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Abstract

Ultrashort laser pulses have been used to machine a wide variety of

materials, including metals, semiconductors and insulators. Knowl-

edge of the influence of laser parameters such as the spatial, tempo-

ral, and spectral characteristics of the pulse structure on the ablation

processes is crucial for the development of precision laser machining

techniques.

In order to unravel the processes that lead to ablation, an experimen-

tal method for observing the plasma dynamics in gold foils with a

thickness of 30 nm, excited by an intense femtosecond (fs) 800 nm

pump pulse, is presented. The excited foil is imaged by a low-intensity

fs-400 nm probe pulse with a variable pump probe time delay of up

to 2 ns and the diffraction image is captured with a CMOS camera in

the far field. By employing a phase retrieval algorithm, the time- and

space-resolved complex transmission is reconstructed from the cap-

tured diffraction images and knowledge about the plasma dynamics

in the excited foil is extracted.

In this work, the impact of laser parameters, including the pump en-

ergy and polarization, on the plasma dynamics is examined. A de-

crease of transmission with increasing pump energy was observed in

the first 10 ps and attributed to an increase of the free electron density

due to the absorption of the pulse energy by the electrons. Further-

more, the onset of lattice dynamics was found to start about 15 ps

after excitation.

iii



iv



Kurzzusammenfassung

Ultrakurze Laserpulse werden für die Bearbeitung einer Vielzahl von

Materialien wie Metallen, Halbleitern und Isolatoren genutzt. Für

die Entwicklung von Laserbearbeitungsverfahren ist es von entschei-

dender Bedeutung, den Einfluss von Laserparametern wie der räum-

lichen, zeitlichen und spektralen Pulsstruktur auf die Prozesse, die

zum Materialabtrag führen, zu verstehen.

Um die während der Materialabtragung ablaufenden Prozesse zu

entschlüsseln, wird in dieser Arbeit eine experimentelle Methode

zur Beobachtung der Plasmadynamik in 30 nm dünnen Gold-

folien, die mit einem intensiven 800 nm Femtosekunden (fs)-

Anregepuls angeregt werden, vorgestellt. Die angeregte Folie wird mit

einem fs-400 nm Abfragepuls geringer Intensität mit einer variablen

Zeitverzögerung von bis zu 2 ns abgebildet und das Beugungsbild

mit einem CMOS Detektor im Fernfeld aufgenommen. Die zeit- und

ortsaufgelöste komplexe Transmission wird aus den aufgenommenen

Beugungsbildern mit einem phase retrieval Algorithmus rekonstruiert.

Ziel dieser Arbeit ist es, den Einfluss der Laserparameter, wie der An-

regungsenergie und der Polarisation, auf die Plasmadynamik zu un-

tersuchen. Eine Abnahme der Transmission mit steigender Pumpen-

ergie in den ersten 10 ps wurde auf eine Zunahme der freien Elek-

tronendichte zurückgeführt. Außerdem wurde festgestellt, dass die

Gitterdynamik etwa 15 ps nach der Anregung einsetzt.
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Chapter 1.

Introduction

Intense ultrashort laser pulses with pulse length in the pico- and femtosecond regime

have been widely used in the past decades to machine a great variety of materials

including insulators, semiconductors and metals [1, 2, 3]. With ultrashort pulses, high

precision machining with a submicron resolution is achievable [4, 5, 6].

However, rather small changes in the pump pulse parameters can change the ablation

dynamics drastically [5, 7]. Thus, knowledge of the influence of laser parameters

such as the spatial, temporal and spectral pulse structure on the plasma dynamics is

essential for tailored laser machining applications.

In this thesis, an experimental method for the imaging of the plasma dynamics in laser-

excited, 30 nm thick gold foils is presented. The free-standing foils are excited by an

intense focused femtosecond (fs) 800 nm pump pulse with adjustable pulse energy

and polarization and the dynamics in the foil are imaged by a low intensity fs-400 nm

probe pulse via coherent diffraction imaging (CDI).

To resolve the processes in the excited foil, the complex transmission of the foil with a

spatial resolution in the micrometer range and a temporal resolution in the fs regime

is desirable. This is achieved by the lensless imaging technique CDI [8]. In CDI, a

coherent probe beam is diffracted at the target and a diffraction image is captured

with a detector placed in the far field. As the detector can only capture the intensity

but not the phase of the diffracted electric field, the 2D spatially resolved complex

transmission is reconstructed from the diffraction patterns using an iterative phase

retrieval algorithm [9], giving access to the dynamics in the excited gold foil. The

resolution of CDI is in principle only limited by the wavelength of the incident light [8].

As a consequence, the required resolution in the micrometer range can be achieved

with the used 400 nm probe beam. By adjusting the time delay between the pump

and probe pulses, time resolved imaging of the plasma dynamics is possible.
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2 Introduction

The gold foil is destroyed at the spot where the pump pulse excites it during each

measurement, making it impossible to average multiple shots. As a result, the mea-

surement must be conducted in single-shot geometry. Therefore, the reproducibility

and reliability of the measurements are of great importance. Consequently, one goal

of this thesis is to improve the beam stability and reproducibility of the experiment.

With a stable setup in place, the influence of the pump beam polarisation and inten-

sity on the plasma dynamics is investigated. A stronger decrease in transmission with

increasing pump energy was observed in the first 10 ps and it was attributed to an

increase in the free electron density due to the excitation of electrons by the pump

pulse. It was also found that the onset of the lattice dynamics occurs with a time delay

of about 15 ps.

The thesis is structured as follows: First, theoretical models describing the interac-

tion of ultrashort laser pulses with metals are discussed. Thereafter, the experimental

setup used for the imaging of plasma dynamics in thin gold foils is presented and the

reproducibility of the measurements is evaluated. Afterwards, the recorded diffraction

images are discussed and the influence of the energy and polarization of the pump

pulse on the plasma dynamics is analyzed. Finally, reconstructions of the complex

transmission at the target position are discussed to obtain knowledge of the plasma

dynamics in laser excited thin gold foils.



Chapter 2.

Fundamentals of Light-Metal

Interaction

In this thesis the excitation and relaxation dynamics in a thin gold foil excited by a

800 nm ultrashort laserpulse with a pulse duration of about 40 fs are investigated. This

chapter focuses on the fundamental mechanisms involved in the interaction of light

with metals. Those processes include the absorption of laser light by the electrons, the

energy transfer from the electrons to the lattice, the following melting of the lattice

and subsequently the ablation of material from the target.

2.1. Classical Description of Light-Metal Interaction

In this section the interaction of light with metals is described using a classical ap-

proach. The energy absorption of the 800 nm pulse by the electrons is discussed by

employing the Drude model. For the subsequent transfer of energy from the electrons

to the nuclei, a Two-Temperature model [10] is used that provides an estimate of the

lattice melting time.

2.1.1. The Drude Model

The Drude Model is a classical approach to describe the response of electrons in a metal

to an electric field. The model describes electrons in metals as freely moving particles

in a periodic lattice of positively charged ions. Upon exposure to an electric field E,

the force applied on the electrons is given by a driving force due to the acceleration

of the electrons by the electric field and a dissipation term that resembles energy loss

3



4 Fundamentals of Light-Metal Interaction

due to collisions of electrons with the surrounding lattice.

meẍ = eE − µmeẋ (2.1)

Here me and e denote the electron mass and the elementary charge, respectively. The

dampening term depends on the inverse collision time µ = 1
τc

times the electron veloc-

ity ẋ and electron mass.

A detailed solution to this differential equation under the assumption of an alternating

electric field like a laser field is discussed in my Bachelor thesis [11]. Here I only want

to sketch the basic outcome as a basis for further discussions.

The material response of a metal in a laser field can be described by its dielectric

function:

ε(É) = 1 − É2
p

É2 + iµÉ
(2.2)

with the plasma frequency Ép =
√

e2ne

ε0me

and ε0 and ne denoting the vacuum per-

mittivity and the free electron density, respectively. Model parameters for gold are

µ = 0.107 PHz and Ép = 13.23 PHz [12]. The complex refractive index is connected to

the dielectric function through the relation:

n̂ = n + i» =
√

ε(É) (2.3)

The real part of the refractive index n leads to a shortening of the wavelength and,

therefore, a reduction of the propagation speed in the medium, whereas the imagi-

nary part » leads to a damping of the electric field in the medium and, consequently,

absorption.

Figure 2.1.: Comparison of the real (n) and

imaginary (κ) part of the refractive index of

gold calculated by the Drude model (equations

(2.2) and (2.3), dashed lines) and experimen-

tal values [13] (solid lines).
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The Drude model can now be used to calculate the complex refractive index of gold

in dependence of the wavelength. To discuss the accuracy of the model, the real and

imaginary parts of the complex refractive index for gold as a function of the wave-

length calculated with the Drude model, as well as the values obtained in [13] are

shown in Fig. 2.1 for comparison. For wavelengths larger than 600 nm, the Drude

model is in good agreement with the data from [13]. However, when moving to

shorter wavelengths the deviation from the literature values increases. This is due to

relativistic effects that lead to absorption at rather low photon energies when com-

pared to other metals [14].

The high average radial velocities of the inner s and p shells lead to a higher effec-

tive mass of the electrons and, therefore, a contraction of the average electron radius.

However, the d and f electrons, due to their high angular momenta, are rarely near

the nucleus and do not reach relativistic speeds. As a consequence, the relativistic

effects for the outer orbitals are indirect. Due to the contraction of the inner orbitals,

the nuclear attraction is screened more efficiently leading to a weaker attraction. The

binding energy of the electrons with high angular momenta is decreased. As the bind-

ing energy is increased for s and decreased for d electrons, smaller energies are needed

for interband absorption from the d to the s band. For gold this absorption sets in at

around 540 nm [14] and leads to a refractive index evolution that can not be explained

under the assumptions made by the Drude model. This explains the observed devia-

tion of literature values to the Drude model for wavelengths smaller than 600 nm.

For other metals such as silver where relativistic effects are less significant, interband

absorption is observed for smaller wavelengths in the UV-regime [14].

By using the refractive index obtained from the Drude model, the intensity absorbed

by a metal foil with thickness L shall be calculated. Later we will use a 30 nm thick foil,

which is smaller than the wavelength of the pump pulse of ¼ = 800 nm. This requires

the consideration of multiple reflections at the boundaries of the foil and a coherent

summation of the individual parts as illustrated in Fig. 2.2.

The expressions for the transmitted and reflected electric fields can be derived analyt-

ically and they boil down to (see attachment A.1):

ET =
∑

i

ET i = E0 · t1t2e
ikLe−αL 1

1 − (re−αLeikL)2 (2.4)

ER =
∑

i

ERi = E0

(

r + t1t2re−2αLe2ikL 1

1 − (re−αLeikL)2

)

(2.5)
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Here t1 and t2 denote the transmission coefficients for air to gold and gold to air,

respectively. r is the reflectivity coefficient, ³ the absorption coefficient and k = |⃗k| is

the wave vector. They can be calculated with the following relations [15].

t1 =
2

1 + n̂
; t2 =

2n̂

1 + n̂
; r = −1 − n̂

1 + n̂
; ³ =

2Ã»

¼
; |⃗k| =

2Ãn

¼
(2.6)

Since the intensity is proportional to the square of the electric field: I ∝ |E|2 and

energy conservation has to be fulfilled, the absorbed intensity Iabs can be written in

terms of laser intensity I0:

|Eabs|2 = |E0|2 − (|ER|2 + |ET |2) (2.7)

Iabs = I0 ·
(

1 − |ER|2 + |ET |2
|E0|2

)

(2.8)

This allows for an estimation of the absorbed intensity and, therefore, of the deposited

energy in the foil. Absorbed energy density values given throughout this thesis are

calculated in this manner. The deposited energy in the foil is an important parameter
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Figure 2.2.: Schematic diagram of the internal

reflections inside a thin foil. E0 represents the

incoming electric field. ER is the reflected elec-

tric field which is the sum of the contributions

ERi, while ET is the transmitted electric field

and therefore the sum of the contributions ET i.

For simplicity, only the first four contributions

are shown. L denotes the thickness of the foil.
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for simulating the dynamics after laser excitation. One way to quantify the energy

transfer from the electrons to the nuclei and the melting of the material is the Two-

Temperature Model.

