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Abstract

The possibility to generate pulses with characteristic durations in the order of few femtosec-

onds to hundreds of attoseconds (1 as = 10� 18 s) has allowed impressive advancement in our

understanding in many different �elds. During the last twenty years and beyond, a great interest

has always been focused on the world of molecules. The idea of studying not only the electron

dynamics, but being able to access to its characteristic time scale preceding any notable nuclear

motion set the beginning of huge efforts to investigate this world.

Many different molecules drove the attentions of these efforts and pyridine is one of these due

to its important roles in the UV photodamage of nucleic acids. These studies opened the door

to the investigations of pyridine derivatives allowing to understand the effect and the role of

different substitute like methyl group with a depth never seen before. 2,6 dimethylpyridine is a

perfect example of how the addition of substitute groups can radically change the dynamics of a

molecules after UV excitation. This exact case will be explored in the present work through the

means of a pump UV and probe XUV experiment.

With the advent of the attosecond technologies it became fundamental to develop solutions to

be able to characterize such pulses. Various systems were created (RABBITT, attosecond streak

camera and so on), in the present work the results of the temporal reconstruction of the XUV

and UV pulses is presented, through the means of an algorithm called STRIPE.

From the pulses reconstruction to their exploitation for the study of the biologically interesting

2,6 dimethylpyridine: the following pages cover the general fundamental steps to perform an

experiment in the attosecond framework.
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1. Introduction

The present work is organized as follows: in the �rst chapter 1 an introduction to attosecond

science and physics is presented with a digression on the historical evolution of this branch and

a focus on the kinds of processes that were allowed to be observed and studied with these new

means. The second chapter 2 introduces all the necessary theoretical tools to have a basic general

understanding of what this �eld is based on, therefore representing a more technical approach

to the subject. Before the presentation of the work done, the setup used in all the experiments

performed is showed in the chapter 3. In chapter 4 the �rst experimental results and analysis

are explained as well as the methodology and tools exploited to obtain them. They concern the

reconstruction and characterization through an algorithm called STRIPE of two different pulses,

one in the XUV energy range, the other in the UV. This reconstruction is fundamental to provide

any data regarding experiments performed in molecules with the aforementioned pulses. The

chapter 5 contains the presentation of different kind of results, that is those regarding a UV-pump

and XUV-probe experiment on 2,6 dimethylpyridine to study the electronic ultrafast dynamics

inside the molecule, showing a perfect example of what attosecond science has enabled us to

study and observe.

1.1 Attosecond Science

To understand a physical process it is necessary to have a clear view of its evolution in time.

As an example the trajectory of a moving object can be observed through the employment of a

camera. Historically this brought to the development of many different solution to try to solve

a great diversity of problems and eventually to keep on setting the level of the obtainable preci-

sion and resolution higher. Together with this, there was a progress on the type of processes and

phenomena we can study and observe, along with a higher level of complexity.

In 1872, the Governor of California Leland Stanford, asked Eadweard Muybridge, a British pho-

tographer, to con�rm a hypothesis of his: during a horse's gallop, there is a moment when all

four legs are off the ground. This was not an easy task, but in 1878 he successfully photographed
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a running horse using 24 cameras arranged in parallel along the track (�g.1.1), reaching a reso-

lution of about 1 ms.

Figure 1.1: Eadweard Muybridge, photo series of a galloping horse, 1878.

About a century later, in 1964, Harold Eugene Edgerton succeeded in taking one of the most

famous pictures in history: the exact moment in which a bullet hits an apple (�g.1.2), requiring

an exposure of less than 10� 6 s.

3



Figure 1.2: Harold Eugene Edgerton, 1864.

Around half a century later attosecond science can reach a timescale resolution that allows to

perform measurements and observe dynamics like evolution of the electron motion in a molecule

on its natural timescale, that is the one of the attosecond, 10� 18 s. These kind of dynamics are

remarkably faster than those which characterize other phenomena at the nano-scale or smaller:

the time scale of the rotational motion of molecules is on the order of picoseconds 10� 12 s and

the vibrational molecular motion on the order of femtoseconds 10� 15 s (Section 2). Therefore

this technology did not just allow a greater resolution on certain phenomena, but it opened the

door for the observation of processes that could have never been studied before, since it al-

most abruptly improved the temporal resolution of time-resolved spectroscopy by two orders of

magnitude. In particular the attosecond spectroscopic tools established in the last two decades,

together with the development of sophisticated theoretical methods for the interpretation of the

experimental outcomes, allowed to unravel and investigate physical processes never observed

before, such as the delay in photoemission from atoms and solids, the motion of electrons in

molecules after prompt ionization, the temporal evolution of the tunneling process in dielectrics,

and many others [8].
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1.2 Historical Overview of Attosecond Science

The study of the historical evolution of sciences is undoubtedly a topic of great interest, if only

to satisfy curiosity about how we have arrived at today's technological means and knowledge.

