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Abstract

Research on ultrafast dynamics in atoms and molecules re-

quires short pulses. In order to resolve processes taking place

on a femtosecond timescale su�ciently, these pulses require a

duration on the attosecond time scale.

This thesis is about the generation of such attosecond pulses

via high harmonic generation (HHG) in argon gas by a ter-

awatt infrared (IR) laser source. The pulses are applied in a

pump-probe principle on two di�erent noble gases, helium and

neon. Reconstruction of Attosecond Beating By Interference

of Two-photon Transition (RABBIT) is performed to charac-

terize the relative emission time delay between harmonics, and

to reconstruct the temporal domain of the attosecond pulse.

Methods used for analyzing and improving the data extraction

are introduced. Particularly the angle-resolved analysis gives

unique insights into the ionization dynamics.
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1 Introduction

This thesis is about the theoretical and experimental requirements to generate intense attosec-

ond pulses and the analysis and characterization when they are applied. Attosecond pulses are

light pulses with an ultra-short time duration in the attosecond range (10�18 s) and amongst the

shortest phenomena we can arti�cially create nowadays. The need for attosecond pulse sources

is due to the investigation of fundamental processes of ultra-fast atomic and molecular dynamics

such as ionization or excitation, or more general charge migration. These experiments take place

in the non-linear regime and thus require high intensity. The sources as we use today could not

exist without the invention of the �rst laser in 1960 [1]. This event laid the fundament of the

research �eld photonics since high intense light sources became suddenly available. This lead

to the �rst demonstration of a non-linear e�ect, the Second Harmonic Generation (SHG) only

one year later in 1961 [2]. Around that time, signi�cant e�ort on the theoretical explanation

of the interaction between strong laser �elds and atomic potentials had been contributed by

Keldysh et al. [3]. After mode locking and Q-switching lead to a signi�cant growth in the

available maximal laser intensity, the plateau of this development was reached for the time be-

ing. The discovery of Chirped Pulse Ampli�cation (CPA) in 1985 was the next breakthrough

in history towards higher laser intensities, which still goes on until this day [4]. The theory

of the generation of high harmonics as a result of the interaction of atoms with strong laser

�elds had been stated in 1994 [5]. In the same year, the �rst results at the high-power laser

facility in Lund had been obtained [6]. The Lund Terawatt Laser System, as one of the �rst ones

ever, generated pulses with a duration of about 150 fs at this time. The theory of generating

attosecond pulses using high harmonics produced with femtosecond lasers had been stated in

1996 [7]. From then it took another �ve years until attosecond pulses were discovered with a

pulse duration of 250 as, using the method of Reconstruction of Attosecond Beating By Inter-

ference of Two-photon Transition (RABBIT)[8]. Nowadays, we are able to generate attosecond

pulses with a duration below 100 as on a daily basis. The shortest pulses based on high-order

harmonic generation (HHG) have a duration of only 43 as [9]. One focus of today’s research

is the investigation of angle-resolved phenomena at the interaction of light and matter [10] [11]

[12]. In this work, we undergo the analysis process of attosecond pulses to verify the reliability

of the setup. Then, a method is introduced to improve the single image quality of the Velocity

Map Imaging (VMI) maps and to enable the extraction of information from the data with an

increase in detail.

1.1 Motivation behind this thesis

Natural science, particularly physics is stating rules describing our environment, and often dis-

covers explanations for things the human brain cannot imagine. I have been jealous of astrophysi-

cists as they are talking about such things on a daily basis, like galaxies in light years distance,
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black holes with in�nite mass or dark matter which must be everywhere but is nowhere. This

fascination is driven to the edge where contrary phenomena meet each other and macroscopic

large numbers hit on microscopic small scales. One can also �nd a piece of these two worlds in

our research. We use one of Scandinavia's strongest lasers in the terawatt range to investigate

phenomena taking place in the shortest time frame of attoseconds. The experiment we operate

spans over two large rooms and is occupying probably six times the place I lived during this

thesis work, only to investigate what is happening in a volume of about 15 square-micrometer.

Thus, my motivation is driven by reaching the line where complex things are explained and rules

are formed enabling to satisfy the need in all of us to understand the unimaginable.

1.2 Thesis outline

Chapter 2 provides a theoretical background of the generation of high harmonics and how

attosecond pulses are generated and characterized. Chapter 3 expands on the experiment, the

Terawatt Laser System as the source of femtosecond laser pulses and the Intense XUV Beamline

where the pulses are applied. Chapter 4 describes the method to analyze the measurements in

Helium and Neon as a target gas. The results of this thesis work are presented and discussed.