2.1.2. The Two-Temperature Model

The absorption of a laser pulse hitting a metal target is mainly due to absorption by the

electrons in the metal. This can be described by an increase in the electron tempera-

ture Te following laser excitation. Due to electron-phonon coupling, the energy of the

electrons is transferred to the lattice, resulting in an increase in the lattice temperature

Ti. This energy exchange can be described by the Two-Temperature model (TTM) that

was first introduced by Anisimov et al [10]. The energy exchange can be modeled by

the equation[10, 3]:

ci

∂Ti

∂t
= −ce

∂Te

∂t
= ·(Te − Ti) (2.9)

Here ci, and ce denote the lattice and electron heat capacity, respectively, and · is the

electron-phonon coupling constant. The rate of energy exchange is therefore propor-

tional to the temperature difference between the electron and lattice systems.

However, as the temperature of the electrons follows the profile of the pump pulse,

the foil temperature after excitation is highest in the center of the excited region and

lowest in the surrounding material where the electrons are still at room temperature.

This results in a temperature gradient in lateral direction. Furthermore, the electrons

in the front of the foil will absorb more laser energy than the electrons in the back, as

the laser intensity is higher at the front where no light has been absorbed yet. This

leads to a second temperature gradient in laser propagation direction. The tempera-

ture gradients in lateral and laser propagation direction will result in heat conduction.

Since an ideal Gaussian beam profile has radial symmetry, the transformation into

cylindrical coordinates with r and z denoting the radial distance from the peak of

the laser field and the axial coordinate in laser propagation direction, respectively,

is natural. Including classical thermal conduction terms and taking into account the

energy deposited by the laser pulse in the electronic subsystem Q, equation (2.9) is
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extended to [3, 16]:

ce

∂Te

∂t
=

1

r

∂

∂r

(

»er
∂Te

∂r

)

+
∂2Te

∂z2
− ·(Te − Ti) + Q(r, z, t) (2.10)

ci

∂Ti

∂t
=

1

r

∂

∂r

(

»ir
∂Ti

∂r

)

+
∂2Ti

∂z2
+ ·(Te − Ti) (2.11)

Here »i, »e denote the thermal conductivity of the phonon and electron systems, re-

spectively. As the conduction band electrons in metals have a high mobility, they can

transfer heat efficiently through the material. As a consequence, heat conduction in

metals is dominated by electrons [3, 17, 18]. As the contribution of the phonon sys-

tem to the heat conduction is small compared to the contribution by the electrons, the

phonon heat conduction is neglected.

Additionally, ballistic electron transport is observed when the mean free path of the

electrons is larger than the characteristic length of the target. The ballistic range in

gold is estimated to exceed 100 nm [19, 20] and is, therefore, larger than the thickness

of the gold foils studied in this thesis (30 nm). Since ballistic electron transport leads

to a highly efficient distribution of the laser energy, it is save to assume that the foil

is homogeneous heated throughout its entire thickness. Nonetheless, heat conduction

in the lateral direction still has to be taken into account. This leads to the following

equations:

ce

∂Te

∂t
=

1

r

∂

∂r

(

»er
∂Te

∂r

)

− ·(Te − Ti) + Q(r, t) (2.12)

ci

∂Ti

∂t
= ·(Te − Ti) (2.13)

Lastly, as gold is melted, the latent heat of fusion must be considered. This is achieved

by restricting the increase in lattice temperature beyond the melting point until the

necessary latent heat of fusion is transferred from the electron system to the lattice.

With this model we can now predict the temperature evolution in the gold foil. The

temperature ahead of irradiation is room temperature, i.e. Te = Ti = 293 K. The

parameters for the electrons and lattice in gold are: the heat capacity of the electronic

system ce = ÃTe with the proportionality factor Ã = 0.725 mJ mol−1 K−1 [19], the heat

capacity of a gold ion lattice ci = 25.122 J mol−1 K−1 [21] and the electron phonon

coupling constant · = 2.04 × 1011 W mol−1 K−1 [19]. The latent heat of fusion for gold

is Hfus = 12.6 kJ mol−1 [22] and the melting temperature is Tmelt = 1337.33 K [23].
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The Gaussian laser pulse has a pulse duration of 50 fs (FWHM), a beam radius of 15 µm

and a pulse energy of 3.7 µJ. The absorbed pulse energy was calculated using equation

2.8 and is 0.11 µJ. This results in deposited energy density in the center of the beam

of 0.54 MJ kg−1.

In Fig. 2.3, the numeric solution to the TTM equations (2.12, 2.13), with the latent

heat of melting included as discussed above, is presented. In the initial few picosec-

onds (ps) following irradiation, the lattice temperature (right image) remains close

to room temperature, while the electron temperature (left image) experiences a rapid

ascent to roughly 14 000 K. Due to the electron-phonon coupling, the energy of the

electrons is now transferred to the lattice. After 10 ps, the lattice heats up and reaches

a temperature that approaches the melting temperature of gold, denoted by the dashed

Figure 2.3.: Temporal and spatial evolution of the a) electron and b) lattice temperature

according to the TTM (eq. (2.12,2.13)) for a 30 nm thick gold foil irradiated by a Gaussian

laser pulse with a pulse length of 50 fs (FWHM), a beam radius of 15 µm and a pulse energy of

3.7 µJ. The lateral intensity profile of the laser pulse in arbitrary units is shown on top of the

figures with the same x−axis. The dotted and solid lines represent the onset of melting and

finished melting, respectively. The absorbed pulse energy is calculated according to equation

(2.8). The parameters describing the foil are discussed in the text.
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line. Approximately 15 ps after irradiation, the lattice temperature reaches the melting

point in the center of the beam, indicated by the dashed line (see arrow A). 20 ps after

irradiation a region with a radius of more than 5 µm undergoes the melting process.

During this phase, any further energy input into the lattice system is absorbed by the

melting process, specifically through the latent heat of fusion. Only 25 ps after irradia-

tion, the melting is completed in the center of the beam (see arrow B). After 60 ps, all

material within a 8 µm radius is completely molten and from 8 µm to 11 µm the gold is

partially molten.

For times larger than 60 ps, there are no mayor changes in the size of the melted

region. However, the temperature of the lattice in the center of the beam increases

until 100 ps after irradiation and reaches a maximum temperature of 3500 K. From

there on, the temperature of the lattice and electrons stays nearly constant. Note, that

the temperature profile closely mirrors the intensity profile of the laser pulse, except

for the region of constant temperature about 10 µm from the center, where the lattice

is only partially melted. Now the only mechanism changing the temperature profile

is heat conduction. However, this process does not seem to play a major role on the

studied length and time scales in the range of micrometers and picoseconds as the

temperature profile of the electron and lattice system does not change significantly

anymore.

The TTM allows for a prediction of the behavior of metals from the excitation by a

laser pulse until melting. One can estimate intensity thresholds for melting and even

ablation, if an ablation temperature can be defined [24], and extract timescales for

electron-lattice relaxation. However, the model has its limits. The timescales pre-

dicted by the TTM are significantly influenced by material parameters, particularly the

electron-phonon coupling parameter ·, whose values show notable variations in the

existing literature from 2 × 1011 W mol−1 K to 3 × 1011 W mol−1 K [19, 25, 26, 27, 28].

Furthermore, the studied systems are strongly excited, which may lead to changes of

the material parameters as the electron and phonon systems are relaxing. For exam-

ple, in [29] it has been proposed, that the electron phonon coupling depends on the

temperature of the electrons as well as the phonon system.

In summary, the TTM allows for a prediction of the characteristic timescales of lattice

heating and melting. However, the model has some limits and, therefore, the results

should be approached with caution and considered as guidelines rather than definitive

predictions.
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2.2. Laser Melting and Ablation

In this section, more sophisticated models and experimental studies used to describe

the interaction of light with metals are discussed. The studies are sorted into two

different laser fluence regimes in order of increasing fluence: 1) heterogeneous melt-

ing and 2) homogeneous melting regime. The results of the studies are compared to

predictions acquired with the TTM in section 2.1.2.

2.2.1. Heterogeneous Melting

For absorbed energy densities ranging from approximately 0.1 MJ kg−1 to 0.4 MJ kg−1

and for laser pulses shorter than 200 fs, the dominant melting process is heterogeneous

melting [30, 31]. It is not expected that this melting mechanism is the dominant

mechanism for measurements in this thesis, as the energy densities studied in this work

range from 0.5 MJ kg−1 to about 7 MJ kg−1. Nevertheless, the process of heterogeneous

melting is discussed in this section, since it could be observed at some distance from

the center of the excited region, as the intensity of the pump pulse will be reduced

there.

Heterogeneous melting is characterized by distinct melting fronts that originate from

surfaces or crystal defects and then propagate through the metal. Propagation speeds

of the melting front of several hundreds m s−1 have been observed experimentally

[32, 33]. For the thin 30 nm gold film used in this thesis, heterogeneous melting

would lead to an expected melting time of about 100 picoseconds. This estimation

of the melting time is consistent with theoretical studies, where a combination of the

TTM and molecular dynamics simulations were used [30, 34], as well as experimental

studies [31] investigating the melting of thin gold foils. Thin film melting is accom-

panied by oscillating pressure waves in the film and the amplitude of those waves

depends strongly on the rate of energy transfer between the electron and lattice sys-

tem [30]. For strong electron phonon coupling e.g., in nickel and sub picosecond laser

pulses, the lattice does not have the opportunity to expand, leading to high pressure

waves in the foil. For gold films, the energy exchange between electrons and lattice

is slow, and the material can expand during the heating of the lattice, resulting in

weaker pressure waves when compared to other metals [30]. It was proposed that

heterogeneous melting only occurs below the ablation threshold for thin films [30].

Nonetheless, the phase change from solid to liquid may lead to a change in the refrac-
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tive index and, as a consequence, should be observable in the experiment, even if no

material ablation is present.

The simple TTM discussed in section 2.1.2 suggests a melting time for complete melt-

ing of 45 picoseconds for a peak energy density of 0.38 MJ kg−1 (result not shown). As

discussed above, other theoretical studies suggest a melting time of 100 ps [30, 34] for

a similar energy density. While the melting time estimated by the simple TTM roughly

aligns with studies in terms of order of magnitude, it consistently underestimates the

actual melting time. This is most likely due to an oversimplified description of the

melting process in the simple TTM. The only parameter deciding the melting of the

foil in the simple model is the energy deposited in the lattice system. It is assumed that

the lattice melts instantaneously if enough energy is deposited in the lattice. However,

the melting process further depends on effects like a change in the melting tempera-

ture due to pressure waves in the foil. In addition, the melting only starts at crystal

defects and surfaces. These effects can prolong the melting time, even though the

energy required for melting is already transferred to the lattice, leading to a longer

melting time when compared to the simple TTM.

2.2.2. Homogeneous Melting

At higher absorbed energy densities in the range of 0.4 MJ kg−1 to 1.0 MJ kg−1, the

dominant melting process changes to homogeneous melting [30, 31, 34]. In contrast

to heterogeneous melting, homogeneous melting lacks clear melting fronts. Instead,

the film melts due to homogeneous nucleation throughout the entire film. This results

in reduced melting times in the range of 10 ps to 50 ps [30, 31, 34]. This is in good

agreement with the simple TTM, which suggests a melting time in the center of the

beam of 25 ps for a peak energy density of 0.54 MJ kg−1, as can be seen in Fig. 2.3. The

results of the simple TTM can therefore serve as a rough estimate for the timescales of

laser-induced melting of thin foils.

For the disintegration of a gold film with a thickness of several tens of nanometers,

as used in this thesis, an absorbed energy density of 1.0 MJ kg−1 or more is necessary

which leads to the final film temperature exceeding the boiling temperature of gold

[30]. The disintegration of the film involves the heating of the lattice and subsequent

homogeneous melting after some picoseconds, as described above. The heating and

melting of the lattice results in a buildup of compressive pressure, which drives the

expansion of the gold film along the surface normal starting roughly at 10 ps. This

expansion leads to the splitting of the foil in the middle after roughly 60 ps. The
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disintegration of the gold film is accompanied by the boiling of the gold and, therefore,

the release of gas-phase gold atoms [30]. The two liquid regions will now expand

outward, i.e. along the surface normal. For a Gaussian laser intensity profile, one

expects a plume formation. This is due to the higher excitation energy in the center of

the beam, which causes the liquid fronts to move faster in the center than at the outer

edge of the laser spot [35].