However, I believe that delving into the discoveries and results that have unfolded over the years,

allowing us as a human species to take a small step further into the unknown, is not merely an

amusement to satisfy one's curiosity. The exploration of what has preceded us, if one has the

interest to do so, can provide a historical awareness that transforms into a general consciousness

regarding the subject under study. This awareness can be of enormous importance, not only to

have a clear understanding of the current state of the art in science but also to navigate more

con�dently through all the nuances that a branch of knowledge has to offer, no matter how spe-

ci�c it may be. The combination of scienti�c knowledge and consciousness offers much more

of what is reachable by just one of the two. These are the reasons at the basis of this chapter

which purpose is to provide a brief historical reconstruction of the evolution of this powerful

and beautiful science.

In 1864, August Toepler extended spark photography, already known as a method for record-

ing rapid motion of macroscopic objects, to study microscopic dynamics. He generated sound

waves with a short light spark and subsequently photographed them with a second spark that

was delayed electronically with respect to the �rst one initiating the motion. By taking pictures

of the sound wave as a function of the delay time, he obtained a complete history of sound-wave

phenomena. This marked the birth of the pump-probe technique [32]. However these were just

the �rst steps of this incredibly powerful technique and to be able to study faster phenomena

required some years of research.

Clearly, the evolution of the technology was not linear. There were different big discoveries

which brought great steps up in what was and currently is the state of the art of this �eld. In

the following a reconstruction of the main events is reported with a major focus on what are the

most important changes, strictly linked to the attosecond science.
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1.2.1 1980s - First revolution: laser pulses for pump-probe spectroscopy

The resolving power of pump–probe techniques was limited by the nanosecond duration of light

pulses for more than half a century, before laser-based techniques improved it by six orders of

magnitude within merely two and a half decades as reported in �g.1.3.

Figure 1.3: Evolution of techniques for real-time observation of microscopic processes [32].

Indeed, in 1967 the Nobel Prize in chemistry was shared between Manfred Eigen and Ronald

Norrish together with George Porter for the techniques they developed right after the World War

II in the study of chemical dynamics. They were able to study reactions at the sub-millisecond

timescale, breaking this limit for the �rst time [66]. Two and half decades past and during the

1980s Ahmed Zewail conducted a pioneering investigation of fundamental chemical reactions

exploiting femtosecond laser pulse generation and measurement techniques permitting real-time

observation of the breakage and formation of chemical bonds, therefore the study of dynamic

changes in molecular and crystalline structure. These efforts were worth him a Nobel Prize in
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chemistry in 1999. This was an absolute revolution in the �eld and was possible thanks to the

invention of the lasers along with nonlinear optical techniques for generating and measuring

femtosecond pulses able to reach a duration as short as 6 fs in the mid 80s [17].

Progress in temporal resolution was again slowed down in these years, since the duration of

the shortest laser pulses approached the several-femtosecond oscillation period of the lightwave

carrying the pulse. This represented a problem without an immediate easy solution since the

nJ energy scale of these pulses was insuf�cient to extend ultrashort-pulse generation to much

shorter wavelengths via nonlinear frequency conversion.

1.2.2 1980s-1990s - Second revolution: femtosecond solid-state lasers and

high-order harmonics generation

To tackle the problem mentioned above it was necessary to scale the femtosecond pulses from

energies in the order of nJ to mJ, so an increase of about 5 orders of magnitude. Three great

inventions lay the foundations for this change to come: the broadband solid-state laser medium,

titanium-doped sapphire (Ti:Sa) by Peter Moulton [42], self mode locking (referred also as Kerr-

lens mode locking, KLM) by Wilson Sibbett and coworkers [55] and chirped-pulse ampli�cation

(CPA) by Gerard Mourou (Nobel Prize in physics in 2018) and coworkers [58]. These inventions

built the second generation of femtosecond technology through the exploitation of solid-state

laser media solving the problem of the low energies that used to characterize the ultra-short

pulses.

The problem of the duration of femtosecond laser pulses approaching the oscillation period

of the lightwave carrying the pulse is still to be solved. An approach adopted to try to solve

the problem was the high-order harmonic generation HHG to create several-cycle pulses in the

extreme ultraviolet (XUV). However this attempt at �rst did not came out as it was hoped, since

the solution provided pulses too weak to be measured by standard nonlinear autocorrelation

techniques. The introduction of the solid-state Ti:Sa lasers changed the things: from the late

80s to the beginning of the 90s Anne L'Huillier and coworkers demonstrated, in a series of

pioneering experiments, the feasibility of extending the generation of coherent radiation from the

VIS/IR spectral range (covered by lasers) to several orders of magnitude shorter wavelengths, in
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the XUV [36] [38] [34] [35]. This was made possible through the HHG from powerful ultrashort

laser pulses from solid-state lasers. This efforts will be worth Anne L'Huillier, Pierre Agostini

and Ferenc Krausz the Nobel Prize in physics in 2023.

The second revolution made it possible to perform pump–probe spectroscopy with a resolution

that permitted the direct observation of electronic motions for the �rst time.