Chapter 5 concludes the thesis by a summary and draws an outlook on what is going to follow

this work.
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2 Theory

Conducting research on ultra-fast charge dynamics of small quantum systems requires to

know the circumstances (energy, contributing processes, time frame) under which the ionization

process occurs. A short temporal resolution of the measurement is necessary to resolve the

observations su�ciently high. The availability of light sources based on HHG sets this time

frame to an attosecond scale, giving this �eld of research its nameattosecond science. The �rst

part of this chapter (Section 2.1) introduces di�erent ionization processes of atoms in strong

laser �elds and a way to categorize them in order to meet predictions about which process is

likely to happen at the corresponding strong-�eld regime. One of these regimes, the so-called

tunneling regime is supporting high harmonic generation. The occurrence of equally distanced

high-order harmonic spectral peaks (as a frequency comb) in the eXtreme Ultra Violet (XUV)

range is explained by the Three-Step Model in Section 2.2. The temporal resolution of such

a frequency comb is of major interest. Following this, the generation of pulses with duration

less than � = 100 as is analytically derived in Section 2.3 as an interference phenomenon. The

e�ect of di�erent phase contributions on the temporal pro�le is discussed. Finally, the RABBIT

technique is introduced as a means to experimentally determine the phase, characterize the

Attosecond Pulse Train (APT) and investigate ionization dynamics in Section 2.4.

3
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2.1 Strong-�eld processes in atomic gases

In an atom, an applied electric �eld of su�cient strength alters the binding potential of the

electron. The e�ective potential VE� is formed by superimposing the Coulomb potential for an

electron with chargee and the electric �eld E(t) of a laser that oscillates periodically with time:

VE� = �
e2

4�" 0jzj
| {z }

Coulomb potential

+ eE0 sin(! 0t)z
| {z }

Laser �eld potential

; (2.1)

with the vacuum permitivity "0, the amplitude E0 and the frequency ! 0 of the electric �eld.

Figure 2.1 shows the �eld-free Coulomb potential, the time dependent electric laser �eld as well

as the superposition of both contributions as the e�ective potential VE� .

Figure 2.1: Electron in a Coulomb potential (grey-dashed), laser �eld (purple-dotted) and the e�ective
potential in a �eld environment (black). The laser �eld which oscillates with time is shown at its highest
�eld strength. The ionization potential I p is the energy required to remove the electron from the �eld-free
Coulomb potential.

It is useful to de�ne the ponderomotive potential Up with the electron massme:

Up =
e2E 2

0

4me! 2
0

: (2.2)

The ponderomotive potential is the mean energy of the electron in the presence of a strong

oscillating �eld that superimposes with the core potential. Depending on the laser frequency! 0

and intensity I / j E0j2, the electron faces di�erent ionization processes which can be divided into

three regimes, the multi-photon ionization, tunnel-ionization and the over-the-barrier ionization

regime. These fundamental strong �eld processes are depicted in Figure 2.2. The case where

several photons are able to ionize the electron is called Multi-Photon ionization (MPI) regime.

Increasing the ponderomotive energy (turning to lower frequency or stronger �elds> 1 TW =cm2)

one crosses the Above Threshold Ionization (ATI) regime. This is the special case of MPI where

more photons are absorbed than needed to overcome the ionization barrier. The electron is

released with additional kinetic energy. Experiments have shown the feasibility of MPI/ATI in

xenon with a � = 1053 nm Nd:glass laser and �eld intensities I of a few � 1013 W=cm2 [13].

When the ponderomotive energy exceeds the energy of the Coulomb-barrier (low frequencies and
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strong �elds), the electron is likely to tunnel the potential. For Ti-Sapphire laser ( � = 800 nm)

this regime spans approximately fromI = 1014 to 1015 W=cm2. Even stronger �elds cause over-

the-barrier ionization, also called barrier suppression-regime. In this case the laser intensity is

high enough to distort the e�ective potential so much that the electron can escape. This e�ect

could be proven with di�erent noble gases using a� = 1053 nm Nd:glass laser and intensities

betweenI = 1014 W=cm2 and 1016 W=cm2 [14].

Figure 2.2: E�ective potential the electron is facing at di�erent ionization regimes and the associated
ionization processes. Figure a) sketches multi-photon ionization and above-threshold ionization. Figure
b) shows the tunnel-ionization regime. In Figure c) the potential is su�ciently distorted allowing the
electron to ionize unobstructively.

