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Sommario

Questo lavoro di tesi ¢ dedicato allo sviluppo di dispostivi optofluidici integrati per la
generazione di impulsi ad attosecondi nell’estremo ultravioletto.

Tali dispositivi sono stati realizzati all’interno di un substrato di vetro con una tecnica
nota come FLICE (Femtosecond Laser mlcromachining followed by Chemical Etching).
Il fascio di un laser a femtosecondi viene focalizzato all’interno del materiale, che viene
modificato localmente. La zona danneggiata diventa particolarmente sensibile ad un
attacco chimico, e questo permette di fabbricare con precisione micrometrica delle
strutture cave, tridimensionali ed articolate quanto si voglia, in un supporto delle
dimensioni di qualche millimetro. Dispositivi cosi realizzati trovano diversi campi di
applicazione. In questo caso, sono stati progettati per ospitare l'interazione tra un
fascio laser a femtosecondi ad alta energia e le molecole di un gas nobile, fenomeno
che risulta nell’emissione di radiazione nell’estremo ultravioletto.

In particolare, € stato realizzato un dispositivo che integra un sistema di pompaggio
differenziale, appositamente studiato per garantire il miglior confinamento del gas
e sostituire un apparato esterno usato in un precedente lavoro [1]. Nell’ambito
dell’attivita aggiuntiva per la tesi richiesta dal percorso ASPRI, é stato simulato il
flusso del gas al suo interno.

Parallelamente, si sono studiati gli effetti di un trattamento termico subito da una
guida cava utilizzata per la generazione di armoniche di ordine elevato (HHG), ed
é stato rilevato un aumento della resa di generazione. Si & caratterizzato questo
dispositivo prima e dopo il trattamento nel tentativo di comprendere la variazione
delle proprieta ottiche a seguito di un cambiamento strutturale.

Questo lavoro rappresenta un piccolo passo in avanti verso l'integrazione di un numero
sempre maggiore di funzionalita all’interno di dispositivi fotonici e nella comprensione
del loro funzionamento, che in futuro rappresenteranno un prezioso strumento per la
generazione di impulsi ultra-brevi nell’estremo ultravioletto, fino ai raggi X.






Abstract

This thesis work is devoted to the realization of integrated optofluidic devices for the
generation of extreme ultraviolet radiation.

These devices are fabricated on a glass substrate with a technique known as FLICE
(Femtosecond Laser mIcromachining followed by Chemical Etching). A femtosecond
tightly focused laser beam is able to modify locally the material, which in that zone
becomes more sensitive to chemical attack. It is then possible to build with micromet-
ric precision articulated, three-dimensional hollow structures, which can be employed
in various applications. Here, they are designed to host the interaction between a
strong femtosecond laser beam and noble gas molecules, a process which results in
the emission of extreme ultraviolet radiation.

In particular, a device which integrates a differential pumping system was realized,
specifically developed to guarantee a good gas confinement aiming to replace the
bulky apparatus used in a previous work [1]. In the framework of the additional thesis
activity required by ASPRI project, it was simulated the gas flow inside this device.
Meanwhile, the effects of a thermal treatment on a hollow waveguide used for High-
order Harmonic Generation (HHG) were studied. It was revealed an increase in the
generation yield. This chip was characterized before and after the annealing, in the
attempt of understanding how structural changes influences optical properties.

This work represent a little step forward in the integration of multiple functionalities
inside photonic devices and in the understanding of their working principles, because
in future they will represent a precious instrument for the generation of ultrafast
extreme ultraviolet and soft X-ray pulses.
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Extended Abstract

Research on integrated microfluidic devices is today drawing the attention of many
scientists, appearing as a promising tool for a new generation of extreme ultraviolet
(EUV) and soft X-ray (SXR) attosecond pulses sources. In particular, hollow structure
realized with FLICE technique already proved successful in hosting third harmonic
generation [1] and high-order harmonic generation [2], setting new records in the
production of high-quality pulses in the EUV region of the spectrum.

The interest in such sources is motivated by the will of exploring ultrafast phenomena
occurring in atoms, molecules and condensed matter, which dynamics could be cap-
tured in their fundamental times ( fs) and lengths ( nm) by attosecond pulses.
To achieve this goal, much work is still needed both on the theoretical comprehension
of highly nonlinear optical phenomena which can be triggered in hollow structures
and on the integration in these devices of more functionalities so that a few centimeter
chip has the same capabilities of much lager equipment.