1.2.3 1990s - Higher-order dispersion limiting the pulse duration and CEP

control

Despite the huge advancements in technologies, the utter exploitation of their potentialities re-

quired more work. The laser like the Ti:Sa produced pulses not close to the Fourier-limit im-

posed by the bandwidth, e.g. the �rst Kerr-lens-mode-locked (KLM) Ti:Sa laser produced pulses

of 60 fs duration that was more than an order of magnitude longer than what was allowed by a

bandwidth stretching over 600 - 1100 nm. The limitation was to be found in the employment

of the prism sequence for group-delay-dispersion (GDD) control which introduced higher-order

dispersion.

Once the problem was understood, research began to �nd a solution and at the beginning of the

90s many efforts were aimed at developing multilayer mirrors for providing tailored dispersion

for shaping the pulse emerging from the mode-locking process in the laser cavity and maintain-

ing at the same time high re�ectivity over the required bandwidth. By the late 1992 the �rst

chirped mirrors were produced, even if far from absolving perfectly to their job, since they did

not provide any degree of freedom for the GDD adjustment.

Figure 1.4: Chirped mirror example of operation. Narrow-band wave packets carried at different

wavelengths penetrate to different depths before being re�ected, as a consequence of a modula-

tion of the multilayer period across the layer stack. The process gives rise to a negative GDD

allowing to compensate the chirp of the pulse in input.
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In 1993 chirped mirrors (CMs) were successfully exploited in a mirror-dispersion-controlled

femtosecond laser (Kerr-lens-mode-locked (KLM), Ti:Sa) by the Ferenc Krausz's group [61].

Mirror-dispersion-controlled Ti:Sa laser technology rapidly entered the sub-10 fs regime and

started to outperform any other femtosecond oscillator technology thanks to different others

pioneering works like semiconductor saturable absorbers by Ursula Keller [60].

Another fundamental work worth mentioning, especially considering the laboratories in which

all the work in the present thesis took place, is the work by Orazio Svelto, Sandro de Silvestri and

Mauro Nisoli. They invented a new optical compression technique based on gas-�lled hollow-

core �bers to broaden spectrally high-energy pulses via self-phase modulation ad subsequently

compress them through the CMs [44].

Times were ripe for the isolation of a single cycle of strong laser �eld, that was indeed achieved,

constituting a powerful tool through which study the strong-�eld - matter interaction. Another

problem rose: uncontrolled shifts of the phase of the carrier-wave with respect to the amplitude

envelope of the pulse, that is carrier-envelope phase (CEP), led to small variations in the sub-

cycle evolution of a few-cycle laser �eld and might cause signi�cant pulse-to-pulse variations in

the evolution of the electron processes triggered and driven by these �elds. From 1996 onwards

the issue was faced and eventually a solution was found in 2003 by Ferenc Krausz and coworkers

who were able to control the attosecond temporal structure of coherent soft X-ray emission

produced by the atomic currents [2]. The full control over the CEP came with the work of

Theodor Ḧansch who developed a frequency-comb technique which was worth a Nobel Prize in

physics in 2005 [19].

1.2.4 2000s - First attosecond pulses and their characterization

The �rst attosecond pulses were demonstrated in 2001 [46] [21]. They reported a temporal

characterization of the XUV radiation formed in the HHG process, demonstrating that it could

lead to the formation of attosecond pulse trains (APTs) or isolated attosecond pulses (IAPs).

Ever since, pulse characterization has been a persistent challenge in attosecond science [5]. The

study of fast evolving processes would not be possible without the attosecond technology, but

the pump and probe experiments require necessarily the capability to characterize the employed

pulses.
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The direct application of well established methods for the characterization of femtosecond

pulses (VIS/IR range) such as frequency-resolved optical gating (FROG) and spectral phase

interferometry for direct electric �eld reconstruction (SPIDER), to the attosecond XUV regime

was not possible. This is due to some challenging factors, mainly the large spectral bandwidth

of these pulses, the high photon energies and the low photon �ux, therefore entirely new ap-

proaches to diagnose bursts of XUV to soft x-ray light therefore had to be devised. In the early

2000s successful schemes were developed, typically involving a nonlinear interaction of a target

with both the attosecond pulse and a co-propagating IR fundamental �eld, and applied to new

reconstruction algorithms. In 2002 the reconstruction of attosecond harmonic beating by inter-

ference of two-photon transitions (RABBITT) was applied in the weak IR �eld regime for ATP

reconstruction [43] and the streaking schemes [24] in strong �eld regime. In a RABBITT mea-

surement, interferences between two-color ionization pathways involving different harmonics

are used to determine the relative phase of these harmonics while in a streaking measurement,

changes to the momentum distribution of photoelectrons are measured as a function of the delay

between the XUV pulse and a co-propagating IR �eld.

The �rst pump–probe experiments where attosecond pulses were applied to investigate time-

dependent electron dynamics were performed in 2002 in particular with an investigation of the

lifetime towards Auger decay of core-ionized Kr atoms [15]. From this moment onwards, the

experiments that exploited this technology became more popular. At the early stages it was con-

�rmed the ability of attosecond pump–probe spectroscopy to determine atomic properties such

as excited state lifetimes by means of measurements in the time domain, �nding results in agree-

ment with what could be obtained through a frequency domain investigation. Subsequently, in

mid 2000s early 2010s, attosecond pump–probe spectroscopy was applied to explore questions

that cannot be answered in the frequency domain, such as the nature of ionization processes

in the strong �eld regime [64], and the question whether or not single-photon ionization from

different atomic or molecular orbitals occurs simultaneously or with a small relative delay [54]

[30].