Keldysh introduced the adiabaticity parameter 
 in 1964 as a means to indicate which ion-

ization process is likely to happen [3]. Hereby, the strong �eld frequency must be lower than

the ionization potential ~! 0 > I p to avoid single photon ionization. The Keldysh parameter is

expressed as follows:


 = ! 0

p
2meI p

eE0
; (2.3)

with the electron massme and the ionization potential I p. The Keldysh parameter can also be

expressed in terms ofUp:


 =

s
I p

2Up
: (2.4)

Table 2.1 gives an overview of the di�erent ionization regimes and their corresponding Keldysh

parameter. The di�erent Keldysh regimes are also marked in the upper part of Figure 2.2. The

Table 2.1: Di�erent ionization regimes, depending on the Keldysh-parameter respectively the relation
between ionization potential, ponderomotive energy and photon energy.

Ionization regime Keldysh parameter Ponderomotive
Multi-photon ionization (MPI)


 � 1
I p > ~! 0 � Up

Above-threshold ionization (ATI) I p > U p > ~! 0

Tunnel ionization (TI) 
 < 1 Up > I p > ~! 0

Over-the-barrier ionization 
 � 1 Up � I p > ~! 0
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Keldysh parameter cannot be considered as a strict categorization but rather a rough assessment

on which process is likely to happen at what laser parameters.

2.2 The Three-Step Model

We consider the tunneling regime with low frequency! 0 and strong �elds E0 (
 < 1). The

semi-classical three-step model describes the generation of high order harmonics on the base of

three consecutive steps; tunnel-ionization, acceleration and recombination [13] [15]. The atomic

Coulomb potential is distorted in such a way that there is a likelihood that the electron tunnels

through the barrier (�g. 2.3 step I). It gains kinetic energy as it is driven away by the �eld.

However, it is turning direction backwards towards the atom when the �eld changes its sign

(�g. 2.3 step II). The trajectory of the electron describes an arc. It recombines with its parent

atom and releases its gained kinetic energy in form of a photon~! (�g. 2.3 step III). The

amount of energy depends on the ionization timet i with respect to the �eld oscillation and the

ponderomotive potential.

Figure 2.3: Visualization of the three-step model comprising tunnel-ionization (I), acceleration (II) and
recombination (III) under emission of a photon. The e�ective potential (black) is the Coulomb-potential
distorted by the time-dependent laser �eld (purple-dashed). The three graphics illustrate the succession
of events in time (from left to right).

The trajectory of a tunneled electron is now classically described. The laser �eld acting on

the charge is of the form E(t) = E0 sin(! 0t) with amplitude E0, frequency ! 0 and t denotes

time. The following di�erential equation is derived from the Lorentz force:

me•z = � eE(t) ; (2.5)

with the electron chargee, and its massme. The acceleration is given by •z. A de�ned integration

from the ionization time t i (the time when the electron has just tunneled through the barrier)

to t gives the velocity _z(t):

_z(t) =
eE0

me! 0
[cos! 0t � cos! 0t i ] (2.6)

A second integration and application of the initial conditions _z(t i) = 0 and z(t i) = 0 leads to
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the trajectory

z(t) =
eE0

me! 2
0

[sin(! 0t) � sin (! 0t i) � ! 0 (t � t i) cos (! 0t i)] : (2.7)

The electron is able to recombine with its parent atom at the recombination time t r for which

Equation (2.7) has a zero-crossingz(t r ) = 0. This can be solved for every t i . Figure 2.4 a)

shows for what trajectories recombination can occur (colored). For the other ionization times

the electron is driven away from its atom (grey-dashed line). However, there is still a probability

that the electron just passes through the potential without recombination, undergoing another

oscillation to recombine at a later cycle.

Figure 2.4: a) Trajectories of the electron depending on the ionization timet i for which recombination is
possible (coloured), as well as trajectories for which the electron is driven away (grey-dashed). The process
takes place every half laser cycle (black dashed). Figure a) taken from [16]. b) Electron return energy
(red, left axis) and excursion time of a returning electron (blue, right axis) depending on its ionization
time t i . The parameters used for the calculations match those in the experiment withI = 3 :3�1014 W=cm2

and � = 800 nm.