It should be noted, that in addition to the ablation due to an increased lattice temper-

ature, also a Coulomb explosion could lead to ablation of the gold foil. A Coulomb

explosion occurs when a target is rapidly ionized, for example by an intense, ultra-

short laser pulse [36]. The remaining positively charged ions now repulse each other

which may lead to a disintegration of the foil. However, Coulomb explosion effects

only seem to be important close to the ablation threshold, i.e. for ablation depths of

less than 20 nm [37]. Most of the measurements in this thesis where conducted at

higher intensities where thermal ablation is the dominant effect.

However, detailed descriptions of the mechanisms behind the ablation of the metal

foil due to thermal expansion are hard to come by. Most of the theoretical studies

in the energy regimes discussed above are using a model combining the TTM with

molecular dynamics (MD) simulations [3, 30, 34]. The TTM is used to describe the

laser energy absorption by the electrons, the energy transfer from the electrons to the

lattice and the heat conduction by the electrons, whereas the MD simulation is used

to simulate the nuclei and, therefore, processes of lattice melting and disintegration

of the material. In MD simulations, the force acting on a particle is evaluated by

using interatomic potentials and the trajectory of the particle is changed accordingly

for each time step. The computational effort needed for such a simulation increases

strongly with the number of particles that are simulated. To mimic the response of

larger systems, periodic boundary conditions are applied and a constant laser energy

deposition is assumed over the whole simulation area.

However, if one wants to study how targets responds across the entire laser spot,

considering variations in energy deposition in lateral direction, MD simulations are

not suitable. This is because simulating all atoms in the gold foil for the entire laser

spot, which is several micrometers in size, requires too much computational effort,

since the number of particles in the system is too large.

Attempts to predict the behavior of a target exposed to a non-constant laser fluence

due to the lateral profile of a laser beam have been made by employing a so called mo-

saic approach. In the mosaic approach, results from individual TTM-MD simulations

that were taken at the same time are combined according to their local fluence in
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the laser spot, to represent the laser induced processes at the scale of the whole laser

spot [38]. However, this method cannot resolve effects that occur due to pressure and

temperature gradients in lateral direction.

Another method to calculate the response of metals to laser fields are so called particle-

in-cell (PIC) simulations [39]. In those simulations, individual particles are tracked in

a continuous space whereas charge densities and currents are computed simultane-

ously on a grid. The forces acting on the particles are then calculated by interpolating

the fields from the grid points to the particles in the continuous phase space. This

method was designed for weakly coupled systems which is the case for hot and diffuse

plasmas. In this case, the particles in the plasma can be treated as if they are only in-

teracting with a background field rather than taking individual collisions into account.

Therefore, PIC simulations are applicable for studies where ultrahigh intensities allow

for the assumption of fully ionized targets and hot plasmas. In those regimes, effects

like the piston push effect [40], the formation of plasma jets [41] or electron jets [42]

have been observed. However, since those intensities exceed the intensities studied in

this thesis, those effects will not be discussed further.

In summary heterogeneous melting of the gold film is expected for absorbed energy

densities in the range of 0.1 MJ kg−1 to 0.4 MJ kg−1 with a melting time in the vicinity of

100 ps. When the energy density is increased to a range of 0.4 MJ kg−1 to 1.0 MJ kg−1,

the melting type is expected to convert to homogeneous melting. Expected melting

times are reduced to 10 ps to 50 ps. Disintegration of the material is only expected for

an energy density of more than 1.0 MJ kg−1. Then, after the homogeneous melting,

the disintegration of the foil is expected after a time of roughly 60 ps. Furthermore,

the simple TTM introduced in section 2.1.2 can be used to estimate the melting time

of the gold foil for different energy densities.



Chapter 3.

Experimental Setup and Methods for

Plasma-Analysis

The goal of this thesis is to study the plasma dynamics in a laser excited thin gold foil

using a single-shot pump-probe imaging setup. The target, a 30 nm thick gold foil, is

excited by an intense 800 nm pump pulse with a pulse duration in the femtosecond

regime. After an time delay adjustable up to 2 ns, the dynamics are imaged by a

400 nm probe pulse with a similar pulse duration. The probe pulse should not influence

the excitation and relaxation dynamics in the foil. Therefore, the probe intensity is

chosen low compared to the pump pulse. After the target is excited by the pump

pulse, the probe pulse is diffracted at the target and a diffraction image is captured

by the detector. The diffraction image is used to obtain information about the plasma

dynamics in the excited gold foil by analyzing the structure and total intensity of the

images. Furthermore, the complex electric field including amplitude and phase at the

target position is reconstructed from the diffraction images using a phase retrieval

algorithm that was developed by R. Altenkirch and C. Peltz at the Institute of Physics,

University of Rostock in the group of Prof. Fennel.

In this chapter, the experimental setup and the measurement procedure for the imag-

ing of the plasma dynamics in thin gold foils is explained. Afterwards, the stability of

the setup and the reproducibility of the measurements is discussed. Finally, a method

to measure the spatially resolved thickness of the gold foil is presented.

15
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3.1. Experimental Setup for Imaging Plasma Dynamics

in Thin Gold Foils

The setup for imaging the plasma dynamics is shown in Fig. 3.1. A Ti:Sa laser (Spitfire

Ace PA, Newport) with a center-wavelength of 800 nm and a pulse length of 40 fs is

used. While the laser typically operates at a repetition rate of 1 kHz, the repetition rate

is reduced to 50 Hz for single-shot measurements. The low repetition rate is necessary

for the selection of single probe pulses for the imaging, as well as the selection of single

pump pulses for the excitation, since the temporal spacing between two pulses has to

be larger than the camera’s integration time, which is 20 ms and shutter’s closing time

of 7 ms.

For the experiment, an intense pump pulse that induces material modifications as

well as a low intensity probe pulse for the imaging of the excitation and relaxation

dynamics in the foil are required. In addition, an adjustable time delay between the

pump and probe pulses is necessary to obtain time-resolved measurements.

To meet the these requirements, the primary beam is divided using a beam splitter.

The reflected beam, containing 10 % of the primary beam’s pulse energy of about 1 mJ,

serves as the probe beam, whereas the transmitted beam is used as the pump beam.

As the probe beam is used to image the plasma dynamics in the foil and a high spatial

resolution is desirable, a shorter wavelength is needed for the probe beam. Addi-

Figure 3.1.: Experimental setup for the imaging of plasma dynamics in thin gold foils. The red

lines indicate the 800 nm fundamental and the blue line the 400 nm of the second harmonic.

Apertures are not shown in the sketch.
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tionally, altering the probe beam’s wavelength makes it possible to separate it from

the pump beam before the camera with a spectral filter. The method of choice to re-

duce the laser wavelength is second harmonic generation (SHG) by using a barium

borate crystal (BBO). This decreases the wavelength of the probe pulse from 800 nm

to 400 nm. The BBO is placed in the focal point of lens L1 (f = 500 mm) and lens L2

(f = 200 mm). To remove the remaining 800 nm component from the probe beam,

dielectric mirrors with a high reflectivity at 400 nm and low reflectivity at 800 nm are

used.

The diffraction image of the probe beam is captured by a CMOS camera (Neo 5.5 sC-

MOS, Andor). To extract as much information as possible from the measurement, it is

crucial to capture the maximum amount of diffraction orders whilst not oversaturating

the camera sensor with the primary beam. Therefore, an intensity regulation consist-

ing of two polarization sensitive optics, a polarizing filter and the BBO, is used. As

only the horizontal component of the incoming light is frequency doubled by the BBO

due to the phase matching condition, the intensity of the probe beam can be adjusted

steplessly by rotating the polarizing filter. Hence, the probe beam intensity is set to

use the entire dynamic range of the detector.

As the probe beam is used for coherent diffractive imaging of the plasma dynamics, it is

crucial that the beam has a Gaussian beam profile. However, the beam profile is wors-

ened by the SHG stage. To reach a high-quality beam profile, a spatial filter consisting

of two lenses, L3 (f = 300 mm) and L4 (f = 100 mm) and a pinhole with a diameter

of 100 µm in the focal point of both lenses is used. In addition, the focal length of the

two lenses are chosen such, that the beam diameter shrinks to below 2 mm. This small

beam diameter is required to achieve an optimal relative size between pump and probe

focus on the target. The size requirements of pump and probe beam are discussed in

section 3.2. Further refinement of the beam profile is achieved through the use of

apertures, which are utilized to eliminate unwanted diffraction rings produced by the

pinhole. This ensures an optimal beam quality for imaging purposes.

The following section will address the beam path of the pump beam. To be able

to guide the pump beam through optics like the retro reflector, the beam diameter of

12 mm from the laser output has to be reduced to a smaller diameter that is reasonable

for the used optics. Therefore, a telescope consisting of two lenses, L5 (f = 500 mm)

and L6 (f = −300 mm), positioned 200 mm apart, is used, which reduces the beam

diameter from 12 mm to about 7 mm. As time resolved measurements of the plasma

dynamics are the goal of this thesis, a method to delay the probe relative to the pump

pulse is needed. The delay between pump and probe pulse is accomplished by a linear
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stage with 30 cm travel, resulting in a maximum time delay of roughly 2 ns. Further-

more, as the dependence of the plasma dynamics on the pump intensity and polariza-

tion are of interest, two polarizers are used to adjust both parameters continuously by

either turning the first or the second polarizer.

For imaging the plasma dynamics, the pump and probe pulse have to reach the tar-

get co-linear as they will be focused by the same lens. The spatial overlap is reached

by joining both beams using a dielectric mirror that reflects the 400 nm light and is

transparent for the 800 nm light. Both co-linear beams are then focused by lens L7

(f = 50 mm) onto the target, a 30 nm thick gold foil. As only the probe beam shall be

recorded by the camera, the pump beam is filtered out by a bandpass filter (FB400-40,

Thorlabs) that is only transparent for the probe light. To extract as much information

as possible from the diffracted probe beam, the distance of the camera from the tar-

get is chosen such that the entire detector area is covered with the diffraction image

without cutting off any diffraction orders.

A major issue in previous measurements prior to this thesis was the correct timing for

triggering the camera and shutter. The shutter was manually opened for 20 ms (the

time between two pulses at a repetition rate of 50 Hz), and the camera was triggered

by the shutter’s trigger output. This often resulted in unusable measurements, as

the shutter sometimes allowed two pump pulses to pass, or the camera detected two

probe pulses simultaneously. This problem was successfully solved by using a micro-

controller (Arduino-Nano) connected to the laser trigger output for the triggering.

This synchronizes the triggering of both the camera and the shutter with the laser.

With this system in place, always one pump pulse is selected for excitation, and one

probe pulse is captured for imaging.

3.2. The Geometry of the Diffraction Setup

In this section, a detailed explanation of the interaction zone, i.e. the region where

the pump pulse excites the gold foil and the dynamics are imaged by the probe pulse,

is given. To successful image the dynamics, the geometry of the diffraction setup,

including the interaction zone, is crucial. The diffraction setup is shown in Fig. 3.2.

To avoid imaging errors, an aspheric lens (Sill Optics) is used to focus the pump and

probe pulse onto the thin gold foil. The pump beam, which has a beam radius in

the focus of about 15 µm, excites a region in the gold foil. Then, the probe beam is

diffracted at this interaction zone and the detector, placed about 10 cm behind the tar-

get, captures a diffraction image of the probe beam. This image consists of two parts:
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One part of the probe beam is transmitted through the foil outside of the interaction

zone, where the foil is still undisturbed. The other contribution stems from the part of

the probe beam that illuminates the excited region. It is diffracted at the interaction

zone. Both contributions are superimposed on the detector. For successful imaging of

the dynamics in the foil, the relative intensity and relative size of the transmitted and

scattered contribution on the detector is crucial.