It is easy to imagine that, along the great progress in ultra-fast technologies and pulses charac-

terization, there were efforts also to improve the laser sources themselves.

As explained above the early development of attosecond science was entirely based on chirped-

10



pulse ampli�cation-based Ti:Sa technology and during these years received a major impetus

with the ability to generate few-cycle pulses with (CEP) stability at high peak intensity [70]

[63]. To mention some results made possible by this progress: advent of IAPs in the XUV

region [3], improved understanding of the electron's continuum and re-collision dynamics [37]

and the underlying quantum trajectories [39], CEP-controlled few-cycles pulses were used in

�rst experiments controlling molecular electron dynamics on attosecond timescales [29].

A second step up came with the ability to generate CEP-stable few-cycle pulses at mid-infrared

wavelengths [11] [50]. Such long wavelengths enable a ponderomotive scaling of the strong

�eld interaction due to the much longer excursion of the tunnel-ionized electron [7] and and

correspondingly higher kinetic energies upon recollision directly impacting the range of photon

energies produced in HHG, since the spectrum has a cut-off that scales withl 2.

Eventually a third, more recent, important advancement in laser sources was obtained with the

development of solid-state, �ber and OPCPA-based systems that combine high peak power with

high average power [28] [45] [16] [6]. These systems nowadays permit to conduct experiments

at 1–3 orders of magnitude higher repetition rates than the �rst generation, 1 kHz Ti:Sa systems,

meaning the possibility to reach a better signal to noise ratio.

1.2.5 Present

Attosecond science potentiality is huge and to sum up all the applications and branches of re-

search linked to this �eld would be a really demanding and complex work that is out of the

scope of this brief historical reconstruction. To mention some applications: atomic photoioniza-

tion dynamics are studied by probing the emitted electron making it possible to study how long

does it take for an electron to photoionize (Wigner delay), investigation of the ultrafast charge

migration and coupled electronic and nuclear dynamics in molecules, issues related to the HHG

(increase its ef�ciency, manipulate the polarization state of the harmonics, high-resolution spec-

tral manipulation over the harmonic spectrum, ...), HHG in plasmas and in solids and so on.

To this purpose it is more useful to directly show one application, that is a pump and probe

experiment performed with a UV pump and an XUV probe as reported in the chapter 5. To end

this chapter in �g. 1.5 is shown the evolution of the duration of the shortest pulse that could be

generated from before the 1970s.
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Figure 1.5: The shortest pulse that could be generated as a function of time since mode locking

was developed [47].
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2. Attosecond Physics Theory

Quantum mechanics tells us that with a simple model we can characterize an atom with a eigen-

functiony and its electronic distribution can be described as through the functionjy j2 = juj2.

The quantum interpretation of the classical motion implies the presence of a wave packet, that

is coherent superposition of eigenfunctions. The simplest case we can analyse is:

jy i = c1e� iw1t ju1i + c2e� iw2t ju2i (2.1)

therefore:

jy j2 = y � y = jc1j2 ju1j2 + jc2j2 ju2j2 + 2Re
n

c�
1c2 u�

1u2 e� i(w2� w1)t
o

(2.2)

obtaining an oscillating termw2 � w1, so a periodic modulation of the electronic distribution. Its

period can be estimated as:

T =
2p

w2 � w1
=

2ph
(e2 � e1)

=
h

De
(2.3)

Suppose we are dealing with a molecule, it is characterized by different degrees of freedom

which describe different physical processes e.g. vibrations, rotations or combinations of the two.

They are associated to different distinctive range of energies, focusing on a general rotation we

have energies, in broad terms, in the rangeDerot �= 10� 4 eV, so from eq. 2.3:

Trot �=
4 eV fs
10� 4 eV

= 4� 104 fs = 40 ps (2.4)

that is a quite short oscillation period. Considering instead the vibration degree of freedom we

haveDevibr
�= 0:1 eV, therefore:

Tvibr
�=

4 eV fs
0:1 eV

= 40 fs (2.5)

that is an considerably shorter result. Regarding transitions between different electronic states

Detr �= 1 eV is a realistic possible approximation, giving us:

Ttr �=
4 eV fs
1 eV

= 4 fs (2.6)
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It is now clear the importance of being able to generate pulses that can probe such fast dynamics.

It is not possible to generate such pulses directly from commercially available lasers sources,

indeed suppose to have a Ti:Sa, we can assume an output wavelength around 750 nm:

T =
l
c

�=
750� 10� 9 m s

3� 108 m
= 2:5 fs (2.7)

so not enough for our purposes. To obtain something shorter we have to reduce the wavelength,

e.g. aT=0.1 fs corresponds to aboutl =30 nm, meaning a radiation in the XUV range. The

process exploted to produce the pulses needed for this puropose is called high-order harmonic

generation HHG.