The time the atom is ionized t i determines the recombination time t r and thus the kinetic

energy the electron will have gained from the laser �eld when returning. The excursion timete

is the di�erence between recombination time and ionization time te = t r � t i . Electrons which

are ionized in the �rst quarter of a laser cycle (t i < T=4) are driven away by the �eld and do not

return. The electron excursion time is assigned to either long or short trajectories. Electrons

ionized early (betweenT=4 < t i < T=3) have a long excursion time and are referred to the long

trajectories. They are represented by the left side of the peak in the return energy plot of Figure

2.4 b). Short trajectory electrons are ionized later in the laser cycle (T=3 < t i < T=2). Hence,

they are returning faster since the accelerating laser �eld is already about to decrease rapidly

when they are released. The energyEph of the photon emitted at recombination consists of the

kinetic energy Ekin plus the ionization potential:

Eph = EKin + I p =
1
2

me( _z(t))2 + I p : (2.8)

Further investigation of function (2.7) reveals the maximal return-energy to be Emax = 3 :17Up.
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Since the electron will overcome the ionization potential when recombining, the maximal possible

photon energy is

Eph = 3 :17Up + I p : (2.9)

This is also denoted as the cut-o� energy, and was �rst empirically discovered by Krause et al.

[17]. This process repeats every half laser cycle. As a result, a set of harmonics is generated

with an intensity distribution as shown in Figure 2.5. The spectrum contains only odd order

harmonics. This is due to the destructive interference of waves which are phase-shifted by�

between two consecutive laser half cycles.

Figure 2.5: Characteristic intensity distribution of the pulses created by HHG. This frequency comb
consists of odd-order harmonics due to the destructive interference of photons from consecutive laser
half-cycles which are phase shifted by� .

The decline of the intensity in the pertubative region is due to a lower probability of q-photon-

absorption events the higher theqth harmonic gets. The cut-o� as derived in Equation (2.9)

causes an abrupt decrease of the intensity. The absolute values depend on the gas used for

generation, phase matching and the fundamental laser wavelength. The photons are usually in

the XUV range which requires vacuum for propagation, since air is highly absorbent at these

energies.

2.3 Attosecond pulse generation

So far, we only regarded the frequency domain of the HHG. The spectra can generate pulses with

duration in the attosecond range if the phases of the contributing harmonics match properly.

Therefore, we consider harmonic order phase matching as key for attosecond pulse generation

and investigate the temporal domain of the frequency comb in this part, as this is of major

importance for the application. We de�ne the harmonics as a sum of their complex amplitudes

between the 11th and 39th order. The high-order phase contribution is explicitly neglected here,

Marius Plach 8
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but will be considered later:

Eq = E11 + E13 + ::: + E39 =
39X

q = 11

eiq! 0 t ; q odd (2.10)

, Eq =
14X

q = 0

e11i! 0 t � e2iq! 0 t = e11i! 0 t
14X

q = 0

e2iq! 0 t

| {z }
geometric series

; q 2 Z+

, Eq = e11i! 0 t 1 � e15(2i! 0 t )

1 � e2i! 0 t = e11i! 0 t e15i! 0 t

ei! 0 t

�
e� 15i! 0 t � e15i! 0 t

e� i! 0 t � ei! 0 t

�

, Eq = e25i! 0 t
�

sin(15! 0t)
sin(! 0t)

�
: (2.11)

The intensity is de�ned as the absolute value of the electrical �eld squared. The complex

prefactor vanishes:

I (t) /
�
�Eq

�
�2 =

�
�
�
�
sin(15! 0t)
sin(! 0t)

�
�
�
�

2

: (2.12)

The total number of harmonics in this example is 15, but can be equally replaced with a �nite

integer m. Equation 2.12 does not only remind of a sinc function, but also shows the same curve

behaviour as it forms a peak in the time domain. Figure 2.6 (dark blue) plots the intensity I (t)

for a fundamental laser wavelength of� = 800 nm and a sum of 15 high harmonics.

Figure 2.6: Visualization of Equation (2.12) normalized (dark blue). The bright blue line represents
the temporal pro�le with a constant frequency-dependent phase di�erence between two consecutive har-
monics. This leads to a constant group delay (Equation (2.16)) while the pulse train duration� remains.
The bright blue dashed line contains a quadratic phase di�erence, leading to a broadening.

The denominator in Equation (2.12) determines the repetition time, as a peak is present for

every multiple integer n of the argument of the sinus function:

! 0t = n� () t = n
�
! 0

: (2.13)

For the laser periodTLaser = 2 �=! 0 there is n = 2 peaks per laser cycle which gives the di�erence
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T/2 between consecutive peaks. This is well in accordance to the three-step model where

emission occurs every half cycle. The duration of the individual pulses in the train� is de�ned

by the Full Width at Half Maximum (FWHM). Both parameters are also marked in Figure 2.6.

