 Y 1
1 α

+1/2 1√
3(

√
2Y 0

1 α − Y 1
1 β)

−1/2 1√
3(Y −1

1 α −
√

2Y 0
1 β)

−3/2 Y −1
1 β

Φms=1/2 = α (spin up), Φms=−1/2 = β (spin down)

Tables 2.1.: Wave functions used in one electron model [13].

Transition Φms=1/2 = α Φms=−1/2 = β

I+
3

5
9R2 1

3R2

I+
2

1
9R2 1

3R2

I−
3

1
3R2 5

9R2

I−
2

1
3R2 1

9R2

Tables 2.2.: Preliminary transition probabilities

From these values 2.2 we can already infer the XMCD effect. It can be explained by
looking at the calculated probabilities 2.2, which allow us to calculate the relative
transition probabilities according to

P ±
2,3(φms) =

I±
2,3(φms)

I±
2,3(α) + I±

2,3(β) (2.38)

and at the schematic representation in figure 2.5. The figure shows the two
cases of magnetization in red, for negative magnetization, and blue, for positive
magnetization. For the negative case, the right-handed XUV photon will excite
more spin-down electrons (P −

3 (β) = 62.5%) than spin-up (I−
3 (α) = 37.5%) from
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the p3/2-level. Additionally, since we still assume that there are no holes available
in the majority band, no spin-up transitions will occur at all. For the p1/2-level
the spin-orbit coupling is reversed from l + s to l − s, thereby changing the spin
sensitivity of the excitation to the opposite. The right-handed XUV photon will
now excite more spin-up electrons (P −

2 (α) = 75%) than spin-down (I−
2 (β) = 25%)

from the p1/2-level. Again the majority-band transition is impossible. This results
in the red spectrum shown on the right side of figure 2.5. The M3-edge is more
prominent, while the M2-edge is subdued.
Reversing the magnetization is equal to a change in photon helicity as shown above.
For the p(3/2)-level transitions the XUV photon will now excite more spin-up
electrons (P +

3 (α) = 62.5%) than spin-down (P +
3 (β) = 37.5%). From the p1/2-level

more spin-down electrons (P +
2 (β) = 75%) than spin-up (I+

2 (α) = 25%) will be
excited. Since the majority-band transition is impossible, the spectrum changes
accordingly. The M3-edge is subdued, while the M2-edge is more prominent.
The example for the spectra at the M2,3-edges does not represent the actual spectra,
where they would overlap energetically and thus be harder to visualize. Here the
peaks are shown as discreet. A XMCD measurement consists of two absorption
spectra, one for each orientation of magnetization. The actual XMCD trace is
gained by subtracting one from the other

I(ω)XMCD = I+(ω) − I−(ω). (2.39)

The trace for the example can be seen in figure 2.5 as the black graph. It has a
characteristic form and shows two extrema corresponding to the difference in the
M2 and M3 peaks. XMCD trace are characteristic for different materials.
It is possible to enhance the XMCD effect, by using multilayer samples. The
increase in interfaces in the sample will result in a higher degree of symmetry
breaking and therefore higher anisotropy.
In section 2.1 and 2.4 the generation and polarization of attosecond XUV laser
pulses are explained. These will be used as the x-ray source for the XMCD
spectroscopy performed in the context of this thesis.
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Figures 2.5.: Principle behind XMCD spectroscopy. On the left hand side
the figure shows the cases for the sample magnetization and the
possible M2, M3 transitions (colour coded as red and blue). The
axes indicate energy and density of states for the d-shell. Here the
greyed out area stands for vacancies. In purple the photon and its
polarization direction is represented. The thickness of the transition
arrows indicate the relative number of transitions. The right hand
side shows the idealized graphs for the resulting absorption spectra
and the derived XMCD trace. All plots are shown as amplitude over
energy.
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2.4. Polarization of Ultra-short Light Pulses
In order to measure the XMCD effect, it is necessary to generate elliptically
polarized extreme ultra-violet light. Since coupling XMCD spectroscopy with a
transient absorption experiment requires changing the polarization of an attosecond
probe pulse.
While the use of a thin wave plate seems like an obvious solution, its use is
unfortunately less viable, due to the nature of ultra-short light pulses. Hence a
different mechanism has to be employed in order to change the polarization state of
a linearly polarized attosecond pulse. Since the high-harmonic beam polarization
follows the polarization of the incident laser, an elliptically polarized incident laser
would generate an elliptically polarized high-harmonic beam. Unfortunately the
recombination probability during the HHG process drops significantly with higher
degrees of ellipticity. As such this approach is not viable.
To solve this problem there are generally three different methods, which allow us to
generate elliptically polarized high-harmonic beams. One can use either a medium
with pre-aligned molecules, bichromatic elliptically polarized pump beams for the
high harmonic generation or use a reflector phase shifter ([14],[15]) after the HHG
process. In this thesis a reflector phase shifter consisting of four mirrors was used
in order to polarize attosecond pulses. This concept while be explained in greater
detail below.

2.4.1. Stokes’ Formalism
Generally the field vector for the amplitude of an electric field can be expressed as

~E = Ex ~ex + Ey ~ey (2.40)

in the Cartesian coordinate system, where the z-axis points into the beam propaga-
tion direction. This describes linear polarization as long as there is no phase
difference between Ex and Ey. Assuming, that there is a phase between the two
components, the field becomes elliptically or circularly polarized. For circular
polarization the unit electric field becomes

~ecircR
= 1√

2
(~ex − i~ey) (2.41)

for right-handed circular polarization and

~ecircL
= 1√

2
(~ex + i~ey) (2.42)
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for left-handed circular polarization.
A metric used to describe the degree of circular polarization is given by the Stokes’
vector notation ~S = (S0, S1, S2, S3). The Stokes’ vector describes the polarization
state of a light field. Here we choose the following convention,

S0 = (E0
p)2 + (E0

s )2 (2.43)
S1 = (E0

p)2 − (E0
s )2 (2.44)

S2 = 2(E0
p)(E0

s ) cos(δ) (2.45)
S3 = −2(E0

p)(E0
s ) sin(δ), (2.46)

where Ep and Es denote the amplitudes of the parallel and perpendicular polarized
part of the electric field of the light and δ = φp − φs the phase difference between
the two. S1 describes the total intensity, S1 and S2 the linear polarization and S3
the circular polarization of the field. This can also be expressed by the factor

PC = S3

S0
(2.47)

which represents the degree of circular polarization. There are several different
conventions for the Stokes’ notation, but in the context of this thesis this one is
adhered to.

2.4.2. Reflector Phase Shifter
In order to achieve a degree of circular polarization the reflector phase shifter
employs the principle of the Fresnel equations [16]

r̃p = rpeiδp =
ε cos(θ) −

√
ε − sin2(θ)

ε cos(θ) +
√

ε − sin2(θ)
(2.48)

r̃s = rse
iδs =

cos(θ) −
√

ε − sin2(θ)

cos(θ) +
√

ε − sin2(θ)
. (2.49)

The incident light hits each mirror at a fixed angle, such that each mirror introduces
slight phase shifts to the electric field components in x and y. These add up to a
phase difference between Ex and Ey and consequently in a higher degree of circular
polarization. The schematic setup of the four mirror reflector phase shifter is shown
in figure 2.6, in the x-z-plane, and figure 2.7 in the x-y-plane.
As an example, using four mirrors with a Mo(20 nm)/B4C(2 nm) coating at an
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incident angle of 78◦ the maximum degree of circular polarization possible is
PCmax = 0.773 at a central photon energy of 66 eV. These values are based of the
work of Y. Chang [17] and match the experimental parameters.

Figures 2.6.: Schematic view of the reflector phase shifter in the x-z-plane
[17] The incident light hits the mirrors under a set angle Θ in order
to introduce the highest order of circular polarization. Under ideal
conditions, the additional optical path-length through the polariser
is minimized and the spatial orientation of the beam at the entrance
and exit of the polariser is identical.

Figures 2.7.: Schematic view of the reflector phase shifter in the x-y-plane
[17] The figure shows two possible rotation configurations of the
polariser. In case a) under the rotation angle of ΘCP the incident
light field will be left-handed circularly polarized. In case b) under the
rotation angle of −ΘCP the incident light field will be right-handed
circularly polarized.





3. Experimental Setup
A commercial Femtopower laser system with an additional spectral broadening
component was used for both the APS experiment and XMCD measurements. The
system provides laser pulses with a central wavelength of 780 nm at a repetition
rate of 4 kHz and pulse durations of < 3.5 fs. Integrated into the system is a
carrier-envelope-phase stabilization, since both experiments require full control
over the laser pulse shape. The overall setup consists of seven distinct parts: the
oscillator, the stretcher, the amplifier, the compressor, the spectral broadener and
the secondary compressor. In this chapter all the different components will be
explained, as well as the experimental setup for the APS and transient XMCD
measurements in the vacuum chambers.