In this thesis, I present the design and the development of a microfluidic device which
integrates a differential pumping system, that is a series of chambers and channels
specifically thought to ensure a high gas density in the part of the chip devoted to deep
UV generation via third harmonic up-conversion of a near-infrared driving laser. This
project was done in collaboration with the Attosecond Science division at Deutsches
Elektronen-Synchrotron (DESY), in Hamburg, where is located the experimental
setup which contains the external differential pumping system this new chip aims to
replace. Unfortunately, it was not possible to test this device yet, due to a series of
delays mainly related to COVID-19 pandemic, that forced for long time people at
home, especially in Germany, where a severe lockdown has been imposed for the most
of the duration of this thesis. At the time of writing, the device is ready and we are
waiting for the realization of a home-build mounting to house the chip, which we plan
to test in the next months.

In the framework of the additional activity to the master thesis foreseen by the
ASPRI program, I performed some preliminary simulations of the behaviour of the gas
inside the new differential pumping chip. The study of the gas-flow inside optofluidic
micro-devices is something still mostly unexplored, but, in my opinion, will become
increasingly more important. In fact, integrating more functionalities will mean
fabricating more complicated structures, and to have a clear understanding of the
glass flow inside them will be crucial both to study the feasibility of new concepts and
to optimize the already existing ones. For this reason, I exploited the Free Molecular
Flow module of COMSOL multiphysics, which was deepened to highlight advantages
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Extended Abstract

and limitations in its use.

In the same time, I fabricated, optically characterized and assisted to HHG character-
ization of a chip which for the first time underwent a thermal treatment to enhance
its structural properties, especially the smoothness of the internal surface. It was
found that the annealing process effectively improves the performances of the device,
encouraging further studies in the theoretical investigation of the interaction between
the propagating light and the wall of the device, and in the optimization of thermal
treatments.

In this thesis are then reported the main passages of this activity, starting with a
theoretical review of the very interesting physics involved. The material is organized
as follows:

e In Chapter 1 is presented the micromachining technique used for the fabrication
of all the prototypes of this work, with a focus on the underling physic but with
a description also of the more practical aspects.

e In Chapter 2 is explained the importance of deep UV radiation for pump-
probe spectroscopy; then it is introduced the third harmonic generation and
the experimental setup used in [1] for the generation of sub-2-fs pulses, with a
special attention to the bulky differential pumping system.

e Chapter 3 is fully devoted to high-order harmonic generation, to the models
used to explain this phenomenon and the expedients used to enhance it, especially
the utilisation of hollow waveguide.

e In Chapter 4 are detailed all the experimental apparatus used in this work.

e Chapter 5 contains the motivations behind the realization of the differential
pumping chip, its design, and the solutions adopted for its fabrication, which
was quite difficult due to its dimensions.

e In Chapter 6 is reported the optical characterization of the annealed HHG
chip and the spectra of the generated harmonics.

e In Appendix A are shown the gas flow simulations performed on the differential
pumping chip, together with a brief excursus on the free molecular flow regime
and its numerical implementation.
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Chapter 1

Femtosecond Laser Micromachining

1.1 Introduction

Femtosecond Laser Micromachining (FLM) is a technique for complex microfabri-
cations which has been extensively used since 1996, when Hirao and co-workers [3]
demonstrated that a tight focused femtosecond laser beam, with a frequency in the
visible range, was able to induce permanent modi cation in several kind of glasses.
They suggested that these damages, giving rise to an increase of index of refraction,
could be used to write built-in optical circuits in bulk glasses.

In the following years, many researchers developed this idea fabricating integrated
optical devices as beam splitters, directional couplers, ber and waveguide Bragg
gratings, waveguide ampli ers [4] etc..

In 2001, a breakthrough paper by Marcinkevicious et al. [5] broadened this already
growing eld demonstrating that a 5% of aqueous solution of HF acid was able to etch
a 3D pattern written by a focused femtosecond laser, resulting in the fabrication of
micrometric channels with a circular cross section inside a fused silica substrate. This
made possible to fabricate articulated buried structures paving the way for Opto uidic

[6, 7], a novel research eld which combine optics and uidics to build microsystems
with new functionalities, which could be of interest for a wide range of disciplines.

Compared to other microfabrication techniques such as silica-on-silicon, ion exchange
or lithographic methods, which are generally limited to planar structures [8], FLM is
truly three-dimensional technique and allow the fabrication of articulated structures
that would be otherwise impossible to obtain. By moving the sample with respect
to the laser focus it is possible to quickly fabricate prototypes avoiding clean room
facilities or dedicated masks and with a suitable choice of parameters it is possible to
successfully irradiate di erent types of glasses [3, 9], crystals [10] and polymers [11].
However, most studies have focused on the irradiation of fused silica [8, 12], being
a widely used optical material with a well-known structure, exceptional chemical
and mechanical stability, a large transparency window (from UV to IR, covering the
range of frequencies FLM typically operates with) and, last but not the least, high
commercial availability.