In this example the pulse train duration is determined to:

� � 80 as : (2.14)

This explains the generation of ultra-short pulse trains with attosecond duration as an inter-

ference process of a set of equidistant peaks. However, the derivation does not consider any

harmonic order phase contribution as the harmonics are assumed to be perfectly synchronized

with respect to each other. This is not correct since Figure 2.4 reveals already clearly that HHG

is caused by recombination of electrons with di�erent energies and at di�erent times. This time-

delay will induce an intrinsic chirp on the harmonics meaning a phase contribution depending

on the order of the high harmonic. The intensity of the sum of harmonics considering a phase

contribution is de�ned as

I (t) =

�
�
�
�
�
�

X

q odd

Aqei (q! 0 t+ ' q )

�
�
�
�
�
�

2

: (2.15)

This phase contribution changes the temporal shape of the attosecond pulse. The group delay

� g is introduced as the �rst order derivation of the spectral phase:

� g =
@'q
@!

: (2.16)

Another useful expression is the Group Delay Dispersion (GDD). It is de�ned as the derivative

of the group delay, or second order derivation of the phase:

D2(! ) =
@�g
@!

=
@2' q

@!2
: (2.17)

A nonzero GDD means a chirping of the pulse. A linear frequency dependence of the phase

leads to a constant group delay@'q
@! = constant. This case is drawn in Figure 2.6 for the set

of harmonics in Equation (2.10) with a linear phase-shift spreading from 0 to 2 radian over all

harmonics. This delays the pulses but does not a�ect the duration since the group delay� g

is constant but the group delay dispersion D2(! ) equals zero. Following this, a phase shift

spreading from 0 to 3� rad with a quadratic frequency dependency is plotted. In this case, the

GDD is not equal to zero. An attosecond chirp is induced varying the group delay over the

frequency ! and broadening the temporal pro�le. In the following example, the intensity is

treated as a sum of harmonics, analogue to Equation (2.15). Furthermore, a phase shift' q and

an arbitrary amplitude Aq is added to any harmonic. Only three harmonics, 13, 15 and 17 are

considered, but the calculation can be performed analogue any number of harmonics:

I (t) =
�
�
�A13ei (13! 0 t+ ' 13 ) + A15ei (15! 0 t+ ' 15 ) + A17ei (17! 0 t+ ' 17 )

�
�
�
2

:
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The phase contribution of the highest harmonicei' 17 is extracted:

() I (t) =
�
�
�ei' 17 [A13ei (13! 0 t+ ' 13 � ' 17 ) + A15ei (15! 0 t+ ' 15 � ' 17 ) + A17ei (17! 0 t ) ]

�
�
�
2

() I (t) =

�
�
�
�
�
ei' 17
| {z }

1

[A13ei (13! 0 t+ ' 13 � ' 17 + ' 15 � ' 15 ) + A15ei (15! 0 t � � ' 17� 15 ) + A17ei (17! 0 t ) ]

�
�
�
�
�

2

' 17 is an arbitrary delay, added to all harmonics and can be set to zero:

() I (t) =
�
�
�A13ei (13! 0 t � � ' 17� 15 � � ' 15� 13 ) + A15ei (15! 0 t � � ' 17� 15 ) + A17ei (17! 0 t )

�
�
�
2

(2.18)

For every additional considered harmonic, there is another phase di�erence contribution in the

lower terms. To reconstruct the temporal domain of the attosecond pulse, one needs to know

the phase shift � ' between consecutive harmonics and their relative intensity. The latter can be

determined with a spectrometer but determining the phase di�erences � ' is rather complicated.

RABBIT is a method for doing this.

2.4 The RABBIT technique

As mentioned in the previous section, a crucial challenge of attosecond physics is the detection of

such short pulses. There is no sensor (photodiode or equivalent) with su�cient time resolution.

RABBIT is a pump-probe technique for characterizing attosecond pulses. In this method, the

HHG radiation is targeted on an atomic or molecular gas. The interaction between the high

harmonic attosecond pulses and atoms with ionization potentialI p releases photoelectrons with

discrete kinetic energies equal toEKin = (2 q + 1) ~! 0 � I p with q the high harmonic order.

The presence of the fundamental Infrared (IR) laser �eld generating the high harmonics causes

two-color two-photon transitions generating additional sidebands in the photoelectron spectrum.