3.0.1. Oscillator
The oscillator of the Femtopower laser system employs a titanium-sapphire crystal
(Ti:Sa) as the gain medium. In order to reduce reflection losses it is cut at Brewster’s
angle. Ti:Sa crystals are pumped at a wavelength of 532 nm, which is provided
by a frequency-doubled Nd : Y V O4-laser. The Nd : Y V O4-laser usually operates
at an output power in the range of P = 4.30 W. Between the pump laser and
the oscillator cavity an acoustic-optical modulator (AOM) is situated, which can
modulate the pump power. The principle behind an AOM is that certain materials
change their refractive index when an acoustic wave passes through them. Since
the acoustic wave can become very complex this offers a high degree of control
over a laser beam passing through the AOM. This device is necessary for the CEP
stabilization, which will be explained in greater detail at a later point. Using a lens
the pump beam is then focused inside the gain medium in the cavity. The oscillator
cavity itself consists of several highly reflective mirrors. A precise schematic of the
oscillator setup can be seen in figure 3.1.
As explained in section 2.1 the system utilizes Kerr-lens mode-locking, with the
Ti:Sa crystal as the Kerr-medium, for the generation of the initial femtosecond
pulses. The generated spectrum spans a range from λ ≈ 670 − 950 nm. As such
it supports a Fourier limited pulse duration of approximately τosc ≈ 8 fs. The
oscillator operates at a higher repetition rate of about 78 MHz, which is later
reduced by a pulse picker, and has an average output power of in the range of
P ≈ 170 -190 mW or approximately 2.3 nJ per pulse.
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After the oscillator the generated pulse is compressed by two chirped mirrors and
focused into a periodically poled lithium niobium crystal (PPLN) for difference
frequency generation (DFG) as part of a f-to-zero scheme. The benefit of using
DFG instead of sum frequency generation (SFG) is that the DFG spectrum is
intrinsically phase stable as one can observe in equation 3.1.

fDF G = fm − fn = mfrep + fCEO − (nfrep + fCEO) = (m − n)frep (3.1)

Here frep stands for the laser pulse repetition rate, fCEO for the carrier-envelope-
offset frequency and m, n ∈ N.
A prerequisite for the generation of the beat signal is, that the spectral width
of the fundamental laser spectrum covers the newly created frequencies ffund =
kfrep + fCEO. Through interference between both signals the beat signal is created
and takes the form of

fbeat = |ffund − fDF G| = |(k − (m − n))frep + fCEO| = fCEO (3.2)

in the spectral overlap region k−(m−n) = 0. A photodiode measures the beat signal
and gives it to the phase locking electronics, which also receive a reference signal of
fref = frep/4 to lock on to. The electronics, a simple proportional-integration (PI)
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To Compressor Pump
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Figures 3.1.: Oscillator and fast loop schematic. M1 − M6: cavity mirrors; L:
focusing Lens; Ti : S: Titan-sapphire crystal; OC: Output coupler;
W : SiO2 wedges for dispersion control; AOM : Acoustic-optical mod-
ulator; CM : Chirped Mirrors; PPLN : Periodically poled lithium
niobium crystal; DC: Dichroic filter; SP : Shortpass filter; PD: Pho-
todiode.
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loop, control the AOM, which is used in a noise-eater configuration. The AOM
modulates the pump beam in such a way, that the intensity noise is reduced. In a
Ti:Sa-laser system the intensity of the pump light corresponds to the phase of the
emitted laser light via the Kerr-effect. The noise-eater evens the pump intensity
such that there is no offset frequency and thus no phase differences. As a result
every fourth pulse will have the same CEP. This is called the fast loop of the
phase-stabilization because it can react quickly to changes in the CEP. A second
loop, which reacts to slower changes in the CEP, is implemented as well, but will
be discussed later.

3.0.2. Stretcher, Amplifier and Compressor
Before the pulses reach the stretcher, the fundamental beam is separated from the
DFG light and passes a Faraday isolator, which prevents back reflections into the
oscillator. The stretcher itself is a necessary part of the laser system before the laser
pulses reach the actual amplifier. As the name suggest the stretcher increases the
pulse duration by intentionally introducing positive dispersion, thereby stretching
and chirping the pulse in time. Without this step the compressed pulses from
the oscillator could damage the amplifier gain medium or experience detrimental
non-linear distortions due to their high intensity. In our setup the stretcher is a
13.5 cm long block of SF57 glass manufactured by Schott. After passing the pulse
is stretched from a few femtoseconds to several picoseconds. The combination of
stretcher and amplifier is called a chirped-pulse amplification (CPA).
Both the oscillator and the amplifier stage use a Ti:Sa crystal, cut at Brewster’s
angle, as the gain medium. Although, there are two differences. First, the gain
medium of the amplifier is pumped by a Nd : Y LF -laser, with a frequency-doubled
central wavelength of λ = 532 nm, in a double pass configuration. Second, the
amplifier does not consist of an optical cavity, instead the laser pulses pass the gain
medium only nine times before reaching the next stage. Still the CPA amplifies
the output power by more than five orders of magnitude.
After the beam has passed through the crystal four times, it is coupled into a pulse
picker. The pulse picker is a Pockels cell, a device consisting of a medium that
changes its refractive index in response to an applied electric field. Consequently
one can control which pulses can pass through the cell and which are refracted
away. Since the chiller and the pump laser for the amplifier crystal can not manage
high repetition rates, they are fixed by the Pockels cell to frep = 4 kHz. As the
pulse picker is connected to the CEP-stabilization only pulses with identical CEP
are allowed to pass. Afterwards the beam is coupled into a Dazzler. Dazzler is the
colloquial term for an acousto-optic programmable dispersive filter (AOPDF). The
Dazzler works similar to the AOM by using acoustic waves in order to manipulate
a birefringent crystal medium. Being programmable allows in this case the use of
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Figures 3.2.: CPA and compressor.PD: Photodiode; FI: Faraday isolator;
FM1 − FM3: Focusing mirrors; L: Focusing lens; AM1 − AM2:
Alignment masks; Ti : S: Titan-sapphire crystal; PC: Pockels cell; D:
Dazzler; G1 − G2: Grating; CM1 − CM2: Positively chirped mirror
pairs.

more complex acoustic waves. This allows the Dazzler to correct and compensate
for higher order phase distortions, which the pulses gain while passing through
amplifier.
Following the last five passes the pulse energy is increased to approximately 1.1 mJ,
which corresponds to an average output power of 4.35 W at a repetition rate of
4 kHz. The output power may vary depending on the quality of the CPA alignment.
Due to gain narrowing effects the pulse spectrum after the CPA will have decreased.
Compressing the pulses back down, using a transmission grating, a pulse duration
of only approximately 25 fs can be achieved. It is thus necessary to increase the
spectral bandwidth of the laser pulses in order to reduce the duration further.
After the gratings the pulse will have a negative chirp, as the gratings overcom-
pensate. This is corrected for by adding two pairs of positively chirped mirrors
after the gratings. Figure 3.2 shows the CPA and compressor stage schematically.

3.0.3. Spectral Broadener and Secondary Compressor
Reaching the above mentioned < 3 fs pulse duration requires a spectral width
beyond that provided by a Ti:Sa-laser. As such it is necessary to introduce
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new frequency components to the existing spectrum via self-phase modulation as
explained in section 2.1. The setup for this part of the laser system can be seen in
figure 3.3.
After the prism compressor the beam is coupled into a 1.5 m long hollow-core fibre
(HCF). This is controlled electronically via a beam stabilization consisting of two
photodiodes and two motorized mirrors, which correct the beam path if the diodes
lose signal. The HCF has a diameter of approximately 250 µm and lies within lies
in a vacuum tube, which is filled with 1.6 bar of neon gas. The noble gas acts as the
non-linear medium required for the SPM. One can observe the spectral broadening
by eye alone. The incident beam is near-infrared while the output beam contains
all visible wavelengths and appears white. Passing through the HCF reduces the
power of the laser beam to approximately P = 2.0 W. This again depends on the
output power of the CPA.
Directly behind the HCF the second part of the CEP-stabilization is implemented,
the slow loop. The slow loop works similar to the fast loop. It utilizes an f-to-2f
scheme to generate the beat signal. A reflection of the laser beam from a glass
wedge is used as the fundamental light for this scheme. The f-to-2f scheme utilizes
SFG in a beta barium borate crystal (BBO) to generate second harmonics, instead
of DFG. A shortpass filter cuts out the SFG light and the low frequency part of
the fundamental light. If spectral overlap is achieved, the beat signal, resulting
from the interference between the fundamental light and the second harmonics, is
given by

fSF G = 2nfrep + fCEO (3.3)
⇒fbeat = 2f − fSF G = 2nfrep + 2fCEO − (2nfrep + fCEO) = fCEO . (3.4)