Since all the devices realized in this work were manufactured by Femtosecond Laser



Chapter 1. Femtosecond Laser Micromachining

Micromachining followed by Chemical Etching (FLICE) on fused silica, it was deemed
appropriate to devote the rst chapter to give a deep insight into this technique,
summing up the broad literature on the topic. The chapter is organized as follows: in
Sect. 1.2 the physical mechanisms underlying FLM are presented while Sect. 1.3 is
devoted to the chemical process and the resulting microchannels' properties.

1.2 Femtosecond Laser Micromachining Physics

When a material interacts with a focused femtosecond laser pulse with a high peak
intensity (of the order of 108 W cm 2 [4]) some colourless damage can be observed.
The only possible explanation is that some sort of energy transfer took place during
the process, i.e., the light absorption by matter.

However, the energy of the incident photon is not su cient to excite electronic
transition: if we consider a green photon, its energy is more or ldss = 2 eV, whereas
the energy bandgap E (the energy di erence between the valence and the conduction
band) for fused silica is around 7.5 eV [13]. Moreover, the damage appears to be
localized in a nite region of space, corresponding to the focal volume of the laser beam.
Hence, this absorption must be the outcome of a nonlinear process, which consist
in the promotion of electrons from the valence to conduction band, the following
formation of an electron plasma which eventually will nd a way to give up its energy
to surrounding material [12].

Figure 1.1. Timescale of the most important phenomena occurring in the interaction of a
femtosecond laser with a transparent material. Thermal and structural events
take place long after carrier excitation [14].

Physics underlying FLM is today not fully understood [4]. The modi cation of the
transparent material depends upon many parameters, from both laser source and
sample. In addition, the fast time scale at which involved phenomena occurs (cfr.
g. 1.1), makes this interaction regime di cult to be experimentally investigated and
theoretically characterized.
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Several models have been proposed and widely accepted for the rst stage of the
interaction, namely the formation of the electron plasma, whereas a more empirical
approach, based on the dependence of the nal modi cation upon the di erent working
conditions, can be exploited to understand energy deposition and structural changes.

1.2.1 Carrier Excitation and Free Electron Plasma Formation

Two main nonlinear mechanisms have been appointed as the responsible of the
formation of the electronic plasma [13]photoionization and avalanche ionization

The term photoionization means the direct ionization of matter by the incoming
radiation. As stated before, a photon in the spectral range of interest does not have
enough energy to excite a photon to the conduction band. Nevertheless, it is possible
to imagine that n photons, for which holds

nh >E 4 (1.2)

where is the frequency of light, could be absorbed all at once causing the excitation
of one electron. This process goes under the namenaiditiphoton ionization.

A second regime is calletnnel ionization. In this case the electric eld of the laser
pulse bends the coulombian hole of atom. If the eld is su ciently high, an electron
can overcome the potential thanks to the quantum tunnel e ect. Both multiphoton
and tunnel ionization are schematically represented in gure 1.2,

Figure 1.2. Schematics of nonlinear photoionization processes: (a) multiphoton ionization,
(b) tunneling ionization and (c) avalanche ionization, consisting in free carrier
absorption followed by impact ionization [15].

Interestingly, these two physical phenomena are only apparently di erent. As rstly
demonstrated by Keldysh [16], they are just two di erent regimes of the same the-
oretical apparatus. Without entering in any detail, one can introduce the Keldysh
parameter :

r—
! MeCN"oEg
e I
being! the laser frequency] the laser intensity at the focus,m, the e ective electron
mass, e the electron chargec the speed of light,n the linear refractive index and
"o the permittivity of the free space. This parameter allows to distinguish three
gualitatively di erent situation:

(1.2)

CIf 1 tunnel ionization dominates, meaning high laser intensities and low
frequencies.
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TIf 1, multiphoton ionization dominates meaning low laser intensities and
high frequencies (but still below that needed for linear photon absorption).

Tf 1, nonlinear photoionization can be understood as a combination of the
two.

Avalanche ionization is governed by the possibility for an electron already excited at
the bottom of the conduction band to linearly absorb several photons from the laser
eld gaining kinetic energy and becoming a so-called hot electron [4]. When its total
energy exceeds the conduction band minimum by more than the bandgap energy, it
can hit another electron from the valence band, resulting in two electrons near the
conduction band minimum. These two electrons can in turn acquire energy from the
laser pulse, become hot and excite other electrons, triggering an avalanche in which
free electron population grow exponentially [15].