Following [8], we consider a weak �eld regime where only single IR photons are absorbed. Each

harmonic contributes to only one single sideband each side. Each sideband has two contributions:

One from the q-th harmonic plus an IR photon, as well as one from the (q+2)-th harmonic minus

one IR-photon. Figure 2.7 illustrates the schematic result of this process. One can see strong

peaks assigned to the odd harmonics (15! , 17! , 19! ). In addition, there are sidebands between

two peaks, corresponding to even multiples of the IR-frequency. Due to the two interference

contributions, the sideband signal amplitude oscillates with [8]:

ASB / cos [2! 0� � � ' atto � � ' atomic ] ; (2.19)

using � the induced delay between the attosecond pulse train and the IR laser �eld and �' atto

the phase di�erence between harmonics of the attosecond pulse-train corresponding to the so-

called attochirp [18]. This quantity is needed for all contributing sidebands to reconstruct the

temporal domain of the attosecond pulse. � ' atomic is the accumulated phase di�erence between

absorption and emission of an IR photon and the ionization phase. Delaying the IR �eld with

respect to the harmonics, using an optical delay line, changes� . The intensity pro�le recorded
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Figure 2.7: Sideband generation due to two-photon processes. The high harmonics (blue) receive or
lose the energy of an IR-photon (purple) leading to sideband contributions coming from two harmonics.

for a set of delays� is then the RABBIT-scan. However, the analysis of a RABBIT-scans returns

only the relative phase � ' SB. Both phase contributions can also be expressed as group delay

times:

� ' SB = � ' atto + � ' atomic = 2 ! 0 (� atto + � atomic ) (2.20)

It is rather di�cult to determine the delay times separately from each other since the processes

cannot be triggered independently from each other. However, the atomic phase term is often

a small contribution [18]. Being only interested in the harmonic emission time delay� atto this

contribution can often be neglected:

� atto =
@'
@!

=
� ' atto

2! 0
�

� ' SB

2! 0
(2.21)

Research had been driven on the investigation of the atomic contribution since this value contains

information about the ionization process itself [19]. Recent studies revealed that these processes

can be anisotropic and research focuses now on conducting angular resolved analysis of the

phenomenon [11].
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3 Experimental approach

The experimental setup of this thesis work is located at the Lund Laser Center (LLC) and

consists of two parts, the Terawatt Laser System and the Intense XUV Beamline. The Ter-

awatt Laser System (Section 3.1) produces the high-energy laser pulses which are then used for

experiments in the beamline part. The beam is propagating under vacuum between the two

parts which are located in di�erent rooms. It makes sense to further subdivide the Intense XUV

Beamline into two parts; the generation part and the application part. Figure 3.1 shows the

beamline as it has been used to perform the RABBIT measurements and which elements are as-

signed to the generation or application part. The generation part describes the experiment from

entering the Intense XUV Beamline until the generation chamber where HHG is performed, and

is discussed in Section 3.2. Various beam diagnostic instruments are applied along the whole

beamline which are separately discussed in Section 3.3. The application part comprising the in-

terferometer, diagnostics and application chamber is covered in Section 3.4. The central element

is the double sided velocity imaging spectrometer (DVMIS) in the application chamber where

the XUV and IR pulses are applied to investigate the interaction between atomic or molecular

gases and the incident radiation. The Generation part of this original setup has been upgraded

Figure 3.1: Intense XUV Beamline as it hase been used to perform the RABBIT scans. The pulses
coming from the terawatt laser system generate XUV radiation in the generation part. These radiation
is then characterized and applied in the application part. Figure adapted from [16].

during the time this master project was conducted. The crucial improvements are described in

the results under Section 4.3.
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3.1 The Terawatt Laser System

The Terawatt Laser System generates high energy pulses pulses with 400 mJ and low repetition

rate. Figure 3.2 sketches the di�erent parts of the setup. The laser is seeded with a Ti:Sapphire

oscillator with high repitition rate in the MHz-range. A pulse picker then reduces the number

of pulses to 10 Hz and guides the laser into a preampli�er. The preampli�cation increases the

temporal contrast of the pulse which reduces spontaneous emission when passing the ampli�ers

after the stretcher. The �rst step of CPA (I: stretch, II: amplify, III: compress) is performed.

Two optical gratings are adjusted parallel to each other under a certain angle of incidence, so

that the pulse duration is stretched while the bandwidth remains. This is necessary to stay below

the critical intensity that destroys the ampli�cation medium. Di�erent stages of ampli�cation

are then performed by 
ashing with frequency doubled Nd:Yag-pump lasers (� = 532 nm) into

Ti:sapphire crystals. This optical pumping leads to a population inversion in the Ti-sapphire-

material. The traversing pulse is ampli�ed by the gain medium due to stimulated emission.

After passing through a regenerative and a multi-pass ampli�er, the spatial pro�le is shaped by

a spatial �lter. The beam is splitted in two parts of equal intensity. One part is guided to the

Figure 3.2: Schematic drawing of the the Terawatt Laser System. The pulse goes through several stages
of ampli�cation and beam treatment before leaving towards the experiment.

particle acceleration beamline, a di�erent experiment which is not part of this thesis work. The

other half (� 200 mJ) is guided towards the Intense XUV beamline. This beam passes through

an attenuator, consisting of a motorized � =2-plate and a polarization dependent beamsplitter.