For the slow loop the stabilization electronics control one of the prisms in the pulse
compressor after the CPA. This way they can adjust how much glass is in the beam
path. The amount is negligible when it comes to dispersive effects, but can change
the CEP as necessary.
In the end, after the beam has passed through the HCF, it hits an array of chirped
multilayer mirrors. These are used to introduce a set amount of negative dispersion
to the laser pulses. To that end their multilayer structure is composed in such a
way, that lower frequency light, which is faster in positively dispersive media, has
to propagate farther, than higher frequency light, which tends to be slower. As
such they are not only compressed to the desired < 3.5 fs pulse duration, but are
overcompensated. This allows the pulses accumulate a certain amount of dispersion
until they are once again at zero dispersion and therefore perfectly compressed.
Ideally this is the case once they hit the samples used in the experiment.
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Figures 3.3.: Spectral broadener, re-compressor and slow loop. PD: Pho-
todiode; MM1 − MM2: Motorized mirrors; HCF : Hollow-core fibre;
CM1 − CM4: Positively chirped mirror pairs; WP : Waveplate; I:
Iris; SM : Spectrometer; BBO: Beta barium borate crystal.

3.0.4. HHG and Delay Chamber

The first step before the actual experiments is the generation of the high-harmonics
using the femtosecond light pulse. This process takes place in the HHG chamber
in vacuum and is explained in detail in section 2.1. The vacuum is necessary since
XUV light is absorbed in air. Two turbo-molecular pumps (TMP) evacuate the
chamber down to an average pressure of p = 5 · 10−4 bar. For dispersion control an
extra pair of motorized SiO2 wedges can be placed at the beginning of the chamber.
These are followed by an iris, which helps control the focus position in the HHG
target. The laser beam is focused using a concave silver-coated mirror with a focal
length of fAP S = 1000 mm and fXMCD = 600 mm. Focal length determines the
size of the beam waist inside the HHG target and thus the intensity, which in turn
determines the energy of the cutoff region for the HHG. Another important factor
is the gas medium inside the target. The target is a ceramic cylinder, which is
constantly filled with a noble gas, the target medium. Two gases were employed for
the different experiments: Neon, for the APS, and argon, for the XMCD experiment.
For the APS experiment a central photon energy of ~ω ≈ 115 eV was achieved
and for the XMCD experiment a central energy of ~ω ≈ 66 eV. Two additional
mirrors were used in order to be able to align the beam through the target, which
has two approximately 280 µm wide holes on either side. Through these holes the
fundamental femtosecond laser pulses are focused, before propagating into the next
vacuum chamber, together with the newly generated XUV attosecond laser pulse.
The experimental setup is separated in two vacuum chambers: The delay chamber
and the experimental chamber. In the delay chamber the Mach-Zehnder interfero-
meter is assembled and during the APS measurements a sample is placed in one
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of its arms. The two arms are called the infrared-arm (IR) and the XUV-arm.
A perforated gold mirror at the entrance of the delay chamber separates the two
beams. The XUV and a part of the fundamental light continues on, while only part
of the fundamental is reflected into the IR-arm. Here the femtosecond laser pulses
can be delayed in time by changing the optical path length of the interferometer
arm. This is done via a focusing mirror mounted on a piezoelectric translation
stage, which can be moved in the range of 250 µm in sub-µm steps. In time
domain sub-µm steps allow time-delays in the sub-femtosecond regime. The mirror
refocuses the laser beam, creating an intermediate focus. The intermediate focus
is necessary for the APS measurements, since focusing leads to higher intensities.
The non-linear effects inside the sample will be more pronounced, when the sample
is close to the focus, resulting in a better signal in the evaluation. In order to
allow a degree of control over the applied intensity, a motorized iris is situated
behind the focusing mirror. The sample holder is placed alongside the beam path
on motorized translation stages and can extend the sample into the beam. The
sample itself consists of a 5x5 mm wide and 200 nm thick sheet of pure silicon,
which is held in a 10x10 mm frame. For the XMCD experiment the sample holder
is removed from the delay chamber. After passing through the sample the beam
is collimated again and reflected from a second perforated mirror onto a toroidal
mirror, which focuses the femtosecond laser pulses into the experimental chamber.
In the XUV-arm the fundamental light is filtered out using thin-film metal foils
mounted in a motorized rotation stage. The type of filter required differs between
the APS and XMCD experiment. The filtering can remove the fundamental and
leaves only the XUV light, which is reflected by a XUV corner mirror. This mirror
is most reflective at a central energy of E = 115 eV with a bandwidth of ∆E = 8 eV
for the APS experiment. For the XMCD measurements, which are performed at
lower photon energies, the highest reflectivity lies at E = 66 eV with a bandwidth of
∆E = 8 eV. The XUV attosecond pulses then pass through the hole in the second
perforated mirror and continue to follow the same beam path as the femtosecond
pulses from the IR-arm. At this point it is important to note, that the reflector
phase shifter, or polariser, is added in front of the second perforated mirror for the
transient XMCD measurements. The polariser is used to elliptically polarize the
attosecond pulse.
An additional beam path exists , which can be reached by introducing a gold mirror
into the XUV-arm after the first perforated mirror. This path is used for diagnostic
purposes. By adjusting the position of the gold mirror the beam can hit either
a mirror or a grating, after passing through another filter stage. This way both
the beam profile as well as the spectrum can be imaged with a XUV-CCD camera.
The entire setup of HHG and delay chamber can be seen in figure 3.4.
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Figures 3.4.: HHG and Delay Camber. W : Wedges; F : Focusing mirror; T :
HHG target; PM1 − PM2: perforated mirrors; PS: Piezo stage;
S: Silicon sample holder; FW1 − FW2: Filter-wheels; G: Grating;
MLM : XUV multilayer mirror; RPS Reflector phase shifter; TM :
Toroidal mirror; TS1−TS3: Translation stages. The sample holder is
removed for the transient XMCD experiment and the reflector phase
shifter added.

3.0.5. Experimental Chamber

The experimental chamber is the last component of the setup. Here signal acquisi-
tion takes place for both experiments. In the experimental chamber the setups for
both experiments differ and are represented schematically in the figure 3.5.
For the APS measurements the chamber contains, as shown below, the necessary
components required for performing attosecond streaking scans. If aligned the
two beams from the IR- and XUV-arm temporally and spatially overlap in the
focus position underneath the time-of-flight (TOF) spectrometer. Via a nozzle
neon gas is deposited near the focus. The attosecond pulse ionizes the gas and
creates a cloud of photoelectrons. These interact with the femtosecond pulses and
are accelerated towards the TOF. The time of flight depends on the time delay
between the two interferometer arms set in the delay chamber.
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Behind the focus the light can follow four different paths, depending on the position
of a translation stage. It can pass to the back, where a power-meter is placed,
which allows the measurement of the average power of the femtosecond laser pulse.
Alternatively the beam can be directed to another XUV CCD camera, which is used
for alignment and diagnostic purposes, via a mirror or grating. This makes it again
possible to measure the spectrum of the XUV light. A 2 µm thick aluminium filter
is placed in front of the camera in order to prevent damages due to the femtosecond
pulses. Lastly the beam can be directed to an NIR CCD camera, which images the
beam profile of the femtosecond laser pulses.
For the transient XMCD measurements neither the nozzle nor the TOF are neces-
sary. Both are removed and replaced by a holder for nickel and multilayer samples.
Additionally a rotation stage, which holds two neodymium magnets, and a slitted
metal plate, which improves the spectral resolution, is added. The rotation stage is
placed in such a way, that the magnets can be rotated around the sample. This
allows control over the magnetization direction of the chosen sample. The detection
methods via CCD cameras remain the same for this configuration.
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Figures 3.5.: Experimental chamber. The experimental chamber for the APS,
on the left, and XMCD measurements, on the right. The setups differ,
for the XMCD measurements the TOF and nozzle are replaced by
the sample holder and a magnetization stage. TOF : Time-of-flight
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4. Attosecond Polarization
Spectroscopy

In the context of this thesis, we tried to observe the charge carrier dynamics,
induced by laser pulses in the visible wavelength range, in silicon with attosecond
resolution. To that end we utilized the APS technique, which relies on our ability
to accurately characterize the electric field and intensity envelope of laser pulses,
in order to determine the irreversibly transferred energy between the pulses and a
silicon sample. Additionally we determined the absorption behaviour of the silicon
sample by studying the photon transmission, which allows us to predict the charge
carrier transfer dynamics on a optical sub-cycle scale, using a simple absorption
model.