The relative intensity of both contributions can be controlled by adjusting the size of

the excited region relative to the probe beam size at the target position. A small probe

beam increases the contribution of the diffracted light and a large probe beam in-

creases the contribution of the light transmitted through the foil. To adjust the relative

size of the contributions on the detector, the position of the foil along the propaga-

tion direction is varied. If the foil is placed closer towards the detector, the area on

the detector that is illuminated by diffracted light is smaller. The ideal experimental

parameters for the current setup are discussed later on in this section.

To get insights into the plasma dynamics in the foil, the complex electric field, includ-

ing amplitude and phase, at the target position shall be obtained. The calculation of

the complex electric field at the target position requires that the electric field at the de-

tector position is known. However, the detector can only capture the intensity, which

means that the phase information of the field is lost.

To obtain the electric field at the target position from the diffraction image, iterative

phase retrieval [9] is used. The algorithm to used in this thesis to reconstruct the

electric field was developed by R. Altenkirch and C. Peltz and a detailed explaination

Figure 3.2.: The setup for coherent diffractive imaging of the plasma dynamics. Lens L7

focuses the pump (red) and probe (blue) pulse onto the gold foil. The pump pulse is filtered

out by the bandpass filter behind the target and a diffraction image of the probe pulse is

captured with the detector.
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is given in the master’s thesis of R. Alternkirch [43]. One crucial step in the phase

retrieval procedure is the numerical propagation of an arbitrary electric field from the

detector plane to the target plane and vice versa.

One method for numerical propagation of a given electric field is the angular spectrum

method [44]. If a given electric field at the target position E(x′, y′, 0) is known, the

electric field at the detector position E(x, y, z) can be calculated by:

E(x′, y′, z) = F−1
[

F [E(x, y, 0)]eikz
√

1−α2
x−α2

y

]

(3.1)

with ³i = kic being the wave vectors x and y components multiplied by the speed of

light c and F and F−1 resembling Fourier- and inverse Fouriertransformations. How-

ever, this method is not suitable for fields that diverge in x-y direction.

To resolve the target with high accuracy, a high spatial resolution and as a conse-

quence, a small grid size is desireable in the focus. As the beam diverges with increas-

ing distance from the target, a large area at the detector plane is needed to capture

the whole image. However, in ASM the same grid size and resolution has to be used in

both the target and detector plane. For strong diverging fields, as it is the case in the

presented setup, many grid points are needed for to achieve sufficient resolution at the

target position, whilst capturing the total diffraction image. This ultimately leads to a

high computational effort, such that this method is not suitable for the here considered

experimental geometry.

One computationally feasible approach is the numeric propagation of electric fields

using the Fraunhofer diffraction equation [44]:

E(x, y, z) ≈ zeikρ

i¼Ä2

∫∫

∞

−∞

E(x′, y′)e−i k
z

(x′x+y′y)dx′dy′ (3.2)

A sketch illustrating the diffraction geometry and coordinate system used is shown in

Fig. 3.3.

The advantage of this propagation method is, that the simulation area for the target

and detector plane can have different sizes. Therefore, this method is computationally

cheap even for strongly divergent fields.

However, the derivation of the Fraunhofer diffraction equation involves strong approx-

imations, which make the formula only valid, if the Fraunhofer condition is fulfilled.

The Fraunhofer condition reads [44]:

z k Ã

¼
(x′2 + y′2)max (3.3)
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This conditions states, that the propagation distance z must be much larger than the

size of the target divided by the wavelength. The parameters in the used setup, with

r′

max =
√

x′2 + y′2
max being the radius of the holes, are: ¼ = 400 nm and r′

max ≈ 25 µm.

This leads to the following condition for the propagation distance:

z k 0.5 cm

The distance between target an detector in the experiment is about 10 cm. Therefore,

the condition is fullfilled. However, this methods fails quickly, if the size of the tar-

get increases, as the minimal required propagation distance scales quadratic with the

target size.

To allow an accurate propagation of the electric field even for larger targets, a new

diffraction formula, which in essence is a combination of the Fraunhofer and the Fres-

nel (see [44]) diffraction equation, was developed by R. Altenkirch and C. Peltz. It

reads [43]:

E(x, y, z) ≈ kzeikρ

2ÃiÄ2

∫∫

∞

−∞

E(x′, y′)ei k
2z

(x′2+y′2)e−i k
z

(x′x+y′y)dx′dy′ (3.4)

With the condition:

z3 k |(r − r′)4 − r4|max

4¼
(3.5)

Here, (r−r′) is the difference in size of the diffracting target and the diffraction pattern

in x-y-direction.

The propagation method is similar to the Fraunhofer propagation technique, but in-

cludes an additional phase term under the integral. This phase term stems from the

Fresnel approximation, where the propagating spherical wavefronts are approximated

y'

r' x'

z

z=0

x

y

r

Target

plane

Detector

plane

ϱ Figure 3.3.: Sketch showing the diffraction ge-

ometry and coordinate system. The incoming

probe beam is diffracted in the target plane and

the diffraction image is captured in the detec-

tor plane.
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by parabolic wavefronts. This leads to a more accurate propagation for larger targets

in the target plane.

For the above parameters and a maximal detector width of 2 cm this leads to following

condition for the hybrid approximation:

z k 4.0 cm

On first glance, this condition is more restricting than the Fraunhofer condition. How-

ever, the scaling of the minimal propagation distance is not quadratic anymore and

the method is applicable for target sizes of even 300 µm, where the minimal propaga-

tion distance is about 9 cm. In comparison, the required propagation distance in the

Fraunhofer approximation for an target size of 300 µm is already about 18 cm.

Since the hybrid approximation allows the accurate propagation of electric fields from

the target to the detector and vise versa for the presented setup, it is used in the phase

retrieval algorithm developed by R. Altenkirch and C. Peltz.

Apart from the ideal propagation method, other factors to consider for successful elec-

tric field reconstruction are the relative size and intensity of the scattered and trans-

mitted probe pulses on the detector, as discussed at the beginning of this section. The

relative size of the scattered and transmitted light can be adjusted by varying the dis-

tance of the gold foil to the detector and the relative intensity can be adjusted by

varying the size of probe beam with respect to the size of the excited region in the foil.

Theoretical studies by R. Altenkirch have shown that for a successful reconstruction

of static holes in the foil, two main conditions must be met: 1) the object diameter,

i.e. diameter of the holes after the excitation by the pump beam, should be roughly

the same size as the probe beam radius at the target position w(zfoil) and 2) the gold

foil and, therefore, the point of diffraction of the probe beam zfoil, should be some

millimeters in front of the probe beam focus z0. To fulfill these conditions, it’s crucial

that the beam waist of the pump beam is smaller than that of the probe beam.

The beam waist radius w0 of a Gaussian beam is given by:

w0 =
2¼f

ÃwL

(3.6)

Here, ¼ represents the wavelength, f is the focal length of the focusing lens, and wL

denotes the beam radius before the lens. Since both beams pass the same lens, and

the wavelength of the probe beam (¼ = 400 nm) is smaller than that of the pump beam

(¼ = 800 nm), the beam waist of the probe beam will be smaller, if the beam radius
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prior to the lens is equal for the pump and probe beam. To still achieve a smaller beam

waist for the pump beam, a larger pump beam radius prior to the lens compared to the

probe beam is required. This is achieved by reducing the beam size of the probe beam

in the SHG stage as well as in the spatial filter by using a lens with long focal length for

focusing and a lens with shorter focal length for recollimation. Furthermore, the pump

beam is kept as large as possible. However, an upper limit of the pump beam diameter

is given by the used optics such as the retroreflector or shutter. A pump beam that

does not fit the size of the optics would lead to a cutoff of part of the beam, causing

artifacts in the beam profile. As a consequence, the focal length of the lenses in the

telescope are chosen in a way that the pump beam is as large as possible whilst having

an appropriate size for the used optics. This ultimately leads to a smaller focus size

for the pump beam when compared to the probe beam, even though the wavelength

of the pump beam is larger.

Another crucial factor for a successful reconstruction of the electric field is the knowl-

edge of the geometry of the diffraction setup and interaction region. This includes the

z−position of the target, the z−position of the detector and the beam parameters of

the probe beam.

As the target, a 30 nm gold foil, is placed in a positioning system (HCU-3D, SmarAct),

all positions are obtained in the coordinate reference system of this positioning system.

The position of the foil can be easily read out. Acquiring the beam parameters of the

probe beam and the detector position requires other methods. The beam parameters of

a focused Gaussian beam are the waist radius w0, the Rayleigh length zR and the offset

of the focus in propagation direction z0. The beam radius along the laser propagation

direction z for a Gaussian beam is given by:

w(z) = w0

√

1 +
(

z − z0

zR

)2

(3.7)

These parameters as well as the camera position can by determined by using a knife-

edge and a camera scan. Those methods have already been discussed in multiple bach-

elor’s theses of our group [11, 45, 46]. The methods are used to obtain accurate values

for the probe and pump beam parameters and the position of the camera with respect

to the foil position.



24 Experimental Setup and Methods for Plasma-Analysis

3.3. Measurement Procedure for the Imaging of Plasma

Dynamics

In this thesis, the evolution of the plasma dynamics in laser-excited thin gold foils is

studied by coherent diffractive imaging. To successfully image plasma dynamics in thin

gold foils, several pieces of information must be obtained during each measurement.

This includes the profile of the probe beam, the integrity of the foil, and the shape of

the hole after the measurement. The procedure to obtain this data is covered in this

section.

In traditional coherent diffractive imaging experiments, only the scattered light of the

probe beam is used for the reconstruction [8]. However, our experiment is different

in this respect. For a semitransparent target there is not only diffracted light at the

position the target is excited, but also light transmitted through the foil outside of the

excited area. The transmitted and diffracted light is superimposed on the detector.

As a result a modified phase retrieval algorithm has to be employed to reconstruct

the complex electric field at the target position. This phase retrieval algorithm was

developed by R. Altenkirch and C. Peltz at the Institute of Physics, University of Rostock

in the group of Prof. Fennel: Strong-Field Nanophysics. In this algorithm, the field

transmitted through the undisturbed gold foil has to be known accurately, as it is used

as a boundary condition in the phase retrieval process. This field is equal to the field

that is propagated through the non excited foil and will be called background field

from now on.

Figure 3.4.: Exemplary illustration of the captured diffraction pictures for each measurement.

The pre image (a) shows the probe pulse transmitted through the undisturbed foil, the shot

image (b) shows the diffraction image obtained 190 ps after excitation by a 7 µJ pump pulse

and the post image (c) shows the diffraction image of the resulting hole in the foil.
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To obtain the background field, the first part of the measurement process is to take the

pre-image. This is done by blocking the pump pulse with the shutter and recording

the probe pulse that is transmitted through the undisturbed gold foil with the CMOS

camera. From this image and the beam parameters obtained with the knife-edge and

camera scan, the required background field at the interaction region can be estimated.

Furthermore, one can check if the foil is intact at the measurement location by check-

ing, if the pre image differs strongly from a Gaussian beam. In Fig. 3.4a, an exemplary

pre image is shown. The absence of diffraction orders indicates, that the gold foil is

intact at the interaction zone. From this image, the background field can be estimated.

The second part in the measurement procedure is capturing the so called shot-image.

In this step, the shutter is opened and one pump pulse excites the gold foil before

the shutter is closed again. After an adjustable time delay the probe pulse images the

dynamics in the excited foil and the resulting diffraction of the probe pulse is captured

by the CMOS camera. These images provide information about the excitation, relax-

ation, and ablation dynamics in the gold foil. By comparing shot-images for different

time delays between pump and probe pulse, it is possible to discuss the time evolution

of the dynamics in the excited gold foil. An exemplary shot-image for a time delay of

190 ps is shown in Fig. 3.4b.

The third and final captured image in the measurement procedure is the post-image.

This image is captured a few seconds after the excitation of the foil, when no dynamics

are observable anymore. The probe pulse is now diffracted by the hole created in the

gold foil. By checking, if the diffraction pattern is symmetric, centered and evenly

distributed over the detector, one can determine whether the pump and probe overlap

is good. Furthermore, it can be checked if the camera is in adequate distance from the

target. The camera is too close to the target if the diffraction orders are confined to

the center of the camera and to far away, if diffraction orders are cut of by the edge of

the detector. An exemplary post-image is shown in Fig. 3.4c.