The ratio of s- and p-polarization depends on the angle of the wave-plate and hence the ratio

of transmitted to re
ected light. The re
ected s-polarized part is guided onto a beam blocker

while the transmitted beam is forwarded to the experiment. This setup allows to attenuate the

intensity of the beam reaching the Intense XUV Beamline. Mirrors, irises and camera alignment

points are used to align the beam iteratively. The uncompressed pulse duration is in the range

of several hundred picoseconds when leaving the laser room.
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3.2 The Intense XUV Beamline: Generation part

The generation part of the Intense XUV Beamline generates XUV radiation via high harmonic

generation using the pulses from the Terawatt Laser System. Figure 3.3 sketches the di�erent

parts and the beam path through the experiment. This section describes the setup as it has

been used during the RABBIT experiments.

Figure 3.3: Topview of the HHG generation part at the Intense XUV beamline. The beam from the
Terawatt Laser System is compressed, aberration corrected and focused on the generation gas argon.
The generated high harmonic XUV radiation is then used in the application part of the setup. Figure
adapted from [16].

The beam enters the setup from the vacuum transport tubes (Figure 3.3 to the left). The third

step of CPA is performed by compressing the beam to the ultrashort pulse duration of� � 35 fs

using two parallel compressor gratings. A pulse energy of� 50 mJ remains. The compressed

beam is then guided on a deformable mirror (DM) (see next Section 3.2.1) for compensating

wavefront aberrations and adjustment of the focus position. A 
at wavefront assures good phase

matching conditions for the HHG. Phase matching is necessary to avoid destructive interference

of the higher harmonics leading to a loss in XUV stability and loss in yield. Furthermore, the

relative intensity between di�erent harmonics depends on the phase matching [20]. A mirror

with a long focal range f � 8:7 m focuses the beam onto the generation gas which is typically

argon or neon. The focused beam is guided through a high vacuum (p = 10 � 6 � 10� 7 mbar) to

prevent the strong �eld from generating an intensity reducing plasma in air and self-focusing.

The long focus length is required to assure a large focal volume of high intensity� 1014 W=cm2

with a relatively great diameter. This creates a large interaction region within the tunneling

regime and thus a high HHG yield. The gas source can be either a gas cell (of one or several

cm length) or a gas jet as one compromise is between the stability of harmonic emission and

the 
ux. The gas pressure is another parameter that strongly in
uences the phase matching

conditions. The gas dispense is pulsed and triggered to match with the incoming laser pulse and

still remain a high vacuum. However, the RABBIT scans analyzed in this thesis work had been

performed with an argon gas jet. A typical energy range for high harmonics generated in argon

gas at the Intense XUV Beamline isEph � 17 � 60 eV (11th - 39th harmonic). Section 3.4.2
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contains two typical XUV spectra as they are measured with the spectrometer at the beamline.

The total pulse energy of the XUV attosecond pulse train is� 1 � J.

3.2.1 The Deformable mirror

The wavefront W(r, � ) of a beam is de�ned by the points at which the single waves of a de-

constructed beam have the same phase. As previously mentioned, the optimal wavefront for

HHG is 
at to ensure best phase matching conditions and thus high XUV yield. The wavefront

of a pulse coming from the Terawatt Laser System can be imagined as a crumpled piece of

paper. There is various reasons for wave-front aberrations, such as deteriorated areas in the

spatial �lter, uneven pumping of the optical gain medium or degraded mirrors. An aberrated

beam causes an uneven intensity distribution in the focus and the phase matching conditions

are altered when generating harmonics. The DM is an element that compensates for these aber-

rations. Figure 3.4 is a schematic drawing of system. It consists of a membrane mirror with

32 piezoelectric actuators attached to the backside. These actuators shape the surface in a way

that the re
ected beam is aberration corrected. A signal from the wavefront sensor (see Section

3.3.2) located later in the beamline is required. An additional large actuator on the backside

allows to change the curvature of the whole surface, imitating a focus mirror. This allows to

move the focus of the IR by several meters.

Figure 3.4: Schematic drawing of the deformable mirror, consisting of a surface with 32 piezoelectric
actuators to shape the surface, as well as one larger actuator which changes the curvature of the mirror.
This can be used to adjust the focus position in a range of several meter.
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3.3 Beam Diagnostics

Beam diagnosing instruments are used to monitor properties of the laser such as pulse-duration,

intensity or focus characteristics in order to improve and remain the conditions of the experi-

ment. This section describes two non-trivial instruments which are deployed at the Intense XUV

Beamline, the autocorrelator and the Wavefront sensor (WFS).