4.1. Pulse Characterization
For the APS method it is necessary to know the electric field of the femtosecond
pump pulse. By comparing the electric fields of two pulses of different intensities,
which pass through a sample, it is possible to gain insight into charge carrier
dynamics occurring inside. This is explained in detail in section 2.4.
Our group utilizes attosecond streaking spectroscopy in order to acquire information
about the electric field of the pump pulse. The benefit of this method is that it
allows the direct measurement of the vector potential of the pump pulse. As the
electric field is the derivative of the vector potential, it can easily be translated
into the electric field.
Figure 4.1 shows a streaking trace for one of the reference pulses, which do not
pass through the sample. It is plotted as photoelectron energy over the time delay
between the femtosecond and attosecond laser pulse. The delay spans a range from
−20 fs up to 20 fs difference between the two pulses. The colour scale indicates
the signal strength as photoelectron counts on each channel of the multi channel
detector plate of the TOF spectrometer. White represents zero signal, while the
transition from blue to red shows an increase in the photoelectron count.
A negative time delay means that the attosecond pulse arrives prior to the femto-
second pulse and a positive delay vice versa. The trace shows noticeable oscillations
in the spectra for negative delay, which increases significantly around zero delay,
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Figures 4.1.: Streaking trace A typical streaking spectrogram for the attosecond
polarization spectroscopy experiment. The axes represent the electron
energy (y-axis), the time-delay set in the interferometer (x-axis) and
the number of electrons detected by the TOF (z-axis). The trace
shows perturbations in the neon spectra, caused by the femtosecond
laser pulse.

which is when the pulses coincide. At positive delay the shifts decrease. They
show the influence of the laser electric field on the energy distribution of the
photoelectrons. At negative delays the photoelectrons are subjected to the entire
pulse as well as any field oscillations prior to the pulse. This can be seen in the
figure 4.1 as the slight oscillations before the main pulse. The main pulse itself
is clearly visible between −3 fs and 3 fs. Here the spectrum shift increases above
the 100 eV mark. Once the femtosecond pulse arrives prior to the attosecond pulse
there is hardly any interaction and the oscillations diminish in the trace.
The ionisation potential for neon is Ip = 21.56 eV. The central energy of the XUV
photons for the APS experiment lies at 115 eV. Consequently photoelectrons from
the ionization of the neon have an average energy of 93.44 eV. The trace stems
from these photoelectrons and it is clearly visible that the centre of mass for this
trace is close to 93.44 eV.
The difference in the resolution of the streaking trace stems from the step size of
the piezo element. Around zero delay the resolution is at its highest with 100 as
per step, while at negative delay < −4 fs it is decreased to 200 as and at positive
delays > 7 fs to 500 as. For the evaluation algorithm this difference is irrelevant as
the centre of mass can still be accurately determined. Even at positive delay, since
there are little to no oscillations in the trace.
From this trace the vector potential could be determined and the electric field, shown
in figure 4.2, calculated. The field shows the expected behaviour, noticeable periodic
oscillations in front of the actual pulse and no coherent oscillations afterwards. The
pulse itself encompasses approximately one and a half oscillation periods. At peak
amplitude the laser pulse has a field strength of approximately 5.76 · 108 V/m. In
order to determine the pulse duration we need to calculate the intensity envelope
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Figures 4.2.: Electric field The electric field of the femtosecond laser pulse cal-
culated from the vector potential measured in the streaking trace.
Plotted as amplitude over time delay between the femtosecond and
attosecond laser pulse.

based on the electric field.

The intensity envelope is calculated from the Hilbert transformation of the electric
field. It is shown in figure 4.3 below. From the Hilbert transform we can also
approximate the full-width half-maximum (FWHM) value for the envelope. This
value corresponds to the pulse duration of the femtosecond light pulse and for the
selected pulse lies at τ ≈ 2.68 fs.
We are thus capable of retrieving all necessary information about the femtosecond
pulse from the streaking trace: The pulse duration, the intensity envelope and
the shape of the electric field. This fundamental step sets the foundation for the
attosecond polarization spectroscopy technique.
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Figures 4.3.: Intensity envelope The intensity envelope of the femtosecond laser
pulse. Calculated from the Hilbert transform of the electric field and
plotted as normalized intensity over the time delay.

4.2. Transmission Study of Charge Carrier Dynamics
in Silicon

As part of the APS experiment we performed simplified z-scan measurements.
These involve moving the silicon sample along the beam path and recording the
transmitted power via an Ophir Vega power meter. Initially these measurements
were used to determine the intermediate focus position near the sample, as the
absorption behaviour of silicon is non-linear and thus depends on the intensity of the
incident light. At higher intensities Iinc > 1011 W/cm2 the majority of electrons are
not excited by single photons, instead multi-photon excitation becomes a prominent
mechanism.
This behaviour can be confirmed experimentally by evaluating the z-scan meas-
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urements. We have taken measurements for different incident energies, ranging
from 200 nJ to 1420 nJ, which correspond to an approximate intensity range from
2.21 · 1010 W/cm2 to 2.81 · 1012 W/cm2 as seen by the sample. We evaluated scans
with an incident energy of 800 nJ or above, as the corresponding intensities are close
to the the transition region between the single photon and two photon excitation
regime.
The number of excited charge carriers excited by a single laser pulse can be
calculated by using the relation [18]

N = (1 − R)feff

(
α

Eph

+ β(1 − R)feff

2EphτF W HM

)
, (4.1)

where R = (n−1)2

(n+1)2 is the reflectivity of the sample at normal incidence, n being
the refractive index of the sample, feff is the effective incident fluence as seen
by the sample, α the linear absorption coefficient, Eph the central photon energy,
τF W HM the full-width at half-maximum laser pulse duration and β the non-linear or
two-photon absorption coefficient. Calculating β can be done by utilising the z-scan
measurements we have taken. According to Dragonmir et al. [19] the intensity Il

transmitted through the silicon sample with the length l = 200 nm can be described
using

Il = Iinc(1 − R)e−αl

1 + (β/α)Iinc(1 − R) [1 − e−αl] . (4.2)

In this equation Iinc is the incident intensity on the sample. While at a central
wavelength of 780 nm the linear absorption coefficient α = 1241.2 cm−1 is known,
the non-linear absorption coefficient β is unknown. The the z-scan measurements
provide experimental data for the incident and transmitted intensity, which allows
solving equation (4.2) for β. An example of a z-scan is shown in figure 4.4.
In order to record a z-scan the incident energy is measured first and then the
sample is moved into the beam. It is then moved along the beam path in periodic
steps and the transmitted energy is recorded. For the example in figure 4.4 the
initial energy is approximately 1080 nJ and the step size was chosen as 2 mm. The
sample is moved using a motorized stage with a translation range of 150 mm. For
a single scan the sample is moved first forward until it reaches the set translation
(blue dots) and then backwards toward the start position (orange dots). The scan
shows excellent agreement between the two scan directions, which indicates the
reproducibility of the measurement. As one can see the dots in the graph start
at a higher energy around Elow = 824 nJ and dip towards a minimum at around
Ehigh = 696 nJ. The values were determined as the averages of the highest and
lowest recorded energy for both directions. Since the sample is under Brewster’s
angle for all measurements we can assume that a negligible part of the incident
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Figures 4.4.: Z-scan measurement at 1080 nJ incident energy The scan is
shown as transmitted energy over the sample position in relation to
the fixed motorized stage. The colours indicate the scan direction.
Blue representing a forward scan, moving from 0 m to 150 mm, and
orange representing a backwards scan.

light is reflected. This means that a higher percentage of the light, roughly 35.6%
is absorbed at the minimum position compared to the initial z = 0 position, where
only roughly 23.7% are absorbed. The position of the minimum marks is the
position of the intermediate focus, where the intensity is the highest.
In order to translate the z position into the incident intensity which hits the sample,
we make use of the conversion model created by T. Boolakee, shown in figure 4.5.