3.4. Reproducibility of the Excitation and Relaxation

Dynamics

In this thesis, the excitation and relaxation dynamics in laser-excited gold foils are

studied with single-shot coherent diffractive imaging. To achieve reproducible results

it is crucial, that for different time delays, but otherwise unchanged experimental

parameters, the same plasma dynamics are induced in the foil. Furthermore, the
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spatial overlap and the beam diameter of the pump and probe pulse on the target

have to remain constant. Additionally, multiple measurements should yield identical

shot and post images in case the delay time and pump energy are unchanged.

All these conditions require a highly stable setup that is not affected by instabilities

in the laser output. A beam stabilization system (Aligna, TEM Messtechnik) is used

directly behind the output of the Ti:Sa laser system. This ensures that the laser beam

is always coupled into the experiment in the same way with respect to propagation

direction and position of the beam. In addition, other sources of instability, such as

vibrations of the optical elements, must be eliminated. Consequently, all optics were

mounted on fixed-height steel posts with a diameter of 1", which reduces vibration and

improves stability compared to adjustable-height posts. The only exception are optics

like apertures or the shutter, because the height of those optics is adjusted frequently

during the alignment process. However, small vibrations of those optical elements

should not affect the beam stability as significantly as the vibration of a lens mount,

for example.

In the following sections, the stability of the setup is evaluated using two different

methods. First, the reproducibility of the induced plasma dynamics is discussed by

examining microscopic images of the holes in the gold foils after the experiment. If the

shapes and sizes of the holes are identical regardless of the time delay, this indicates,

that the same plasma dynamics were induced for all measurements.

Second, the reproducibility of the imaging of the plasma dynamics is verified. This is

done by comparing different shot- and post-images taken with the same pump energy

and pump-probe delay. If the diffraction images are identical, the imaging of the

dynamics is also reproducible.

3.4.1. Reproducibility of the Excitation by the Pump Beam

The first method to verify the reproducibility of the excitation of the foil is to compare

holes in the foil made at different time delays. If the pulse duration and energy of the

pump pulse are not changed, the plasma dynamics in the foil should behave similar.

This should ultimately lead to the same holes in the gold foil. To verify whether this

condition for a reproducible measurement is met, microscope images of holes in the

foil, created with the same pulse energy and duration, but at different time delays, are

compared. They are shown in Fig. 3.5 together with the various positions of the delay

stage.
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Hole Position of the delay stage [mm]

A 60.18

B 60.35

C 61.49

D 89.97

E 119.94

F 299.00

Figure 3.5.: Comparison of holes in the gold foil for different positions of the delaystage. left)

Confocal microscope image of the holes in the gold foil right) Positions of the delaystage for

the different holes.

Instead of round holes, as one would expect for a Gaussian pump pulse, the holes are

asymmetric. While they have a roughly circular form, they feature a distinct spike on

the right and a less clear spike on the left. The beam profile of the pump beam can

be improved to produce circular holes. This is left for the future. However, all holes,

regardless of the position of the delaystage, show the same structure and have similar

sizes. This observation indicates, that similar plasma dynamics in the gold foil are

induced, regardless of the position of the delay stage. This suggests a stable setup of

the pump beam pathway.

3.4.2. Reproducibility of the Imaging of the Plasma Dynamics

In addition to the reproducibility of the induced plasma dynamics, also the imaging

of the dynamics by the probe pulse should be reproducible. This includes a fixed

spatial overlap of the probe and pump pulse at the target positions for different mea-

surements. One method to check if the imaging of the dynamics is reproducible, is

to compare the recorded post and shot diffraction images for different measurements

with the same parameters. Those unchanged parameters are: the excitation energy,

the delay time between pump and probe pulse and the pulse duration of the pump

and probe pulse. The only change between measurements is the position on the gold

foil where the measurements are done.

Two different diffraction images of the shot (a, b) and the post (d, e) measurement with

the same measurement parameters are shown in Fig. 3.6. In addition, the modulus

of the difference of both images is given in c for the shot and in f for the post images.

Both shot images look qualitative the same. There are no mayor differences in the
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diffraction pattern. For both images one can observe a peak in intensity in the middle

of the image. Furthermore, there are a few holographic features surrounding this

middle peak. The fact that there are no major differences in the diffraction images is

confirmed by Fig. 3.6c that shows the modulus of the difference of both shot images.

The only noticeable deviation of both images is observed in the center of the image

where a maximal deviation of around 1000 counts is observed, which is a deviation of

less than 10%. As a result, the imaging of the shot images seems to be very stable and

reproducible.

Both diffraction images obtained during the post measurements look qualitative sim-

ilar to each other as well (see Fig. 3.6 d,e). Both feature a peak in intensity in the

center due to the primary beam. Furthermore, multiple diffraction peaks spread out-

wards with decreasing intensity. The first order diffraction peaks exhibit holographic

Figure 3.6.: Shot (a, b) and post (d, e) diffraction images for repeated measurements with

the same experimental parameters. The modulus of the difference of both images is given in

c) for the shot and in f) for the post images. The pump energy was set to 7 µJ and position of

the delaystage was 67.49 mm which corresponds to a time delay of 40.7 ps between the pump

and probe pulse.
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features, which are characterized by oscillations overlaying the diffraction peak. Even

those fine details do not show significant variation when comparing both images. This

is confirmed by Fig. 3.6f that shows the modulus of the difference of both post images.

The deviation in the center is about 3000 counts. This is a deviation of less than 10%,

as the post images have about 40000 counts in the same area. A similar relative devi-

ation is observed at regions with fewer counts, for example, the diffraction peaks. As

a result, the imaging of the post images seems to be very stable and reproducible.

In conclusion, the diffraction images for both the shot and post measurements are

reproducible for multiple measurements. This indicates, that the used setup for the

excitation and the imaging of the plasma dynamics is highly stable and different mea-

surements can be compared to each other to achieve a time resolved imaging of the

dynamics.

3.5. Thin Foil Characterization

This section is dedicated to the characterization of the target, a 30 nm thick gold foil.

In the experiment the foil is excited by a 800 nm pump pulse and imaged by a 400 nm

probe pulse after an adjustable delay. The time resolved dynamics in the foil are ob-

tained by comparing measurements conducted at different time delays between pump

and probe. However, since the foil is damaged after each measurement, the next mea-

surement with a different delay time between pump and probe pulse has to be done

at a different position on the foil. For this method to provide meaningful results, it

is crucial that the parameters of the target, such as its thickness, do not change over

the area of the foil. To prove that the foil is uniform, this section is dedicated to the

characterization of the gold foil.

Measuring the thickness of objects in the vicinity of nanometers, as it is the case for

the used gold foils, is challenging, if not impossible, with traditional methods like

measuring using rulers, calipers or micrometers, which are typically accurate only

down to the micrometer scale at best. Therefore, other measuring methods have to be

employed with the goal of measuring the thickness of the foil. Those methods include

for example weighing the foil, measuring the energy loss of alpha-particles passing the

foil [47] or measuring the strength of electron backscattering [48]. However, those

methods have some drawbacks. For e.g., if the foil is weighed, one can only obtain the

average foil thickness but no spatial resolved thickness. Furthermore, a high-precision

scale is required since a 30 nm thick and 1 cm wide gold foil only weighs about 60 µg.

Measuring with alpha and beta particles requires dedicated setups.
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The method of choice in this thesis is the indirect measurement of the foil thickness

by measuring the transmittivity of the gold foil for the 400 nm probe beam at different

positions on the foil. As discussed in chapter 2.1.1, the transmittivity only depends on

the thickness of the film, the refractive index of the material and the wavelength. It is

given by the following relation:
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Since the wavelength is known, the transmittance can be measured, and literature

values are available for the refractive index, the thickness of the foil can be extracted.

This method can be easily incorporated into the existing setup and allows for a spatial

resolved foil thickness measurement.

In Fig. 3.7a the measured transmittance of a thin gold foil used in this thesis is

shown. One can see that the transmittance experiences strong deviations in some

small (<100 µm) spots (e.g. see arrows in Fig. 3.7a) where the transmission drops

roughly 1 % below the mean transmission of the foil. Furthermore, an artifact is ob-

servable with spots and lines where the transmission drops below the mean transmis-

sion (see dashed circle). The area surrounding this artifact has a transmission higher

than the mean. Apart from those exceptions the transmittance only varies slightly over

the whole area of the foil.

To retrieve foil thickness map corresponding to the transmission map, the foil thickness

is calculated by solving eq. 3.8 for L numerically. The resulting thickness map is

shown in Fig. 3.7 b). The refractive index used for the calculation was taken from

Figure 3.7.: a) spatial resolved measured transmittance and b) calculated foil thickness using

the procedure discussed in the text with the refractive index for gold given in [13].
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Figure 3.8.: Optical microscope image of the area on the

gold foil marked with a dashed circle in Fig. 3.7. The

artifact is clearly visible at the center, featuring darker

lines surrounded by a circle that is slightly lighter in color

than the rest of the foil.

[13]. The average thickness is L = 29.25 nm which is close to the value given by the

manufacturer of L = 30 nm.

As indicated by the arrows, the same spots where a lower transmission was observed, a

larger foil thickness was calculated. The same can be seen for the artifact (see dashed

circle). The low transmission spots and lines result in a large foil thickness, whereas

the high transmittance surrounding results in a thinner foil thickness.

To investigate the observed artifact further, the area marked by a dashed circle in

Fig. 3.7 was viewed using an optical microscope. A picture of the artifact is shown in

Fig. 3.8. One can clearly see a structure with the same shape as the artifact observed

in the transmission measurement. Furthermore, the color of the gold foil near the

structure differs from the color of the rest of the foil. This area was also conspicuous

in the transmission measurement and showed itself in an increase in transmission.

One can only speculate about the cause for this structure to appear in the manufac-

turing process. However, since this artifact is spatially confined and well visible in

the transmission measurement as well as under the microscope, it should not be a

problem in the experiment, as measurements near this defect can be easily identified

and discarded. Furthermore, they can be sorted out by looking at the pre image of

each measurement. If one pre image differs greatly from the others, this indicates

that the film may be damaged at the point where the measurement was taken. Other

areas on the foil where a homogeneous transmission profile was observed showed no

conspicuous features under the microscope.

In conclusion, the studied foil only shows small deviations in thickness over the whole

area. However, in some places strong deviations from the mean thickness can be

observed. Measurements taken in those areas have to be discussed with care or be

discarded entirely. Overall, however, the films are well suited for the experiment and

allow for time resolved measurement by comparing measurements from different po-

sitions on the foil.
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Chapter 4.

Excitation and Relaxation Dynamics in

Laser-Excited Thin Gold Foils

Now that the methods necessary for the imaging of the plasma dynamics have been

presented, this chapter is dedicated to the analysis of the plasma dynamics in the

laser-excited thin gold foils. The 30 nm-thick free-standing gold foils are excited by a

focused femtosecond (fs) 800 nm pump pulse with adjustable pulse energy and polar-

ization. The excited foil is subsequently imaged by a low intensity fs-400 nm pulse

with variable time delay up to 2 ns. Information about the plasma dynamics is ex-

tracted from the diffraction images of the probe beam.

In the first part, the dependence of the plasma dynamics on the pump intensity and

polarization is discussed by analyzing the diffraction images in terms of the total cap-

tured probe intensity and the structure of the diffraction patterns for different time

delays and pump pulse parameters. Furthermore, the ablation threshold of the gold

foil is determined by viewing holes in the foil shot with different energy densities un-

der a microscope. In the second part, a phase retrieval algorithm developed by R.

Altenkirch and C. Peltz is used to reconstruct the electric field at the foil position.

From the reconstructions, information about the plasma dynamics in the gold foil is

obtained.
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4.1. The Influence of Laser Parameters on the

Evolution of the Plasma Dynamics

4.1.1. Change in the Transmission of a Gold Foil Excited by an

Ultrashort Laserpulse

A simple but powerful method to study plasma dynamics in thin gold foils after excita-

tion by an ultrashort laser pulse is the analysis of the time resolved transmission. The

time resolved transmission is calculated by normalizing the total captured intensity of

the shot image by the total intensity of the pre image.