2.1 High-Order Harmonic Generation

From an experimental point of view the process starts with focusing pulses of tens of fs, tens

of mJ - mJ in a focal region reaching intensities of about 1013 � 1015W/cm2. The focal region

is �lled with a gas , typically a noble gas (Argon was used in our case) 2.2. For a number of

different non linear processes the odd harmonics of the fundamental radiation can be generated

with an ef�ciency that follows a trend with a plateau and a cut-off law. Due to the symmetry of

the physical system, it is not possible to produce even harmonics.

Figure 2.1: Typical trend of the ef�ciency of HHG [23]. In this case a plateau is present till the

30th harmonic and a cut-off right after.

14



The ef�ciencyh is characterized by a plateau region with a typical value ofh �= 10� 5 � 10� 6,

requiring a huge number of photons to be exploited. A second observation is that, right after, is

present a cut-off region that follows the equation:

h̄wc = Ip + 3:17Up (2.8)

whereIp is the ionization potential of the gas used andUp is the ponderomotive energy (Up µ

I l 2, I intensity of the laser,l its wavelength) that will be explained later.

Figure 2.2: Cell used in our experiments for the HHG through Argon.

2.1.1 Three step model (TSM)

This is a semiclassical model of HHG since the quantum mechanics is inherent in the ionization

and recombination, but the propagation is treated classically [53].
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Figure 2.3: Illustration of the phases of the three step model for HHG [20].

In the TSM the potential of the system is described as the result of the interaction between

the potential introduced by the laser and the one of the atom itself before the arrival of the

radiation. This gives rise to a sloped shape with respect to the potential of the isolated atom as

shown in 2.3.

According to this model we can split the process in three steps:

1. tunnel ionization: an electron is lifted to the continuum at the nuclear position with no

kinetic energy in a tunneling ionization process through the potential barrier,

2. propagation: the subsequent motion of the electron is described classically as an acceler-

ation in the laser electric �eld,

3. recombination: when the electron comes back to the nuclear position due to the decelera-

tion caused by the electric �eld, occasionally, a radiation is emitted upon recombination.

The corresponding photon energy photon is equal to the sum of the acquired electron

kinetic energy and the ionization potentialIp.

We can write some equations to describe this model under the following assumptions: assume a

classical model (II law of dynamics), the initial velocity of the electron is almost equal to zero,

driving �eld is a continuous wave (CW) laser with the parent ion atx = 0 1.

Let us consider a sinusoidal and linearly polarized �eldE(t)

EEE = E0 cos(w0t) uuuxxx (2.9)

1Note that experimentally would not be possible to use CW lasers due to the high intensities that the process

requires.
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Classically the electron after the tunnelling can be described through:

m
dvvv
dt

= � e E0cos(w0t) uuuxxx (2.10)

where we can neglect the contribution of the coulomb potential due to the strong �eld approxi-

mation (SFA), we assume thatE0 is high in the initial moments, so we consider only the electric

�eld term. So:

dv= � e
E0

m
cos(w0t) dt (2.11)

giving, after integration with initial velocity equal to zero:

v(t) = �
eE0

mw0

�
sen(w0t) � sen(w0t0)

�
(2.12)

The position of the electron after the ionization, withx0 = 0 at the parent ion, is:

x(t) = �
eE0

mw0

�
cos(w0t) � cos(w0t0) + w0(t � t0) sen(w0t0)

�
(2.13)

As said above the high harmonics are generated when the electron comes back to the parent ion,

so if the eq. 2.13 has no solution forx(t) = 0 no HHG is possible. This motion equation is

not solvable analytically, but studying its solution one gets that the generation of harmonics is

possible if:

0 < w0t0< 80° (2.14)

There are small temporal regions as the one in 2.14 repeating everyT=2, so half the cycle of the

fundamental radiation that allow the XUV generation. For higher values the electrons �ies away

and never returns to the paren ion, while fort0= 0 the electrons returns with a kinetic energy

gain equal to zero, so no HHG is possible. The reason why XUV generated pulses are shorter

than the optical period of the fundamental radiation is that the generation process is con�ned in

a temporal window which is shorter thanT=2.

According to the different value of the kinetic energy of the recombining electron the radiation

emitted will have a different energy. To understand more precisely the phenomenon consider

the following approximation for the solution of the eq. 2.13:

w0t =
p
2

� 3� sin� 1
�

2
p

w0t0� 1
�

(2.15)

v(t) = �
eE0

mw0

�
sin(w0t) � sin(w0t0)

�
(2.16)
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so the energy of the photon emitted upon recombination is:

h̄wx = Ip +
1
2

m
e2E2

0

m2w2
0

�
sin(w0t) � sin(w0t0)

� 2 (2.17)

Assumingt0= 0 we get:

eaverage
k =

e2E2
0

4mw2
0

= Up (2.18)

therefore the ponderomotive energyUp corresponds to the mean kinetic energy of an electron

which is oscillating freely in a sinusoidal �eld. We have:

ek = 2Up
�
sin(w0t) � sin(w0t0)

� 2 (2.19)

and combining this result with eq. 2.15 we get the following plot:

Figure 2.4: Kinetic energy of the electron at the time of recombination, as a function of the time

of ionization [65].