The model is based on several measurements at different incident energies, where a
CCD camera was moved along the beam path, recording the beam size at every
step. Interpolating from this data allows us to translate each z position into an
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Figures 4.5.: Conversion plot for energy-position to intensity1 The plot
shows the correlation between the position along the z-axis, the
measured energy and the corresponding intensity. The intensity scale
has been determined using a CCD camera, which was moved along
the z-axis and measured the beam size.

intensity for a given incident energy.
Knowing the transmitted intensity from the z-scan 4.4 and the conversion model
4.5 as well as the incident intensity at every z position allows us to calculate the
two photon absorption coefficient β from equation (4.2). We did this for a total of
18 different scans, taken at different days and different energies. We calculated an
average TPA coefficient for each scan by fitting a linear approximation of equation
(4.2) to the data points from z = 0 up to the focus position. An example for this

1Thanks to T. Boolakee for providing the computations.
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Figures 4.6.: Two photon absorption coefficients The calculated TPA coeffi-
cients plotted over the respective incident energies. The data point
marked in red is an outlier and will not be considered in the evaluation.

calculation can be found in the addendum A.3. All calculated average coefficients
can be seen in figure 4.6 plotted over the incident energies. The error for each β
was determined from the empirical standard deviation of the mean values, while the
errors for the incident energy are rounding errors from the actual measurements.
Slight variations in the β values can stem from the slightly different pulse lengths
for the different measurements, misalignments between measurements or drifts in
the laser system. In all cases the data points still fall within the respective error
margins. Except for the data point marked in red, which represents an outlier.
This data point does not agree with the other measurements at 800 nJ and is
weighted by a significant error. The most likely explanation for this are clipping
issues with the sample frame or instabilities in the laser system which lead to an
increase in output power over time. It will not be considered in the next steps of
the evaluation. Considering the evolution of the TPA coefficient with increasing
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incident energy it is noticeable that at higher energies the coefficient drops. This
behaviour is unexpected as the TPA coefficient is a constant scaling factor and
should be the same for all intensities. A likely explanation for this behaviour is that
at higher intensities the beam divergence increases which leads to more clipping
issues and thus a lowered β value. This could be prevented by using silicon samples
with a bigger surface area, which would be exceedingly more expensive and difficult
to manufacture. We determine the TPA coefficient by averaging over all values,
which gives us an coefficient of β = (2.5 ± 1.1) cm/GW. Compared to the value
β = (2.0 ± 0.5) cm/GW, determined by A. D. Bristow et al [20] for a central
wavelength of 850 nm our results for the coefficient agree not only in magnitude
but are also close within the margin of error.
Using equation (4.1) we can now calculate the number of charge carriers that are
excited by a single laser pulse inside the silicon sample. Splitting the equation
in two parts allows us to determine how many electrons are excited due to single
photon absorption (4.3) and how many are excited by two photon absorption (4.4).

N1 = feff · α

Eph

(4.3)

N2 = feff · β(1 − R)feff

2EphτF W HM

(4.4)

The two photon absorption, represented in blue, shows a much steeper increase
compared to the one photon excitation, represented in orange. Consequently
the two photon absorption overtakes the one photon excitation as the dominant
excitation mechanism for intensities greater than ∼ 1.0 · 1012 W/cm2. For the
experimental data an average atom density of 5 · 1022 atoms/cm3 was assumed [21].
The errors are caused in part from rounding the intensities during the calculations
and from the statistical calculations involved.
From the number of excited charge carriers we can determine the change in the
refractive index ∆nF C according to the Drude model [18]

∆nF C(N) = − 2πe2

4πε0nω2
N

m∗
opt(300K) . (4.5)

Here ε0 is the vacuum permittivity, ω the centre frequency of the laser pulse, N the
number of free charge carriers in the silicon sample and m∗

opt the carrier effective
optical mass at 300 K. The refractive index n = 3.71, as well as the central frequency
ω, is known for silicon at a central wavelength of 780 nm. Sabbah and Riffe [18]
have calculated the effective mass as m∗

opt = 0.156 me. The results are shown in
figure 4.8.
In the semi-logarithmic plot we can see that the change in refractive index follows
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Figures 4.7.: Excited electrons per atom The plot shows the number of excited
electrons per atom, assuming an average density of 5 · 1022 atoms/cm3,
plotted over the incident intensity as seen by the probe. The orange
data points mark the number of electrons excited by a single photon
(4.3), where as the blue data points mark the number of electrons
excited by two photons (4.4).

the intensity and thus the number of free charge carriers. At lower intensities
the change is noticeably less and increases towards higher intensities. For the
intensity range employed during our z-scan measurements the maximum change in
the refractive index is well below ∆nfc = 0.2. Since the sample has a thickness of
l = 200 nm a change of this magnitude would not noticeably influence the pulse
propagation through the sample. The errors shown in this figure evolve from the
errors in figure 4.7 via Gaussian error propagation.
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Figures 4.8.: Change in refractive index The plot shows the change in the
refractive index due to the increase in free charge carriers in the
silicon sample. The change in index is plotted over the incident
intensity as seen by the sample.

4.3. Attosecond Polarization Spectroscopy in Silicon
The main interest of our group has been the energy transfer between a single
laser pulse and the silicon sample. As explained in section 2.2 for this we need
knowledge of Elin(l, t), the linearly modulated electric field, and E(l, t), the non-
linearly modulated field. In section 4.1 we have shown, that we are capable of
retrieving the vector potential and thus the electric field of the laser pulse from a
streaking trace. For an APS measurement it is necessary to take four individual
traces, two as references and two for the evaluation. The first trace is a reference
measurement, the silicon sample is not placed in the beam path and we are only
interested in the shape of the pulse. For the second trace the sample is moved into
the beam path close to the intermediate focus, which has been determined with
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the z-scan technique shown in section 4.2. The measured electric field for this trace
is the required E(l, t) and carries information about the non-linear polarization
occurring inside the silicon. For the third trace the sample is moved along the
z-axis until it is positioned away from the focus, thereby reducing the intensity it is
exposed to. This trace gives us Elin(l, t), as the lowered intensity is insufficient for
driving the non-linear polarization of the sample, and thus only carries information
about the linear polarization occurring inside the silicon. The last trace is again a
reference measurement without the sample. This is necessary in order to determine
how much has changed in the system during the measurements and if the results
would be reproducible. If the changes prove to severe the measurements will not be
evaluated. Small laser drifts on the other hand can be compensated mathematically.
We call such a series of four measurements a quartet.

The APS evaluation is shown below exemplary for a single quartet of pulses with a
duration of τ ≈ 2.68 fs and an incident energy of (1093 ± 3) nJ, which translates to
an intensity of I = (1.57 ± 0.03) · 1012 W/cm2 as seen by the sample.
Figure 4.9 shows the electric fields of the two reference traces, plotted over the time
delay between the femtosecond and attosecond pulse. The blue graphs represents
the first trace of the quartet and the orange graph the last. Both reference traces
differ at higher delays, but are in agreement and overlap around zero delay, where
the main pulse is situated. The overlap shows that during the measurements of the
streaking quartet the CEP stabilization worked properly and the main pulse did
not change significantly. The changes in the pre- and post-pulses are irrelevant for
the APS evaluation and stem most likely from the algorithm used to retrieve the
electric field. The overlap prerequisite for a usable quartet is therefore fulfilled. Any
changes in the amplitude of the two pulses have been corrected in the evaluation.
The second and third trace of the quartet provides us with the fields necessary for
the calculation of the non-linear polarization PNL(l, t).

In figure 4.10 the required fields Elin(l, t) in orange, named Elow, and E(l, t) in
blue, named Ehigh, are shown. It becomes apparent from the figure that Ehigh

has less amplitude than Elow, which means that for higher intensities the silicon
absorbs more photons than for lower intensities. This agrees with our results from
section 4.2, where we found that the two photon absorption dominates at higher
intensities and increases the degree of absorption in the sample. In the lower figure
the non-linear polarization, calculated from the two electric fields according to
equation (2.22) is shown. The fields are first Fourier transformed into frequency
space before being subtracted from one another and multiplied by the necessary
constants. In real space this corresponds to the curve shown in the figure. The
curve is weighted in regards to the sampling size chosen in the actual streaking,
which allows us to compensate for errors due to the lowered resolution of the
streaking trace.
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Figures 4.9.: Comparison of reference pulses The plot shows the electric field
of both reference pulses over the time delay between femtosecond and
attosecond pulse. The blue graph represents the field determined from
the first streaking trace, the orange graph that of the last streaking
trace of the quartet.