3.3.1 The Autocorrelator

The Autocorrelator is a tool to determine and monitor the pulse duration of the fundamental

laser after compression. Figure 3.5 is a schematic drawing of the present setup. A mirror leak

is taken as the input. The beam is splitted into two rays of equal intensity inside the device.

One part is guided through an adjustable optical line slightly altering the propagation path with

respect to the other ray to achieve the maximal overlap inside the� (2) -nonlinear medium. This

is the case when both rays have exactly the same propagation length.

Figure 3.5: Sketch of the autocorrelator setup applying non-collinear SHG. The beam entering to the
left is splitted into two rays of equal intensity. The rays are non-collinear overlaid inside a Barium borate
BaB2O4 (BBO) crystal. The adjustment unit is set to create the maximal overlap between the pulses.
The intensity of the SHG is visible on the Charge-coupled Device (CCD) camera. The pulse duration is
extracted from the camera signal depending on the induced delay time.

The intensity peaks (with f rep = 10 Hz) arriving at the same time in the BBO crystal undergo

a non-linear sum frequency generation resulting in SHG emission. Due to the non-collinear

overlay the broadness of the SHG is determined by the pulse duration. The spatial intensity

pro�le of the SHG, imaged by the CCD camera contains the temporal resolution of the IR pulses.

The duration is determined by applying a conversion that depends on the original pulse shape

and the speci�cation of the autocorrelator. Changing the distance and relative angle between

the compressor gratings minimizes the pulse duration. This is done on a daily basis. Typical

values for the pulse duration measured at the Intense XUV Beamline are� � 37 � 40 fs. A

disadvantage of the presented technique is the averaging of the result over several laser shots

due to the exposure time of the camera. Single shot measurements cannot be performed.
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3.3.2 The Wavefront Sensor

The wavefront sensor is essential for feeding back signal to the DM software in order to correct

for distortions. Such a sensor consists of a Hartmann mask, an opaque mask with a hole pattern

or micro lens array, and a camera [21]. Figure 3.6 shows the schematic principle behind the

WFS. Every hole in the pattern is acting like a lens, imaging the incident light as a dot on

the camera sensor located in the focal plane. For a plane wavefront, this lens array will be

imaged as a pattern of equidistant dots. This ideal case is setting the reference. A distorted

wavefront will lead to a displacement of the focus from the reference position. Adding up the

single displacements to a full image gives the complete wavefront image with all abberations.

Figure 3.6: Wavefront sensor working principle. The raster represents the camera sensor. A 
at wave-
front is imaged straight behind the Hartmann mask on the sensor (black), while the aberrant wavefront
image is displaced (red). Figure taken from [16].

The wavefront is monitored while changing the DM actuators. The signal is then decomposed

into a sum of Zernike polynomialsZ m
n (r;� )

W (r;� ) =
X

n;m

Cm
n Z m

n (r;� ) ; (3.1)

with the Zernike coe�cient Cm
n [22]. Zernicke polynomials give results in the interval [� 1;1].

Every n-order Zernicke polynomial can be assigned to a certain type of aberration such as tilt,

defocussing or astigmatism (see Figure 3.7). The angular frequencym de�nes the orientation of

the distortion. The aberration assigned to the Zernike polynomial which has the biggest Zernike

coe�cient after reconstructing the beam wavefront predominates the distortion. By weighing

the impact of the di�erent coe�cients Cm
n under variation of the DM membrane (toggling

the piezoelectric actuators step-wise), a response function is created. The distorted incoming
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wavefront is smoothed by applying this response function on the DM surface.

Figure 3.7: Zernike polynomials up to the n = 4 order of aberration. The common names are assigned
to each aberration phenomenon. The angular frequencym is the repetition number of the alternating
pattern and de�nes the orientation of distortion.

Marius Plach 19


	List of abbreviations
	Introduction
	Motivation behind this thesis
	Thesis outline

	Theory
	Strong-field processes in atomic gases
	The Three-Step Model
	Attosecond pulse generation
	The RABBIT technique

	Experimental approach
	The Terawatt Laser System
	The Intense XUV Beamline: Generation part
	Beam Diagnostics
	The Intense XUV Beamline: Application part

	Analysis, results and discussion
	Helium analysis
	Neon analysis
	Re-design of the generation part

	Conclusion and outlook
	Acknowledgements