The time dependent transmissions for three different pump pulse intensities are shown

on the left side in Fig. 4.1. For time delays less than zero, i.e. for the probe pulse

imaging the foil before the pump pulse excites it, the transmission is constant at 1.

This can be easily understood, since for negative time delays the probe pulse only

probes the undisturbed foil when measuring the shot image. Because the intensity

is normalized by the pre image, the result must be a transmission of 1. The small

Figure 4.1.: left) Time-dependent transmission curves for three different (1.3, 2.28 and

4.56 MJ kg−1) absorbed energy densities. Only the energy of the pump pulse has been ad-

justed between measurements by turning the first polarizer in the pump beam path. The x-axis

is linear until 1 ps and then logarithmic. The scaling of the y−axis below and above 1 differs.

right) Four selected diffraction images from the measurement with a pump peak intensity of

2.28 MJ kg−1 for time delays of A) 0.59 ps, B) 185 ps, C) 1800 ps and D) ∞ (post image for the

measurement shown in C)
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deviations from a transmission of 1 can be explained by a shot-to-shot pulse energy

variations of the laser, which leads to slightly different probe intensities for the pre

and shot measurement and ultimately to small variations in the transmission. The

transmission varies in an interval between 0.94 and 1.02, underlining the high stability

of the setup.

For time delays between 0 ps and 0.7 ps, the transmission is drastically reduced to about

0.55 and 0.45 for pump intensities of 2.28 MJ kg−1 and 4.46 MJ kg−1, respectively. The

transmission then stays nearly constant until 10 ps, where an increase in transmission

is observed. In addition, for the pump intensity of 1.3 MJ kg−1, the transmission is

less than 1 at 1 ps and increases as well after about 10 ps. However, there were no

measurements made in the first ps for this pump intensity, because there was not

enough space left on the gold foil to measure at all time delays measured in the other

measurement series.

The decrease in transmission can be explained qualitatively by the Drude Model. The

pump pulse energy is absorbed by the electrons in the gold foil. This leads to an

increase in the free-electron density ne and, consequently, the plasma frequency Ép

rises. The plasma frequency describes the maximal frequency at which the electrons

can still follow an incoming electric field. As the electrons are oscillating with the same

frequency as the incoming electric field they reflect it as a result. For that reason,

an increase in the plasma frequency leads to a higher reflection and ultimately to a

reduction of the transmission.

From the measurements shown in Fig. 4.1, it appears that the transmission for a time

delay between 0.7 and 10 ps decreases more for larger pump pulse intensities. This

effect will be discussed in more detail later, as the general shape of the curves will be

discussed first.

For time delays exceeding 10 ps, the transmission increases again for all three different

pump intensities (see Fig. 4.1) and after roughly 100 ps the transmission reaches values

larger than one and is higher compared to the non excited foil.

The increase in transmission after 10 ps can be explained using the TTM (see section

2.1.2). After the electrons are excited, which can be described as an increase in elec-

tronic temperature, the electrons transfer their heat to the lattice. This results in the

electronic temperature decreasing and the lattice temperature increasing. This energy

transfer from the electrons to the lattice leads to a reduced excitation of the electrons

and, therefore, to a reduced free-electron density, increasing the transmission. The

characteristic time of this energy transfer is on a time scale of some 10 ps. This is in

agreement with the recorded data, as the transmission increases after a similar time
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delay. Furthermore, some excited electrons might leave the foil, which also leads to a

reduced free electron density

However, the increase in transmission can be explained by a second effect, namely

the onset of lattice dynamics in the gold foil. Since the lattice is heated due to energy

transfer from the electronic system, the now heated lattice is melting and subsequently

expanding due to a pressure buildup in the foil [30]. As the thickness of the created

plasma increases, the electron density is reduced during this process. This leads to a

reduced reflection and, as a result, to an increase in transmission.

The TTM as well as the literature suggest melting of the foil after 10 ps for an absorbed

energy density larger than 1 MJ kg−1 [30]. Since the used energy densities in Fig. 4.1

lie in the range of 1.3 MJ kg−1 to 4.6 MJ kg−1, the lattice dynamics should start after

roughly 10 ps resulting in an expansion of the excited foil. This leads to an increase in

transmission after about 10 ps.

However, as the cooling of the electronic system and the lattice ablation dynamics both

overlap in time and both result in an increase in transmission, it is difficult to extract

the exact time at which the expansion of the excited foil begins from the transmission

curve alone.

Fig. 4.1 shows, that the transmission exceeds 1 after 100 ps for all three energy densi-

ties used. Without expansion, the electron density would not drop below the level in

the undisturbed foil, so the transmission would not surpass 1. As a result, the foil has

to be expanding at a time delay of 100 ps.

However, apart from the heating of the lattice system and the subsequent expansion

due to the ion dynamics, a Coulomb explosion could lead to ablation and an increased

transmission as well. A Coulomb explosion occurs when a target is rapidly ionized, for

example by an intense, ultrashort laser pulse. This leads to repulsion and subsequent

disintegration of the now positively charged ions. Coulomb explosions have been

thoroughly studied for example on molecules or clusters [36]. Studies for thin metal

films suggest, that Coulomb explosion has to be considered only for laser fluences

close to the ablation threshold, i.e. for ablation depths below 20 nm. For larger energy

densities the dominant effect is the thermal ablation [37]. As the used foils are 30 nm

thick and clear holes where observed under the microscope, thermal ablation is most

likely the dominant effect that leads to ablation. However, the Coulomb explosion

mechanism might be important to describe the ablation dynamics at the edges of the

excited region, since the laser intensity is close to the ablation threshold in this area.

To examine if the transmission reaches values of 1 after 100 ps for other energy densi-

ties as well, the transmission 100 ps after excitation was measured for different energy
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densities. The result will be addressed after the general shape of the transmission

curves was discussed completely.

Given that an increase in transmission is observed after 10 ps and a transmission above

1 after 100 ps for the utilized energy densities, it can be reasoned that the onset of

lattice dynamics must occur between 10 and 100 ps. The expansion of the excited

foil then leads to a further increase in the transmission with increasing time delay. At

1800 ps, which marks the maximum time delay with the current setup, the transmission

reaches values of 2 and 2.5. The average transmission of the post measurements is 5.8

and 6.1 (not shown in Fig. 4.1) for pump intensities of 2.28 MJ kg−1 and 4.56 MJ kg−1,

respectively. As the curves do not reach the post transmission values and as they are

not flattened at a time delay of 1800 ps, one can conclude that the dynamics in the foil

are not finished even 1800 ps after the excitation. This is underlined when comparing

the shot (C) with the post (D) image in Fig. 4.1. One can still see major differences

between both images, which confirms that the imaging time of about 2 ns is too small

to resolve all the dynamics in the foil.

In order to resolve the whole ablation process, a longer maximal time delay is needed.

This could be achieved in the future by going through the delay stage a second time,

improving the maximum time delay by a factor of 2 to about 4 ns.

After discussing the general course of transmission as a function of time delay, the

energy dependence of transmission at characteristic time delays is examined. As men-

tioned above, the transmission in the first 10 ps seems to decrease more for higher

pump energies. To verify this observation, a second measurement was performed. For

this measurement, the time delay between pump and probe pulse was set to 5 ps and

a variety of pump pulse energies were used to excite the gold foil. The delay of 5 ps

was chosen, because it is about halfway between the decrease and the increase of the

transmission. The transmission at a time delay of 5 ps for a variety of pump pulse ener-

gies is shown in Fig. 4.2. The x−axis shows the energy density used for the excitation

of the foil and the y−axis shows the transmission of the gold foil after a time delay of

5 ps.

As already suspected from Fig. 4.1, the transmission decreases with increasing pump

intensity. The smallest transmission value 0.46 is measured at the highest energy den-

sity of 7.19 MJ kg−1. The descent of the transmission with intensity seems to be approx-

imately linear. However, the transmission can not reach values below zero. Therefore,

the course of the graph is expected to flatten for even higher intensities. Unfortunately,

there were no measurements done for energy densities surpassing 7.19 MJ kg−1. Con-
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sequently, the course of the graph for higher energy densities has to be measured and

discussed in the future.

As before, the decrease in transmission with increasing pump intensity can be qualita-

tively explained by the Drude model. With increased pump intensity, more electrons

are excited, leading to an even higher free electron density. This leads to a higher

reflectivity and, as a result, to a lower transmission with increasing pump intensity.

However, more sophisticated theoretical models are required to quantitatively explain

the course of the graph, such as the linear decrease.

In addition to the increased excitation, the size of the holes and thus the excited area

increases with increasing pump pulse energy. Since a larger area is excited, a larger

area contributes to the decrease in transmission. This overlays the effect due to the

increased free electron density in the center. However, the increase in the hole size

for a Gaussian pump beam should proportional to the logarithm of the pump laser

energy [49]. If the decrease in transmission were due only to the increasing size of the

excited area, no linear decrease of the transmission as a function of the pump energy

would be observed. Therefore, the transmission decrease is at least partially due to

the increased excitation in the center of the excited region.

To separate the decrease in transmission due to a higher excitation in the center from

the decrease due to a larger excited region, reconstructions of the complex transmis-

sion are needed.

Note, that the transmission does not reach 1 even at energy densities of 0.5 MJ kg−1,

although no ablation was observed at these intensities (see microscope image in Fig.

4.2). As we see no ablation, the lattice should be almost undisturbed at these inten-

sities, but since we see a reduced transmission at a time delay of 5 ps, the electronic

Figure 4.2.: Transmission for a pump-probe

time delay of 5 ps as a function of the absorbed

energy density. The pump pulse energy has

been adjusted by turning the first polarizer in

the pump beam path. Two exemplary micro-

scope images are shown for the minimal and

maximal pump intensity.



Excitation and Relaxation Dynamics in Laser-Excited Thin Gold Foils 39

subsystem must be responsible for the change in transmission on such timescales.

Since we see a separation of electron and lattice dynamics, this further underlines that

the Two-Temperature-Model (TTM) that was discussed in section 2.1.2 is applicable

here and only the electrons have to be discussed in the first 10 ps after excitation.

Another notable point in the transmission curve as a function of time delay occurs at

100 ps. At this time delay, the transmission reaches a value of 1 in Fig. 4.1, independent

of the pump energy used. To examine this observation further, the time delay was set

to 100 ps and the transmission is measured in dependence of the pump pulse energy.

The transmission at a time delay of 100 ps for a variety of pump pulse energies is shown

in Fig. 4.3. The x−axis shows the absorbed energy density and the y−axis shows the

transmission of the gold foil after a time delay of 100 ps.

As already suspected from Fig. 4.1, the transmission 100 ps after excitation is approx-

imately 1 for all used energy densities. Only three out of 16 measurements deviate

more than 10% from a transmission value of 1. There is no clear trend visible on how

the transmission changes with increasing pump energy.

For a time delay of 5 ps, a decrease in transmission was observed for higher excitation

energies. This was assigned to an increased free electron density, which increased

reflection and thus decreased the transmission. The rise in transmission after about

10 ps was assigned to the onset of lattice dynamics which lead to an expansion of the

excited foil and, as a result, to a reduction of the free electron density.

Since transmission reaches 1 across all energy levels after 100 ps, it is likely that higher

excitation, which initially reduces transmission in the first few picoseconds, accel-

erates the expansion of the plasma induced in the excited gold foil. At 100 ps, the

reduced transmission due to the increased excitation was presumably compensated by

Figure 4.3.: Transmission for a pump-probe

time delay of 100 ps as a function of the ab-

sorbed energy density. The pump pulse energy

has been adjusted by turning the first polarizer

in the pump beam path.
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the increased transmission due to the faster expansion of the foil. Therefore, this mea-

surement could indicate a faster expansion speed of the excited gold foil for higher

excitation energies. However, this observation will have to be proven or disproved in

the future by analyzing reconstructions of the electric field at the target position for

different pump energies and time delays.

In summary, the time-dependent transmission curves provide information about the

time scales of various processes in the foil. These include the excitation of electrons in

the first few hundred fs, the melting and expansion of the gold foil after about 10 ps to

100 ps, and finally the ablation of the material that is still ongoing after more than 2 ns.