Two processes happen inside the silicon when it interacts with a laser pulse,
polarization, by inducing oscillating dipoles, and photon absorption. While the
polarization is a purely linear process, as the induced dipole follows the electric
field of the light directly, absorption is a non-linear intensity dependent process.
These two phenomena cause a reversible, for linear polarization, and irreversible,
for non-linear polarization, energy transfer from the light pulse to the silicon. These
are called Wirr and Wre respectively. Following equation (2.23) we are able to
calculate the time-resolved energy transfer not only in total, but also based on the
type of polarization. For the linear polarization we have

PL(l, t) = χε0Elin(l, t) (4.6)
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Figures 4.10.: Non-linear polarization The plot shows the electric fields of both
Elin(l, t) in orange as Elow and E(l, t) in blue as Ehigh over the time
delay. The plot below shows the non-linear polarization, calculated
in Fourier space according to equation (2.22) using the above fields,
in real space.

and for the non-linear polarization the results shown in figure 4.10. As such the
transferred energy is given by

Wre(l, t) =
∫ t

−∞
E(l, t′)dPL(l, t′)

dt′ dt′ (4.7)

Wirr(t) =
∫ t

−∞
E(l, t′)dPNL(l, t′)

dt′ dt′ (4.8)

Wtotal(t) =
∫ t

−∞
E(l, t′)d(PL + PNL)(l, t′)

dt′ dt′. (4.9)

In the equations the time derivative of the non-linear polarization represents the
current density created by the charge carrier transfer. The results from these



4.3 Attosecond Polarization Spectroscopy in Silicon 51

-20 -15 -10 -5 0 5 10 15 20

Delay [fs]

-0.5

0

0.5

1

1.5

2

2.5

W
(t

) 
[J

/m
3
]

109

W
irr

W
total

W
re

Figures 4.11.: Energy transfer in silicon The plot shows the time resolved energy
transfer between the laser pulse and the silicon sample, represented
as energy density over time delay. The red curve shows the total
transferred energy Wtotal(t), the yellow curve shows the reversible
part of the transfer Wre(t) and the blue curve the irreversible part
Wirr(t).

calculations are shown in figure 4.11.
Represented in red is Wtotal(t), which is the sum of both reversibly and irreversibly
transferred energy. Shown in yellow is the reversible part Wre(t), caused by the
linear polarization and in blue the irreversible part Wirr(t) caused by the non-linear
polarization.
We will first consider the reversibly transferred energy Wre(t). It follows the linear
polarization, which in turn directly follows the electric field Elin(t). In the physical
picture, this energy transfer occurs when the electric field of the laser pulse displaces
the electron clouds of the silicon atoms, moving the electrons away from their
equilibrium position. In the plot, at negative delays there is a small transfer of
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energy due to the pre-pulses prior to the actual main pulse, which is centred around
4 fs, as can be seen in figure 4.10 above. The amount of transferred energy oscillates
accordingly and is not deposited but instead directly transferred back to the driving
light field. The oscillating electron cloud re-emits radiation. As the delay increases
so does Wre(t), which reaches its maximum with the main laser pulse. Strong
oscillations are clearly visible in Wre(t) and for the duration of the laser pulse
energy is actually deposited inside the silicon sample. It completely dissipates
once the laser pulse has passed and no significant amount of energy is transferred
afterwards.
For Wirr(t) the behaviour is the direct opposite. The irreversibly transferred energy
remains inside the sample and in the beginning increases steadily and then jumps
significantly when both laser pulses overlap, after which it does not increase further.
The physical process behind this behaviour is the excitation of electrons into real
excited states. The increase caused by the main pulse shows as tiered steps in the
blue curve, which overlap with the oscillations in Wre(t). At the plateaus in the
curve the electric field has a zero crossing, meaning there is no field present which
could interact with the silicon and no new electrons are excited for these short
intervals.
Wtotal(t) as the sum of both linear and non-linear polarization behaves as the
superposition of Wre(t) and Wirr(t). The total transferred energy increases with
the delay, peaks at the temporal overlap with the main laser pulse and declines
afterwards towards Wirr(t → ∞). Clearly visible are the oscillations from Wre(t)
and the tiered behaviour, which stems from Wirr(t).
Since Wirr(t) gives the energy which is deposited within the silicon sample, which is
equivalent to the number of excited electrons, we can calculate the change in charge
carrier density for our silicon sample. We do not have to consider the relaxation of
electrons from the excited states, since their lifetime exceeds the interaction period.
As such, the free charge carrier density can be calculated using

nreal = Wirr

Eg

. (4.10)

We did this for four individual quartets at different initial intensities, ranging from
3.2 · 1011 W/cm2 to 1.6 · 1012 W/cm2. These intensities are given as the sample
sees them and not as intensities in vacuum. Figure 4.12 shows our results. The
intensity errors stem from measuring inaccuracies.
The curves all follow the same behaviour as the one for Wirr(t) in figure 4.11 above.
We can also determine that there is a correlation between the initial intensity and the
amount of excited electrons in the silicon, and therefore the irreversibly transferred
energy. At lower intensities, less carriers will be excited, while at higher intensities
the number increases. This behaviour seems to follow the predictions made in
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I = (1.57±0.03)*1012 W/cm2

I = (1.07±0.02)*1012 W/cm2

I = (8.31±0.02)*1011 W/cm2

I = (3.23±0.06)*1011 W/cm2

Figures 4.12.: Irreversible energy transfer The plot shows the amount of energy,
which is irreversibly transferred from the light field of the laser pulse
into the silicon sample, over the time delay.

figure 4.7, where we calculated that a higher intensity should cause proportionally
more excitations. Although no apparent pattern emerges in regard to the relative
increase in carrier density compared to the relative increase in intensity. Following
the results from figure 4.7 the jump in carrier density, it more than doubles, between
the curves for I = (8.31 ± 0.02) · 1011 W/cm2 and I = (1.07 ± 0.02) · 1012 W/cm2 is
mostly likely due to the two photon absorption becoming the dominant excitation
mechanism. This significantly increases the amount of excited charge carriers. A
point which is also worth considering is the increase in required excitation energy
at higher intensities for multi-photon excitation. This correlation is shown in
figure A.2, which is based on calculations done by Prof. K. Yabana and his group.
Following these findings, the same amount of energy would excite less electrons
via multi-photon excitation at higher intensities. The difference between the two
curves for high intensities (I > 1012 W/cm2) should therefore be significantly bigger
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and the overall carrier density lower than our results suggest.
Our results show the irreversible energy transfer between a few-cycle femtosecond
light pulse and a 200 nm thin silicon sample. The recorded behaviour remains the
same for different intensities, but the effect is more pronounced at higher intensities
close to the destruction limit for silicon. We can see that during the pulse-sample
interaction electrons are excited in the silicon on a femtosecond time scale, but tend
to level out after the pulse has passed. This then constant population and the lack
of relaxation mechanisms on this time-scale would lead to a, in the femtosecond
domain, constant change in the refractive index. In future further statistical
evaluation for multiple comparable quartets is necessary in order to make more
accurate observations.

4.4. Sub-Cycle Charge Carrier Dynamics in Silicon
Based on the previous results from section 4.2 we can now model the charge carrier
dynamics in silicon according to the simpler approach from equation (4.1), which
gives us a basis for comparison for the results from section 4.3. We do this by
following the relation I = 1/2ε0cE2 in order to determine the change in intensity
on a sub-cycle basis from the measured electric field Ehigh shown in figure 4.10.
Assuming that no relaxation from the excited state happens on a femtosecond
time-scale and the number of free charge carriers only increases, we can model the
behaviour shown in figure 4.13.
Both plots were created based on a laser pulse with a duration of τ = 2.68 fs and
an incident energy of approximately (1093 ± 3) nJ, which translates to an intensity
of I = (1.57 ± 0.03) · 1012 W/cm2 as seen by the sample. It is the same pulse used
as an example in section 4.3. This allows us to easily compare the findings.
The orange curve shows the charge carrier density induced by the laser pulse,
which has been determined through APS measurements in section 4.3. The blue
curve shows the prediction based on equation (4.1) and our findings for the TPA
coefficient β = (2.5 ± 1.1) cm/GW from section 4.2. Both curves are plotted over
the time delay between the attosecond and femtosecond laser pulses. The blue curve
models the one photon and two photon absorption behaviour, which corresponds to
the energy transfer based on the non-linear polarization calculated in section 4.3.
In direct comparison both curves are similar and seem to describe the same
behaviour. The red line helps to compare the temporal evolution of the two carrier
densities. As one can see they overlap temporally, as the plateaus overlap and
the increase falls off at the same time, as marked by the red line. This means the
model approach can reasonably well describe the charge carrier dynamics in the
femtosecond time domain. A difference between the two curves lies in the carrier
densities. The model predicts a higher number of excited charge carriers, but only
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Figures 4.13.: Sub-cycle resolved carrier excitation The plot shows the excited
charge carrier density over the time delay between the pulses. The
blue graph represents the results predicted by equation (4.1) with
the previously determined TPA coefficient β = (2.5 ± 1.1) cm/GW.
The orange graph shows the results from section 4.3. In both cases
the same pulse was considered. The red line is used as a reference
marker for comparison.

by a factor of approximately 1.2. Considering that the charge carrier densities lie
in the order of 1021 cm−3 the predicted values are still reasonably close.
In conclusion our simpler approach gives a good approximation for the sub-cycle
carrier dynamics in silicon. While this holds true for our measurements, it is
important to note, that other non-linear effects can not be accounted for. Therefore
our model can not predict the results from the APS method, but allows us to create
simplified models which grant us a basis for comparison with the APS results.
Should new non-linear effects occur in the silicon then it should become obvious
from the difference between the APS measurements and the simple absorption
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model.