From �g. 2.4 it becomes clear the maximum energy is obtained in correspondence of:

(h̄wx)max= Ip + 3:17Up (2.20)

which is the cut-off law.

It is possible to obtain the same value of the kinetic energy of the recombining electron for two

different values oft0. To understand this it is useful to plot the kinetic energy of the electron

as a function of the time of recombinationt instead of the time of the ionizationt0as shown in

�g.2.5.
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Figure 2.5: Kinetic energy of the electron as a function of the time of recombination [22]. Two

different trajectories are possible: a long one and a short one.

In the �gure there are two possible trajectories from the ionization bell to the the recombi-

nation: the short trajectories within the red section of the curve and the long trajectories within

the blue section of the curve. They are not equivalent options. In the short case an increase

of the time corresponds to higher values of the the electron kinetic energyek, so an increase in

the generated photon energy. For the long trajectories, to longer times correspond lower val-

ues of the electron kinetic energyek, therefore a decrease in the generated photon energy. The

consequence of this difference is in the chirp of the generated XUV pulses: short trajectories

give rise to a positively chirped pulse, long trajectories to a negatively chirped pulse. Therefore

the attosecond pulses generated by HHG are not transform limited, but there is a chirp at least

for the components generated in the plateau region. This is of course not desirable, but it is

possible to compensate it e.g. with metallic �lter, like Al, that introduce negative dispersion

to compensate the positive one of the pulses from short paths. These �lters are typically used

anyway due to the need of �ltering out the IR radiation that is collinear with the generated, less

intense, XUV radiation. Moreover, the XUV radiation generated by the short quantum path is

highly collimated and it is not the same for the long path. This means that spatial characteristics

of the former are usually better. So, is it possible to generate only short path pulses? Being able

to do so represents an advantage also to obtain a single and coherent attosecond pulse, otherwise

the synthesis of several harmonics coming from different paths with different phases often leads

to an irregular attosecond pulse [25]. The answer is that there is a way and experimentally, the

dominating trajectory is selected through phase matching by adjusting the position of the laser
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focus relative to the nonlinear medium [18].

It is important to state that the TSM model is really helpful in a qualitative way to understand

the phenomenon due to its simplicity with respect to other models. However it is not used as a

basis to perform quantitative HHG simulations.

2.2 Quantum Description of the HHG

In this section a quantum description of the HHG process as seen in the previous section will be

provided. Let's start from the equation for the electric �eld of the XUV radiation:

¶2EXUV

¶z2 �
1
c2

¶2EXUV

¶t2 = m0
¶2P
¶t2 (2.21)

where the polarization vector is de�ned as:

PPP(t) = n < errr(t) > = n < rrr > (2.22)

where:

< rrr > = < y (rrr;t) jrrrj y (rrr;t) > (2.23)

Consider an atom in strong laser �eld and in the single active electron approximation. We need

to �nd the non linear polarization induced by the oscillating dipole. Consider for this purpose

the Schr̈odinger equation:

ih̄
¶ jy i

¶t
= H jy i (2.24)

where the hamiltonian can be written as:

H = H0 + H0 (2.25)

H0 takes into account the action of the electric �eld of the driving pulse on the system used for

the XUV generation.H0 is de�ned as:

H0 = �
h̄2

2m
Ñ2 + V(rrr (2.26)

V is the atomic potential, by considering the single electronic approximation we imagine one

electron per atom interacts with the radiation. In atomic unitsh̄ = me = e= a0 = 1 we have:

H0 = �
1
2

Ñ2 + V(rrr) (2.27)
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and we will work within the electric dipole approximation framework, this is possible because

the typical maximum separation of the electron from the parent ion is few nm, therefore much

smaller than the driving radiation. With this approximation we can neglect the spatial depen-

dance ofEEE(t) andAAA(t) on the atomic dimension. We have:

H0= � mmm� EEE = � errr � EEE(t) = � rrr � EEE (2.28)

After the tunnel ionization we neglect the action of the Coulomb potential due to the SFA. The

process is described as a transition from the ground statej0i to the continuum. The overall

wavefunction is the coherent superposition of thej0i state and the continuous state:

�
�y g

�
= j0i e� ie0t=h̄ = j0i eiI pt (2.29)

If the electron is free to move the kinetic momentum is:

ppp = h̄kkk = kkk (2.30)

H0 jkkki =
k2

2
jkkki (2.31)

In particularjkkki and
�
�y g

�
form a complete set, so we can write alljy i as a coherent superposition

of them:

jy i = eiI pta(t) j0i +
Z

dk3 b(kkk;t) jkkki (2.32)

wherea(t) andb(kkk;t) are amplitude functions. We can neglect the ground state depletion (even

after tunnel ionization), soa(t) �= 1. We have:

jy i = eiI pt
�
j0i +

Z
dk3 b(kkk;t) jkkki

�
(2.33)

by de�ning a new amplitudeb that takes into account the exponential term. We can now compute

the expectation value of the dipole moment:

hy j = eiI pt
�
h0j +

Z
dk3b(kkk;t) hkkkj

�
(2.34)

hence:

< rrr > = hy j rrr jy i = h0j rrr j0i +
Z

dk3 b� (kkk;t) hkkkj rrr j0i +
Z

dk3 b(kkk;t) h0j rrr jkkki +
ZZ

d3k dk03 b2(kkk;t) hkkkj rrr
�
�kkk0�

(2.35)
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It is possible to obtain a simpler expression. The �rst termh0j rrr j0i is the matrix element of the

dipole moment referred to the ground state, so it is a constant and we can neglect it since it does

not oscillate. We can neglect also the fourth term sincehkkkj rrr
�
�kkk0� is the matrix element of the

dipole moment associated to the transition from the continuous statekkk0 to the continuous state

kkk. We want to describe the transition from the continuous state to the ground state, so we are not

interested in this possibility. The second element is the matrix element of the dipole moment

corresponding to the transition from ground state up to the continuous statekkk. It is related to the

ionization, but not to the oscillating dipole moment emitting the radiation. We can write:

hkkkj rrr j0i = ddd(kkk) (2.36)

h0j rrr jkkki = hkkkj rrr j0i � = ddd� (kkk) (2.37)

Therefore one can write:

< rrr > =
Z

dk3 b(kkk;t)d� (kkk)+ c:c: (2.38)

We don't know the functionb, but we can �nd an expression for it. Changing variable of

integration and moving from the kinetic momentumkkk to the canonical momentum we have:

m
dvvv
dt

= qEEE = � q
dAAA
dt

(2.39)

d
dt

(mvvv+ qAAA) = 0 (2.40)

ppp = mvvv+ qAAA = mvvv� eAAA = vvv� AAA = kkk� AAA (2.41)

We assumekkk does not change in the temporal interaction between tunnel ionization and recom-

bination because we can neglect the action of Coulomb potential, so electron undergoes only the

action of the �eld. So we can write

< rrr > =
Z

dp3 b(ppp;t) d� (ppp+ AAA(t)) e� iS(ppp;t;t0) (2.42)

wheret0 is the instant after the tunnel ionization andSthe semiclassical action:

S(ppp;t;t0) =
Z t

t0
dt00

�
( ppp+ AAA(t))2

2
+ Ip

�
(2.43)

Eventually we end up with the equation:

< rrr(t) > = i
Z t

0
dt0

Z
dp3ddd� (ppp+ AAA(t)) e� iS(ppp;t;t0)EEE(t0) � ddd(ppp+ AAA(t)) (2.44)
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In particular the �rst termddd� (ppp+ AAA(t)) represents the third step in the TSM, that is the recom-

bination towards the ground state. The second terme� iS(ppp;t;t0) is the second step in the TSM and

represents the action accumulated by the electric �eld during its motion from tunnel ionization

t to the recollision instantt0. Eventually the last termEEE(t0) � ddd(ppp+ AAA(t)) describes the transition

from ground state to continuous state at the instantt0. This ionization is induced byEEE.

2.3 Multi Ionization Process: Keldysh Parameter

Consider the system in the �g. 2.6 and imagine an electron in the ground stateEg, how can

this electron move to the continue through photons with an energy lower than the ionization

potential, since there are no states with energiesEg + h̄w, Eg + 2h̄w and so on?

Figure 2.6: Multi ionization process.

As shown at the beginning of this chapter, through uncertainty principle we can provide

an estimate of the time needed for the transitionDt � h̄=DE, as an example we can takeDt �=

50� 100 as. The electron does not know that there are no states with energiesEg + h̄w and

multiples for a timeDt, therefore if enough photons are absorbed within this period the transition

becomes possible. This means very intense light is needed. Indeed, considering typical pulse

parameters as duration of 100 fs, energy of 1 µJ, wavelength of 1 µm, focused into 10 µmx 10

µm we obtain about 1014 � 1015 W/cm2.

In 1964 it was published the �rst paper which directly addresses this problem [27] by L. D.
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Keldysh. In this work the famous Keldysh parameterg is introduced and two different ionization

regimes are identi�ed.

The Keldysh parameter can be derived in a simpli�ed picture of the system. Consider the system

in the �gure 2.7. The energy of the electron is given by three contributions: the kinetic energy

ek, the Coulomb potential energy and the potential introduced by the laser.

Figure 2.7: Schematic of multi-photon and tunnel ionization.