However, one can see in Fig. 4.1, that in addition to the total intensity, the structure

of the diffraction images changes greatly with the time delay. Hence, the structure of

the captured diffraction images may hold more information than the total intensity

alone. For that reason, the next section is dedicated to the analysis of the change in

the structure of the diffraction images for different time delays.

4.1.2. Analysis of the Diffraction Pattern Shape Evolution

In this section, the evolution of the structure of the diffraction images is analyzed. One

common method visualize the structure change of diffraction images as a function

of the time delay is to analyze the evolution of the average intensity along an axis

with multiple diffraction orders. The coordinate system is illustrated in Fig. 4.4. To

reduce the influence of noise, especially far from the center where the intensity of

the diffraction orders decreases, the intensity at each distance r from the center is

averaged over the opening angle d¹ and a radial step dr. It should be noted, that the

size radial step dr is greatly exaggerated in Fig. 4.4 for a better visualization. It is set

to rather small values of 2 pixels which corresponds to 13 µm.

The origin O is set to the center of the diffraction image, which is the middle of the

captured probe beam profile in the pre image. The center position is calculated by

applying a Gaussian filter to smooth the diffraction image and then peak position is

located for this smoothed image. This ensures that the origin O is always set to the

center of the diffraction image and that noise does not cause the origin to be set

incorrectly.

Afterwards, the average measured counts are calculated in each of the area elements

dA. The result is an average intensity along the angle ¹ as a function of the distance

from the center r. To observe the structural change of the diffraction patterns with

time, this procedure is done for shot measurements at different time delays and plotted
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as a false-color image where the x-axis is the time delay, the y−axis is the distance from

the center r and the average intensity is represented by the color with logarithmic

scaling.

The structure evolution should be best visible for an angle ¹ where multiple diffraction

orders are observed. As a consequence the angle ¹ is set in a direction with many

diffraction orders and the opening angle d¹ is set in a way that the total width of the

diffraction maxima is captured. The angles used are ¹ = 42◦ and d¹ = 10◦

Figure 4.5 shows two images obtained using the procedure described above. The

x−axis is linear until 1 ps and then logarithmic. The used excitation energies are

2.28 MJ kg−1 and 4.56 MJ kg−1 for picture a) and b), respectively.

In the first picosecond after excitation, the width and maximal intensity of the primary

beam decreases for both excitation intensities. However, the effect is greater for the

larger excitation energy of 4.56 MJ kg−1 in Fig. 4.5b.

Moreover, multiple diffraction orders appear after roughly 0.5 ps. This is identified by

the intensity oscillating in the r-direction. The oscillations are spatially confined to

about 3 mm and 4 mm from the center for 2.28 MJ kg−1 and 4.56 MJ kg−1, respectively.

Since this structure does not change until about 10 ps after excitation, it indicated that

there is no drastic change in the refractive index of the foil and as a result, most likely

no expansion of the foil in this time. The reduction of intensity in the central part

of the image can be explained in the same manner as in section 4.1.1: The pump

laser excites the electrons in the foil, leading to a increase in reflection and, therefore,

decrease in transmission.

x

y

dr

dA

dθ

θ

r

Figure 4.4.: Sketch of the coordinate system

used to bin the captured intensity along an an-

gle. Furthermore, an exemplary diffraction im-

age is shown.
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Now the reason for the observed structure of the diffraction images, in particular what

causes the diffraction orders to be spatially confined to the center of the image during

the first 10 ps, shall be discussed.

As the ionization rate is dependent on the local intensity of the pump pulse, the ion-

ization rate should follow the pump pulses lateral intensity profile. This leads to an

increased electron density in the center of the excited region and an unchanged elec-

tron density far away (in the lateral direction) from the center. Because the intensity

profile of the pump beam is continuous and not step-like in lateral direction, there is a

continuous transition from high to low electron density. Therefore, also the refractive

index changes continuously over the extend of the excited area.

To unravel the features in the diffraction pattern that are caused by an continuous

refractive index profile, the diffraction image is calculated for a step-like change of

refractive index and a continuous change of the refractive index. The masks used for

the computation and the simulated diffraction images are shown in Fig. 4.6. The

diffraction images are calculated using the angular spectrum method. The diffraction

image of the object with a step like change in the refractive index (hard edge) results

in multiple diffraction orders that spread far outward. For the diffraction of the object

with a continuously changing refractive index (soft edge), only few diffraction orders

that are spatially confined to the center can be seen.

This is because the structure of the image in the far field is related, to a good approxi-

mation, to the Fourier transformation of the field behind the diffracting object [50]. If

Figure 4.5.: Time resolved angle binned shot diffraction images. The time axis is linear until

1 ps and logarithmic for longer time delays. The angles are set to θ = −42◦ and dθ = 10◦. The

pump energy densities are a) 2.28 MJ kg−1 and b) 4.56 MJ kg−1. Since no measurements were

taken for time delays below 0 for the measurement in b), this region was left blank.
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the object is smooth, i.e. the refractive index has no jumps, this leads to a diffraction

image with few diffraction orders. However, if there are edges in the diffracting object,

as it is the case for the post images, this leads to multiple diffraction orders extending

outwards to the edge of the detector.

This underlines the argument, that in the first few picoseconds after excitation there

are no jumps in the complex refractive index at the object position, since the change in

electron density follows the pump beam profile. Thus, the lattice dynamics in the foil

most likely have not started, as this would cause a step-like change in refractive index

at the crossover point where just enough energy is absorbed for the onset of lattice

dynamics.

In Fig. 4.5, it can be seen, that the structure of the diffraction images changes drasti-

cally after about 15 ps for both pump intensities. However, the change in the diffrac-

tion images is different for both intensities. For a absorbed pump energy density of

2.28 MJ kg−1 (a), at first only one widespread diffraction order that is overlayed by

multiple oscillations appears about 3 mm from the center after 15 ps (see arrow A).

The width of the diffraction peak broadens with increasing time delay and the oscilla-

Figure 4.6.: left) The mask used for the diffraction of a Gaussian beam and right) the resulting

diffraction image 2 cm behind the foil. The mask shows values between 0 (white) and 1 (black)

that are multiplied with the complex refractive index of gold to receive the refractive index

distribution which diffracts the Gaussian beam. The foil is set to a thickness of 30 nm and the

beam is propagated using the angular spectrum method. The shown images were obtained

from two different numerical calculations and were combined for a better visualization. The

top left of the images show the mask and the corresponding diffraction image for a hole with a

clearly defined edge (hard edge). The bottom right part of the images show the mask and the

diffraction image for the same mask, but with the edge smoothed using a Gaussian filter (soft

edge).
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tions seem to disappear. At 40 ps, two new diffraction orders appear about 6.5 mm and

8.5 mm from the center with lower intensity (see arrow B). The diffraction minima are

positioned at 5.8 mm and 7.8 mm. After about 200 ps, an additional feature arises. One

can observe a small peak near the primary beam (see arrow C).

For the measurement with higher pump pulse energy (4.56 MJ kg−1, Fig. 4.5b), the

change in structure is different. After 15 ps two diffraction orders appear roughly 4 mm

and 5.5 mm from the center (see arrow A). After 40 ps a third diffraction peak appears

(see arrow B). Furthermore, the first two peaks seem to merge into one wide feature

over time.

As discussed above, if multiple diffraction orders far from the primary beam are ob-

served, this means that the refractive index of the diffracting target changes step-like

in lateral direction. This sudden change in the refractive index could be located right

at the crossover point where just enough energy for an expansion of the foil was ab-

sorbed. This leads to multiple diffraction orders extending far away from the primary

beam. Because the diffraction orders far away from the center are formed after 15 ps

for both pump intensities, we can conclude that the lattice dynamics in the foil seem

to start about 15 ps after excitation. However, the small features observed in the evo-

lution of the structure of the diffraction images cannot be interpreted as easily. Thus,

the reconstructed electric field at the target position is needed for a detailed analysis

of the plasma dynamics.

In conclusion, the results obtained in section 4.1.1 were confirmed by analyzing the

change in the structure of the diffraction images. However, the time delay at which

the lattice dynamic sets in has been determined with greater precision: The lattice

dynamics in the foil seem to set in around 15 ps after the excitation, regardless of the

pump intensity used. However, the time at which the lattice dynamics set in may vary

if the excitation energy is varied over a wider range.

4.1.3. Ablation Threshold of Thin Gold Foils

An important parameter when discussing the dynamics in laser excited media is the

ablation threshold. It describes the minimum laser energy required to remove material

from a substrate. This section aims to determine the ablation threshold of a thin gold

foil when excited by an 800 nm femtosecond pump pulse. It is then compared with the

ablation thresholds obtained in other studies.

Figure 4.7 shows holes in the gold foil that were shot with different pump pulse energy

densities ranging from 0.51 MJ kg−1 to 7.19 MJ kg−1. The holes get larger with increas-
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ing pump energy. Additionally, the structure of the holes varies with the used pump

pulse energy. For absorbed energy densities of 0.86 MJ kg−1 and 1.37 MJ kg−1 the holes

are shaped like ellipses with the major axis orientated from left to right. However,

the shapes get irregular for higher energy densities. Moreover, the edges of the holes

shot with energy densities of 5.14 MJ kg−1 and 7.19 MJ kg−1 seem to bend out of the

foil plane. The irregular structures may be due to a pump beam profile that deviates

slightly from an ideal Gaussian beam profile.

A common method to determine the ablation threshold of thin foils is to measure the

hole size as a function of laser fluence. The size of the hole created by a Gaussian laser

pulse is given by [49]:

D2 = 2w2
0 ln

(

ϕpk

ϕth

)

(4.1)

Here, D denotes the diameter of the created hole, w0 is the 1/e2 radius of the Gaussian

beam and ϕpk and ϕth are the peak laser fluence and ablation threshold fluence, re-

spectively. As the fluence is proportional to the energy density if the beam parameters

Figure 4.7.: Six exemplary holes in the gold foil shot with different pump pulse energies. The

peak absorbed energy density is shown in the top left in each image. For an energy density of

0.51 MJ kg−1 no hole was created, but the color of the foil change to a slightly brighter tone in

one spot (see dashed circle).
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Figure 4.8.: The square of the hole diameter

D2 as a function of the absorbed energy den-

sity. The fit function is given in the text. The

ablation threshold is the intersection of the fit

with D2 = 0.

are unchanged, ϕpk and ϕth can be replaced by the absorbed energy density and the

ablation threshold energy density.

By giving the square of the hole diameter as a function of the natural logarithm of the

energy density used, the ablation threshold can be obtained using linear regression.

The intercept at D2 = 0 is the ablation threshold.

The hole diameter used for the fit is the average of the width and height of the holes.

The width and height were determined using confocal microscope images of the foil.

The squared hole diameter as a function of the absorbed energy density is given in

Fig. 4.8. Only the measurements where a hole was created (D2 > 0) are used for

the fit. The fit is in good agreement for the energy densities between 1 MJ kg−1 and

2 MJ kg−1. However, the deviation from the fit increases for higher energies. A reason

for this observation could be the irregular structure of the holes shot with high pump

energy. This may invalidate the method of obtaining the diameter of the holes by

calculating the average of the width and height.

Nonetheless, the ablation threshold was determined from the fit. It is the energy

density at which the fit intersects D2 = 0. The single shot ablation threshold for

gold was determined to be 0.9 ± 0.3 MJ kg−1. Other studies found ablation thresholds

for gold foils with similar thickness to be in the range of 0.33 MJ kg−1 to 1 MJ kg−1

[30, 51, 52]. The results obtained are therefore in agreement with other studies. One

strategy to reduce the measurement uncertainty in the future, is to improve the beam

quality of the pump beam. This should result in circular holes in the foil.
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4.1.4. Polarization Dependence of the Plasma Dynamics

After the dependence of the pump beam energy on the plasma dynamics was dis-

cussed in the last sections, this section is dedicated to the influence of the pump pulse

polarization on the induced dynamics in the foil. Other research groups have already

studied the polarization dependence on the ablation dynamics for insulators and thin

metal films on a quartz substrate and an elongation of the created holes along the po-

larization axis has been observed in both material classes [53, 54]. However, for metals

this elongation was only observed for pump energies close to the ablation threshold.