5. Transient X-ray Magnetic
Circular Dichroism Spectroscopy

The second part of this thesis focuses on transient absorption in nickel. Specifically
the correlation between the interaction of visible, femtosecond laser pulses with
nickel and the magnetization dependent absorption behaviour due to the XMCD
effect. The first step in our experiment was to circularly polarize the XUV atto-
second pulse and characterize it the via streaking spectroscopy the way we did for
the APS experiment. Utilizing the circularly polarized light pulse, we managed
to observe the XMCD effect, as well as transient absorption in a nickel-multilayer
sample.

5.1. Pulse Characterization Using Elliptically
Polarized Attosecond Pulses

Since we want to observe changes in the absorption behaviour of magnetized
nickel foils on a femtosecond time-scale, we are interested in characterising the
femtosecond laser pulses which are used to pump the nickel foils. This not only gives
us a reference for the pulse duration during which strong changes in the absorption
behaviour should occur, but also provide insight into whether the attosecond pulse
is dispersed by the polariser.
Following section 4.1 we utilized nearly the same experimental setup for attosecond
streaking spectroscopy in order to acquire information about the electric field of
our pump pulse. The setup is altered by placing the polariser inside the XUV arm
of the Mach-Zehnder interferometer, as explained in section 4.1. The attosecond
pulse is thus elliptically polarized to a degree of PCmax = 0.773. Additionally for the
XMCD experiment the central photon energy of the XUV light was shifted down
to approximately 66 eV, which we verify using the streaking trace. This allows us
to observe the M2,3 absorption edge in nickel, which is located at ∼ 67 eV. The
streaking trace taken with these additions can be seen in figure 5.1. This trace was
taken with CEP stabilized pulses at an incident energy of ∼ 1248 nJ and a central
wavelength of 780 nm.
The trace is plotted as kinetic energy of the photo electrons over the delay between
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Figures 5.1.: Streaking trace. A streaking spectrogram utilizing a elliptically
polarized attosecond pulse. The axes represent the electron energy
(y-axis), the time-delay set in the interferometer (x-axis) and the
number of electrons detected by the TOF (z-axis). The trace shows
perturbations in the neon spectra, caused by the femtosecond laser
pulse.

the femtosecond laser pulse and the elliptically polarized attosecond pulse. The
colour scale indicates the amount of electrons detected by the multi channel detector
plate for each channel. White represents zero signal, while the transition from blue
to red shows an increase in the photoelectron count. The spectrogram consists of
300 single measurements, with a change in delay time of 100 as between each other,
resulting in a total delay range of 30 fs.
In the streaking trace we can again clearly see perturbations in the neon photo-
electron spectra caused by the femtosecond laser pulse at zero delay as well as the
post and pre-pulses. The step size was not changed during the measurement, each
step being 100 as long. As we can see the streaking trace is not smeared out or
perturbed due to a change in the attosecond pulse. It still looks comparable to the
one shown in figure 4.1, albeit with less amplitude. This can be due to the beam
focus shifting away from the TOF spectrometer. Consequently we can assume that
the changes introduced by the polariser to the attosecond pulse are sufficiently
small to be unnoticeable in a streaking trace with a 100 as resolution.
From the trace we can extract the vector potential, which gives us the electric field.
The electric field is shown in the upper right hand corner of figure 5.2. It is plotted
in the figure as amplitude over time delay. Using the same Hilbert transform as
before, we are able to calculate the intensity envelope and consequently its FWHM.
This corresponds to the pulse duration, which lies at approximately τ ≈ 3.22 fs for
the sample pulse shown in figure 5.2. The intensity is normalized in the figure and
plotted over the same time delay. The blue curve shows the envelope, while the
orange curve describes the intensity oscillations over time.
These results shows that the elliptically polarized attosecond pulse can be used for
streaking measurements. We are still able to describe the shape of our electric field
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Figures 5.2.: Electric field and intensity envelope. The intensity envelope of
the femtosecond laser pulse. Calculated from the Hilbert transform
of the electric field and plotted as normalized intensity over the time
delay. The plot in the upper right hand corner shows the corresponding
electric field, calculated from the streaking trace. Plotted as field
amplitude over time delay

as accurately as before, as shown in figure 5.2. In future this would allow us to do
polarization sensitive APS experiments.

5.2. XMCD Effect in Magnetized Nickel
As a first step towards doing transient XMCD spectroscopy we tried to measure
the static XMCD effect in nickel. In order to do so we used only the elliptically
polarized attosecond laser pulses, which had previously been shifted to a central
energy of ∼ 66 eV, in order to observe the effect at the M2,3 edges of nickel. A
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sample was placed inside the experimental chamber, as well as magnetization stage,
as explained in section 3.0.5, which absorbs the XUV light from the pulses. The
direction of magnetization has to be chosen in such a way, that there is a non-zero
projection of the total magnetic moment on the wave vector ~k of the incident XUV
light. Ideally the magnetization is parallel to the direction of beam propagation,
defined as the z-axis. The transmitted absorption spectrum is then recorded. The
sample we used was a multilayer nickel and platinum sample with a configuration
of (Pt(3 nm)/Ni(5 nm))x4, resulting in a total thickness of 32 nm.
For XMCD measurements the helicity of the XUV photons can not be switched by
the polariser, as any change to the orientation would disrupt the alignment. As
such, the direction of magnetization is reversed instead and all measurements are
taken with right-handed elliptically polarized photons.
The spectra were recorded using a improvised spectrometer consisting of a gold
grating and a XUV-CCD camera. The observable photon energies are limited by
the bandwidth of the XUV-mirror in the delay chamber, as shown in section 3.0.4,
to the range of approximately 62 eV to 70 eV.
The upper figure shows two absorption spectra, plotted as number of counts over
the photon energy. Following the colour coding from figure 2.5 the red curve
shows the spectrum for the negative magnetization, the magnetization vector is
anti-parallel to the beam axis, while the blue curve shows the spectrum for positive
magnetization. Both spectra have a maximum between 66 eV and 67 eV, which
tapers off towards the higher photon energies, as well as a smaller shoulder close to
65 eV. There is also a consistent background of about 1000 counts present in both
spectra.
For nickel the M2,3 edges lie at 66.2 eV and 67.0 eV. These are the features in the
spectra that react to a change in magnetization. We can see that between the
two spectra a notable shift exists. The red spectrum has more counts ar the M2
edge but less counts at the M3 edge compared to the blue spectrum. This shift
is caused by the XMCD effect. This is made obvious by calculating the XMCD
signal according to

I(ω)XMCD = I+(ω)
I−(ω) , (5.1)

which gives us insight into the relative strength of the effect. The result can be
seen in the lower plot in figure 5.3. Through the noise we can still clearly see the
characteristic shape of the XMCD signal, similar to the one shown in figure 2.5.
The effect changes the absorption behaviour for the different magnetizations at the
M2,3 edges by approximately 4%. In order to verify our findings we repeated the
measurement and determined the signal for each one. The results are shown in
figure 5.4.
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Figures 5.3.: Spectra and calculated XMCD signal In the upper plot the
measured XUV absorption spectra for nickel a shown. Plotted as
counts over photon energy. The different colours represent the different
direction of magnetization in the sample. Red stands for a negative
magnetization, blue for a positive magnetization. The lower plot
shows the XMCD signal calculated from the two spectra above.

The figure shows the average over five XMCD signals from different absorption
measurements as the blue curve. The greyed out area represents the standard
deviation calculated from the difference between the average and the calculated
signals from the measured data. As we can see the average forms the characteristic
XMCD signal, which even lies within the margin of error. The effect changes the
absorption behaviour of the sample on average by approximately 3% at the M3
edge and up to approximately 4% at the M2 edge.
We can thus conclude that we can measure the static XMCD effect in our sample.
The next step is to measure the change to the XMCD effect in a transient absorption
experiment.
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Figures 5.4.: Averaged XMCD signal. The average over five XMCD signals is
shown in blue. The error, derived from the standard deviation, is
shown as the greyed out area. Again plotted as signal amplitude over
photon energy.

5.3. Transient XUV Absorption in Magnetized
Nickel

Before being able to measure the transient XMCD effect, we tried to perform a
typical transient absorption measurement in nickel. This will allow us to gauge
how strong the transient changes in the nickel absorption are. For the transient
absorption experiment the nickel is pumped with a the femtosecond laser pulse,
which induces charge carrier dynamics in the sample that change its absorption
behaviour. Between the femtosecond laser pulse, the pump pulse, and the attosecond
pulse, the probe pulse, a time delay is introduced in order to observe the changes
transiently.
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Figures 5.5.: Transient absorption. The spectrogram shows the absorption spec-
tra of the optically pumped sample, plotted over photon energy and
time delay.