The driving radiation potential is given byxE(t) and we can de�ne the tunnel ionization time

t as:

t =
xb

< v >
(2.45)

where the thickness of the barrierxb is de�ned as:

xb =
Ip

eE0
(2.46)

The average velocity of the electron is assumed equal to:

< v > =
v(0)+ v(xb)

2
(2.47)

For the SFA we have:
1
2

mv2(0) = Ip (2.48)
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Assumingv(xb) = 0 and sincev(0) =
p

2Ip=m we have:

< v > =
1
2

r
2Ip

m
(2.49)

so eventually:

t =
2Ip

eE0

r
2Ip

m
=

s
2Ipm
e2E2

0
(2.50)

We can now introduce the Keldysh parameterg:

g = wt = 2p
t
T0

=

s
2w2Ipm

e2E2
0

=

s
Ip

2Up
(2.51)

This parameter allows us to identify two different regimes as showed in �g. 2.6:

• g << 1 meaningt << T, so during the tunnel ionization process the electron sees the

potential barrier as static,

• g >> 1 meaningt >> T, so during the tunnel ionization process the electron sees the

potential barrier rapidly oscillating and the process is possible via multi photon ionization.

It is important to understand thatg >> 1 does not really mean that the tunneling is not happen-

ing, but it means that the barrier is not static.

As shown in the section 2.1 the attosecond physics includes the ultrafast dynamics of electron

tunneling, especially if we consider such an important process as the HHG. The Keldysh param-

eter gives a very important element to have a better understanding on processes that are at the

fundamental of this science.

2.4 Characterization of Attosecond Pulses

In the years various different techniques have been developed to measure and characterize ul-

trashort pulses. A widely used and established technique for the reconstruction of pulses in the

ps-fs range is theFrequency-Resolved Optical GatingFROG invented in 1991 by Rick Trebino

and Daniel J. Kane [26]. Several alternatives exist:Spectral Phase Interferometry for Direct

Electric-�eld ReconstructionSPIDER, variations on the FROG like SHG-FROG, PG-FROG,

TG-FROG and son on. However if we move to the attosecond domain these options are not

25



exploitable anymore since they rely on optical domain, so optical tools. For XUV pulses other

techniques are needed and this is due to the fact that the optical techniques have a non-linear

nature. Indeed this makes them dif�cult to be applied to the XUV, typically characterized by

the absence of suf�cient non-linearity. The most widely used techniques for the study photoe-

mission dynamics are theReconstruction of Attosecond Beating By Interference of Two-photon

TransitionsRABBITT [43] and attosecond streaking spectroscopy [24].

2.4.1 Attosecond Streaking Camera

In principal the functioning of an attosecond streaking camera ASC is similar to a conventional

streaking-camera �g.2.8, however the latter can perform measurements at best up to the ps range.

In the conventional case a change of the amplitude of a voltage in time is used to accelerate

photoelectrons to different velocities according to the value of the voltage the are subject to. So

photoelectrons coming in different instants, therefore different delays of the incident pulse, are

coupled to different spatial positions due to the different acceleration they underwent.

Figure 2.8: Schematic a conventional streaking camera.

In the ASC case a faster change in the voltage than the ps range is needed, so an ultrafast
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pulse can be exploited and in particular its �eld gradient.

The principle is mapping the pulse we want to measure in the photoelectron wave function.

This can be done by photoionizing an electron with the attosecond XUV pulse we want to

measure, the electron wavefunction will encode the information about the pulse that was used.

Subsequently the electron is probed by an IR pulse 2.9.

Figure 2.9: Attosecond Streaking Camera working principle.

The velocity of the electron will depend on the moment it is realised, since different fre-

quency values of the XUV pulse will correspond to different kinetic energies of the electron.

This creates a velocity shift just like in a conventional streaking camera. Its momentum can be

written by conservation law as:
p2

0

2
= h̄W� Ip (2.52)

whereWis the frequency of the attosecond pulse. The electron will the interact with the oscil-

lating IR pulse that will change its momentum, giving a �nal momentum of the electron on the

detector equal to:

pppf = ppp0 � AAAIR(tion) (2.53)

so pf depends on the initial momentum and the IR pulse potential vector evaluated at the time

of the ionization. Since the vector potential changes on a fast time scale we map the time of the
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ionization on the �nal momentum. Suppose now to change the delay between the IR and the

XUV pulses as shown in �g.2.10.

Figure 2.10: Effect on the momentum distribution of the different delays between the attosecond

and IR pulses.

Consider two different attosecond pulses, one (blue pulse in �g.2.10) arrives at the zero of

the oscillating vector potential of the IR �eld and the other (pink pulse in �g.2.10) on the max-

imum. We are interested in the photoelectron momentum spectrum on the detector. It is clear

from the scheme in �g.2.10 that the blue pulse (minimum ofAIR) will generate a wider momen-

tum distribution with respect to the narrow spectrum of the pink one (maximum ofAIR). This

distinction is possible as long as the XUV pulse is shorter than a quarter of the period of the IR

pulse.

This technique allows also for a measurement of the chirp of the XUV pulse. Indeed, this infor-

mation is recorded by the process, consider the momentum of the electron after the ionization in

eq.2.52, it depends on the instantaneous frequency of the XUV pulseW(t), therefore the chirp in

the spectrum of the pulse will be mapped in the momentum of the electron. In particular if the

XUV pulse delay is such that the electron meets the IR pulse when� AIR is increasing thenp0(t)
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