To analyze the impact of the pump pulse polarization on the plasma dynamics in thin,

free standing gold foils, two measurements are made with the same pump energy but

different pump polarizations. The polarization of the pump pulse is adjusted using the

second polarizer in the pump beam pathway and then the pump pulse energy density

was set to 1.6 MJ kg−1 using the first polarizer. One measurement was done for hor-

izontal polarization and one measurement for vertical polarization. The polarization

of the probe beam was unchanged between measurements.

The first method to compare the effects of both polarizations is the comparison of the

created holes. Fig. 4.9a&b shows two holes in the same gold foil with an equal time

delay between pump and probe pulse. The polarization of the pump beam is indicated

by the arrows in the top left of each image. To help compare the hole shapes, the

contours of the two holes are superimposed in Fig. 4.9c.

Both holes are asymmetric. They feature a spike on the right side, but are rounded

at the top and bottom. However, the holes differ on the left hand side. The hole shot

Figure 4.9.: a&b) Confocal microscope images of two holes in the gold foil with the polariza-

tion of the laser shown in the top left. Both holes were shot with a pump pulse energy density

of 1.6 MJ kg−1 and at the same position of the delay stage of 75 mm which translates to a time

delay of 91 ps. c) Contour of the hole in a) (blue line) and b) (red line) superimposed.
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with horizontal polarization is nearly round on the left side, whereas the hole shot

with vertical polarization has a small spike on the left hand side.

Although some differences can be made up in the images, the contours of the holes

are changed only slightly, similar to the variations observed when discussing the repro-

ducibility of the measurements (see section 3.4). Furthermore, the changes are small

compared to other studies that have observed significant elongation of the holes along

the polarization axis [53, 54]. Therefore, the microscope images alone do not suggest

a polarization dependence of the plasma dynamics.

Another method to check if the polarization of the pump beam influences the plasma

dynamics, is the comparison of the shot images taken at the same time delays but

with different pump polarization. If the plasma dynamics are independent of the

polarization of the pump pulse, the images for a given time delay should be identical,

regardless of the polarization.

A selection of three pairs of shot images with the same time delay for each pair, but

different polarization of the pump pulse, is shown in Fig. 4.10. The pump pulse energy

density for both polarizations was set to 1.6 MJ kg−1.

At a time delay of 0.68 ps, the diffraction images for both polarizations look qualita-

tively similar. They have an intensity maxima in the center and some holographic

features around it. There are no major differences in, for example, symmetry or width

of the diffraction pattern that could indicate a polarization dependence.

At a time delay of 90 ps, the diffraction images still show a similar structure. The

central part of the image has a similar structure as the diffraction images at 0.68 ps.

In addition, a faint diffraction ring surrounds the central part. The ring is stretched

vertically for both polarisations.

For a time delay of 990 ps, both diffraction images again show a broadly similar struc-

ture. In the central part of the diffraction image the highest intensity of about 104

counts is observed. This maximum lies inside an area (see black dashed circle) that is

near circular for the measurement with the vertical polarized pump pulse. In case of

the horizontal pump polarization, the area surrounding the maximum is stretched ver-

tically. The intensity decreases towards the edge of this area for both measurements

where the intensity reaches a minimum.

Approximately 4 mm from the center, a ring is observed. Just like the ellipse in the cen-

ter, this ring is elongated vertically for the measurement with horizontal polarization

while it is about circular for the vertical polarized pump pulse. Furthermore, the ring

does not have the same intensity for all diffraction angles. This is observed for both

polarizations of the pump beam, but it is more eminent for the measurement with
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vertical polarization. For the vertical polarization, one can make out four intensity

maxima (see red arrows) and four minima.

In summary, the general structure of the diffraction images at different time delays is

independent of the polarization of the pump beam. However, some differences in the

diffraction images were observed, especially for the time delay of 990 ps. This obser-

vation could indicate a polarization dependence of the plasma dynamics. However,

to further discuss the influence of polarization on plasma dynamics, it will be impor-

tant to compare the reconstructed complex transmissions for different polarizations at

different time delays in the future.

Nevertheless, for both discussed methods the dependence of the plasma dynamics on

the polarization is rather small when compared to other studies where laser pulses

with similar pulse length were used [53, 54]. Therefore, further measurements for

Figure 4.10.: Shot-diffraction images taken at three different time delays and two polariza-

tions. The time delays are 0.68 ps (a,d), 90 ps (b,e) and 990 ps (c,f). The polarization direction

is indicated by the arrow in the top right of each image. The pump energy density was set to

1.6 MJ kg−1 for all measurements.
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different polarizations, including other orientations of linear polarization, circular and

elliptic polarization, have to be carried out to prove or disprove a polarization depen-

dence of the plasma dynamics in the case of thin free standing gold foils.

4.2. Reconstructions of the Spatially Resolved

Transmission at the Target Position

The last sections were dedicated to the analysis of the captured diffraction images.

However, the key technique in coherent diffractive imaging is the reconstruction of the

electric field at the target position from the captured diffraction image using a phase

retrieval algorithm. With the reconstructed electric field and the background field that

was estimated from the pre measurement, the spatially resolved complex transmission,

which includes the normalized transmission and phase shift with respect to the undis-

turbed foil, is calculated. It should be noted, that the calculated transmission in this

section is the transmission of the electric field and not of the intensity, as it was the

case in the prior sections.

The phase retrieval algorithm used for the reconstruction in thesis was developed by R.

Altenkirch and C. Peltz at the Institute of Physics, University of Rostock in the group of

Prof. Fennel: Strong-Field Nanophysics. A detailed explanation of the phase retrieval

algorithm is given in the master’s thesis of R. Altenkirch [43].

In this section, reconstructions of the complex transmission at the target position for

shot images are presented. Since some reconstructions were unsuccessful, it is first

discussed what criteria can be used to separate successful from failed reconstructions.

Then, the plasma dynamics in the excited gold foil are discussed using the recon-

structed complex transmission.

4.2.1. Criteria for Detecting Reconstruction Failures in Coherent

Diffractive Imaging

As mentioned in the introduction of this section, not all diffraction images were recon-

structed successfully. The criteria that are used to identify failed reconstructions are

presented here.

One criterion for determining the success of a reconstruction is to check if the recon-

structed complex transmission is physically reasonable. Examples for physically unrea-

sonable transmissions include a change in transmission in an area that is significantly
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can be difficult to identify this problem for other time delays where no expected phase

is known. To identify twin images at later time delays, one can start by examining

reconstructions at a point where the phase shift is already known, such as within

the first few picoseconds after excitation. Since the phase shift is expected to evolve

continuously over time, each reconstruction at a specific time delay can be compared

to the previous one, where the real image is known. If a phase that is approximately

the inverse of the previous image is observed, the reconstruction is most likely a twin

image.

There exist some techniques to eliminate the twin image [55, 56, 57] such as the

reduced-area support constraint method. Nonetheless, as the implementation of the

phase retrieval algorithm is not part of this thesis, these techniques will not be dis-

cussed here.

4.2.2. Resolving Plasma Dynamics with Coherent Diffractive

Imaging

In this section, the plasma dynamics in a 30 nm gold foil are discussed using successful

reconstructions of the complex transmission at the target position. Fig. 4.12 shows

the normalized reconstructed transmission (a-c) and the phase shift (d-f) with respect

to the undisturbed foil for three shot measurements. In addition, microscope images

of the corresponding holes are shown (g-i). The three different time delays are 35 ps,

245 ps and 793 ps and the absorbed energy density is 1.61 MJ kg−1 for all three given

time delays. Both the reconstructed transmissions and phases deviate from the undis-

turbed foil in an area that is similar in size and shape to the hole in the gold foil after

the measurement. The reconstructions and the holes are elongated in x−direction.

This further indicates, that the reconstructions shown in Fig. 4.12 were successful.

The normalized transmission at 35 ps is reduced in the excited area when compared

to the undisturbed foil (see Fig. 4.12a). This fits well with the earlier observation

(section 4.1.1), where the time resolved transmission was discussed and a reduced

transmission with respect to the undisturbed foil was found at a time delay of 35 ps.

In addition, the normalized transmission is not homogeneous, but features some struc-

ture. For example, the transmission is slightly reduced in the central part of the excited

area (see arrow A), is then increased slightly in the surrounding area (see arrow B), in-

dicated by a lighter blue tone, before being decreased again at the edge of the excited

area (see arrow C). This structure could indicate ongoing lattice dynamics, since an ex-

clusive excitation of electrons should change the refractive index and the transmission
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similar to the pump beam profile, which is nearly Gaussian. The ring-like structure is

not very pronounced when compared to other reconstructions at later time delays (see

Fig. 4.12b&c).

The phase shift at 35 ps is positive in the excited region (see Fig. 4.12d). Notably, the

phase shift is largest in the central part (see arrow A), where a local minimum in the

normalized transmission was observed. A positive phase shift implies a longer optical

Figure 4.12.: Comparison of reconstructions of the complex transmission: The normalized

transmission (top) and the phase shift (middle) with respect to the undisturbed foil for three

shot measurements are shown. In addition, microscope images of the corresponding holes and

the 1/e2 pump beam size (white dashed circle) are shown (bottom). The time delays are left)

35 ps, middle) 245 ps and right) 793 ps. The absorbed energy density for all measurements

was 1.61 MJ kg−1.







Chapter 5.

Conclusion and Outlook

The goal of this thesis has been to investigate the plasma dynamics in thin 30 nm

gold foils after excitation by an 800 nm femtosecond pump pulse. The dynamics are

imaged by means of coherent diffractive imaging with a 400 nm probe pulse that is

diffracted by the excited gold foil. The diffraction image taken with a detector in the

far-field provides information about the dynamics in the excited gold foil.

One important part of the thesis has been the improvement of the stability of the setup.

It has been demonstrated that the reproducibility of measurements can be enhanced

by implementing a beam stabilization system and a well-designed optical mounting

configuration. The high stability was verified by comparing holes in the gold foil at

different time delays, as well as diffraction images taken with unchanged experimental

parameters and only insignificant changes were found. Furthermore, the influence of

the pump pulse energy and polarization on the plasma dynamics was discussed. It

was found that the decrease in transmission in the first 10 ps after excitation by the

pump beam is due to the excitation of the electrons in the gold foil. After about 15 ps,

the energy transfer from the electrons to the lattice leads to the melting of the excited

foil and finally to an expansion of the induced plasma. With increasing pump energy,

an increase in the free electron density and larger ablation areas were observed. In

addition, the ablation threshold for thin gold foils, which is in agreement with other

studies, was determined. When changing the polarization of the pump beam, small

differences in the dynamics were observed. The variations in the shapes of the holes

are similar to the changes observed in the analysis of the stability of the setup. To make

statements about a dependence of the dynamics on the pump polarization, further

measurements are required.

With the time-resolved diffraction images of a laser excited 30 nm thick gold foil

recorded during this thesis, it was possible to successfully reconstruct the spatially

and time-resolved complex transmission of the foil for multiple time delays using a
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Appendix A.

Attachments

A.1. Calculation of the Transmitted and Reflected

Electric Fields for Thin Films

To calculate the total transmitted and reflected electric fields for a thin film one has

to add up all contributions of the electric field that are reflected and transmitted,

respectively.

For the transmission this is:

ET =ET 1 + ET 2 + ET 3 + . . . (A.1)

=E0 · t1t2e
−αLeikL (A.2)

+ E0 · t1t2r
2e−3αLe3ikL (A.3)

+ E0 · t1t2r
4e−5αLe5ikL (A.4)

+ . . . (A.5)

=E0 · t1t2e
−αLeikL(1 + r2e−2αLe2ikL + r4e−4αLe4ikL + . . . ) (A.6)

=E0 · t1t2e
−αLeikL

∞
∑

n=0

r2ne−2nαLe2nikL (A.7)

=E0 · t1t2e
−αLeikL

∞
∑

n=0

(

rne−nαLenikL
)2

(A.8)

=E0t1t2e
ikLe−αL 1

1 − (r · e−αLeikL)2 (A.9)

In the last step, the definition of a geometric series
∑

∞

n=0 qn = 1
1−q

for |q| < 1 is used.

The condition is fulfilled as |r| f 1, |e−αL| < 1 for L > 0, ³ > 0 and |eikL| = 1 for all L

and k.
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