The measurements were performed using a 10 nm nickel sample on a 100 nm silicon
substrate. A 100 nm thick sheet of silicon itself has a transmittance of T > 0.7 at
66 eV [22] making it a usable substrate. For the transient absorption measurement
the same time delay mechanism was used as for the streaking measurements. But
whereas the streaking scans were taken with a sub-cycle step size of a few hundred
attoseconds the step size for the transient absorption measurements lies at one
femtosecond. A sub-cycle resolution could not yet be achieved. A single absorption
scan is shown in figure 5.5. For this scan the sample was optically pumped by the
femtosecond pulse.
The spectrogram shows the absorption spectra for the pumped nickel over the
photon energy and time delay between pump and probe pulse. Close to zero delay
the two pulses coincide. The colour scale indicates the amplitude of the spectra,
blue indicating low signal and yellow a high signal.
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Figures 5.6.: Change in absorption due to optical pumping. The spectro-
gram shows the change in absorption behaviour of the sample due to
optically pumping the sample, plotted over photon energy and time
delay. Marked in black is the observable change in the absorption.

From the spectrogram a change in the absorption does not immediately become
apparent. Around 66 eV, where the M2,3 edges lie there is no noticeable change
in the spectra at zero or positive delays. The spectrogram can therefore not be
its own reference. Consequently we recorded two spectrograms, one where the
sample is optically pumped by the femtosecond laser pulse and another without the
femtosecond laser pulse. The absorption spectrogram for the unpumped sample
can be found in the addendum A.1. By normalizing the two spectrograms on the
XUV spectrum of the probe pulse and dividing the spectrogram for the unpumped
nickel sample with the one for the pumped sample, we can visualize the change in
the absorption behaviour of our sample. This is shown in figure 5.6.
Again the spectrogram is plotted over the photon energy and time delay. The
delay axis has been shortened as the normalization makes the first three delay
steps unusable. The colour scale represents the change in absorption behaviour,
blue indicating that more XUV photons are absorbed by the nickel and red the
opposite.
We can see that there is a change in the absorption behaviour of the nickel. The
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region of interest is marked by the black frame and shows a distinct decline, down
to approximately 0.9, from −2 fs up 10 fs delay. This means that in this region the
pumped nickel absorbs more photons than in the unpumped case. The absorption
behaviour is apparently altered permanently on the femtosecond time-scale, which
indicates that the charge carrier dynamics responsible for the change play out on a
longer time-scale. It would be of great interest to see how these dynamics would
play out on a sub-cycle resolution. Two points of interest still remain. The first one
is the question why the absorption changes predominantly around 65.4 eV and not
closer to the absorption M2,3 edges at 66.2 eV and 67 eV. At approximately 65.4 eV
lies the shoulder we have previously identified in the single spectra shown in figure
5.3. A possible explanation could be a mistake in the energy calibration, but for
all spectrograms the calibration was done the same way. For the original two the
calibration agrees with our expectations. The second is the question why the effect
already appears at −2 fs and not at zero delay. The likely explanation lies in the
alignment. Small errors in the alignment can easily result in a shift in the zero
delay, especially considering that this can not be corrected for in the measuring
software.
In conclusion we can say that we can observe a transient change in the absorption
spectrum of nickel, which at maximum is close to 10%. This change is caused by
electronic excitation in the nickel. In regard to observing a transient XMCD effect,
this means that the changes caused by the XMCD effect would be on top of this
change in absorption. The measured XMCD effect caused at best a 5% shift in the
absorption spectra for a multilayer sample. Observing a shift of this magnitude
in the transient absorption spectrograms of pure nickel will be experimentally
challenging.
In future the goal will be to achieve sub-cycle resolution for the transient absorptions
scans in order to observe the change in the magnetization of transition metals
on a sub-femtosecond time-scale. Afterwards the final step would be to try and
measure the change in the XMCD effect, by changing the magnetization between
measurements. The effect could be enhanced by using different multilayer samples,
with a higher number of layers, and therefore interfaces, which would result in a
stronger XMCD effect. An optimal balance between the number of interfaces and
the absorptivity of the layer materials has yet to be determined.
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In this thesis we determined the TPA coefficient for silicon, successfully performed
several APS measurements and thus gained insight into the charge carrier dynam-
ics occurring during the light-matter interaction between a silicon sample and a
femtosecond laser pulse. Additionally we elliptically polarized an attosecond laser
pulse and observed the XMCD effect in a nickel based multilayer sample, albeit
not transiently.
We performed several z-scan measurements with 200 nm silicon samples and CEP-
stabilized femtosecond laser pulses. These showed the intensity dependence of the
absorption behaviour of silicon for intensities > 1011 W/cm2. An intensity range
of approximately 2.21 · 1010 W/cm2 to 2.81 · 1012 W/cm2 was chosen in order to
maximize this non-linear behaviour. By analysing several z-scan measurements,
we were therefore able to determine the TPA coefficient β = (2.5 ± 1.1) cm/GW,
which is in excellent agreement with existing empirical data [20].
For the APS measurements we used 200 nm silicon samples, through which CEP-
stabilized femtosecond laser pulses, with pulse durations τ < 3.5 fs, propagated.
Utilizing attosecond streaking spectroscopy, we were able to accurately describe the
electric field of the femtosecond laser pulse with an attosecond resolution. From
the electric field at high and low intensities, the linear and non-linear polarization
occurring in the silicon could be derived and from it the reversibly and irreversibly
transferred energy. We showed that the reversibly transferred energy dissipates
completely once the femtosecond laser pulse has passed through the silicon sample.
On the other hand, the, from the light pulse to the sample, irreversibly trans-
ferred energy remains within the silicon and does not dissipate on the investigated
time-scale. Since the irreversibly transferred energy is equal to the amount of
excited charge carriers, electrons in the silicon are simply transferred from the
valence to the conduction band. As such there are no reversible ultrafast changes
in the refractive index, nor changes to the conductive properties of silicon, due to
non-linear effects. These findings are supported by the simple absorption model we
developed in this thesis, which is based on the TPA coefficient derived from the
z-scan measurements.

Using a reflector phase shifter, we have shown that it is physically possible to per-
form streaking measurements using a elliptically polarized attosecond pulse. This
makes an entirely new area of experiments possible, where polarization dependent
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dynamics can be observed.
We were able to observe the static XMCD effect in a (Pt(3 nm)/Ni(5 nm))x4 mul-
tilayer sample at the M2,3 absorption edges of nickel. The relative strength of the
effect was on average approximately 3% at the M3 edge and up to approximately
4% at the M2 edge.
For a pure nickel sample we managed to perform a transient absorption experiment
by recording the absorption spectra, using the attosecond laser pulse as the probe
pulse and the femtosecond laser pulse as the pump pulse. We could see a time delay
dependent change in the absorption spectrum at around 65.4 eV. At the M2,3 ab-
sorption edges no change could be observed and consequently no transient changes
in the XMCD effect. These changes in the XMCD effect would have given us insight
into the dynamics involved in the magnetization and demagnetization of our sample.

In conclusion, we could determine the two photon absorption coefficient of silicon
and observe on a femtosecond time-scale, that during the light-matter interaction
in silicon, there are no new non-linear optical effects occurring. We managed to
measure the XMCD effect in a multilayer sample as well as transient absorption
in pure nickel. Due to time constraints we were not able to combine the two and
observe the transient changes in the XMCD effect for nickel.
In future, by placing an aperture behind the samples in the z-scans not only could
the TPA coefficient be determined, but the non-linear refractive index n2 as well.
The next step for the APS experiment would be to verify the results from the
measurements through more statistics and by repeating the experiment for different
direct and indirect band gap materials. The results could then be compared with the
simple absorption model, as has been done in this thesis. Additionally, the ability
to do attosecond streaking spectroscopy with an elliptically polarized attosecond
pulse opens up many new possibilities.
In regards to the transient XMCD experiment the next steps would be to reduce the
delay step size, in order to resolve the change in absorption behaviour on an optical
sub-cycle scale and to combine the static XMCD with the transient absorption
measurement. Since the XMCD effect and the transient change in absorption are
weak, a new type of multilayer sample is required in the future. This sample has
to find the balance between the amount of interfaces, which enhance the XMCD
effect, and absorptivity.
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Figures A.1.: Transient absorption. The spectrogram shows the absorption
spectra of nickel, plotted over photon energy and time delay.
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Figures A.2.: Excitation Energy over Intensity. The graph shows the increase
in required excitation energy for multi-photon excitation in silicon.
Plot provided by Prof. K. Yabana and his group.
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Figures A.3.: Linear fit of z-scan data. The example graph shows the linear fit
for a single z-scan measurement.
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