The electron that rst generate the ionization and acts as a seed for the avalanche
may come from one of the previous described nonlinear mechanism, but also from
thermally excited impurities of defect states [4]. In the rst case, the laser pulse
must be very short (sub-picosecond duration) in order to have peak enegy enough
to allow multiphoton or tunnelling ionization, in the second could be involved also
relatively long pulses (some tens of picoseconds or even nanoseconds). It is crucial
for the technique to be successful that the case is the former: in fact, the number
of impurities and dislocation within the focal volume is subject to large uctuation,

so the process of free carrier formation would be stochastic. Furthermore, when we
consider a sub-picosecond pulse, absorption occurs at a time scale which is faster than
the lattice heating process, that is, the electrons become hot much faster than they
cool down [13], minimizing heat di usion coming out from the focal volume. This
two points, replicability and con nement, are exactly the key to transform a kind of
radiation damage in a very powerful micromachining technique.

Whilst the electric eld is present, a simple model for the growth of free electron
population ne could be described by an equation as [13]:

%: K+ ng (1.3)
where the rst part of the second term represents the multiphoton ionization regime,
with ¢ the multiphoton absorption coe cient for absorption of k photons [17], while
the second term describe avalanche ionization, beingthe avalanche ionization tate.
Some authors [18] identify as directy proportional to the intensity | , others [19]to | .

As a result of the described processes, we have the formation of an electron plasma.
To ionized matter is typically associated a characteristic frequency, called plasma
frequency [20]:

2
I2:4e Ne
P m

(1.4)

e
wherem, is the e ective mass of the electron.
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Plasma frequency is directly correlated with the population density. Remarkably, the
population density takes the name of critical densityn, when the plasma frequency
equals the one of electromagnetic eld. In this case, using the laser frequency of
interest and some approximation for the e ective mass, it resulta, = 10%* cm 3.
Until ne < n¢, the plasma isunderdenseand the laser pulse cannot propagate through
it, being partially re ected and partially absorbed at the surface (it is possible to
show that the skin depth is of the order of tens of nanometers) but as soonmas n.

it becomesnear critical and some interesting phenomena lead al the laser energy to
be absorbed volumetrically in all the plasma [20]. It is usually assumed that when
the carrier reaches this critical value the optical breakdown occurs. In glass, the
corresponding laser intensity is of the order af0** Wcm 2,

1.2.2 Bulk Modi cation

In gure 1.3 are summarized the interaction physics discussed up to now.

Figure 1.3. lllustration of the FLM main steps: (a) the laser is focused insight the material,
(b) energy is absorbed via a nonlinear mechanism, (c) laser transfers its energy
to the surrounding material resulting in a permanent modi cation (d) [4].

Therein, the last step, namely the permanent change of the material, is classi ed
depending on energy of the pulse. The reason is that, despite of the great number of
works published in the last two decades on this topic, the mechanisms for the material
modi cation are not fully understood. Anyhow, it was shown that each nal result
falls in one of the following three groups of structural change:

1. A smooth change of the refractive index. The same research group which in
1996 rstly discovered the phenomena shown the year after that it was possible
to take advantage of it to build single mode waveguides [21].
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2. A birefringent refractive index change that, as will be shown, is due to the
formation of sub-wavelength nanogratings which play a fundamental role for
FLICE technique [22 24]

3. Empty voids due to cracks and microexplosions [25].

Which one of those regime happens to realize depends on many parameters.

First of all, it depends on the irradiated material peculiarities, such as composition,
bandgap energy, thermal conductivity etc. [8].

For now on, the interest would be on fused silicaJiO,) which, together with Foturan
(Schott) [26], is the main material used for microchannel fabrications. F&i0O,, once
xed the pulse duration and numerical aperture (NA) of the focusing objective, it

is the laser intensity which dictates the regime. Starting with intensity aroundLO*
Wcm 2 and corresponding energies just enough to promote non-linear absorption,
the material enters the smooth modi cation condition, which is commonly exploited
to fabricate optical waveguides.

For much higher intensity, equal or bigger tharl0'* Wcm 2, pressures greater than
the Young's modulus are generated in the focal volume, creating a shockwave which
leaves behind a less dense core (which can be called void) surrounded by a shell of
higher refractive index. Such structures can be exploited for 3D memory storage [27]
and photonic bandgap materials [28], but they are not suitable for micromaching
techniques, so their formation must be avoided.

When the energy is high enough to promote plasma formation but not to trigger
microexplotion, interaction between the pulse and the electron leads to the formation
of periodic nanostructures, which generally goes under the name of nanogratings. A
gualitative and semi-quantitative explanation of this process was proposed by Taylor
et al. [29] and is here summarized because nanogratings' properties will be essential
to a proper understanding of the chemical etching.

Figure 1.4. Visual representation of the nanograting formation aligned perpendicularly to
the writing laser polarization, according to transient nanoplasmonic model [29].
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1.2.3 Transient Nanoplasmonic Model

The rst observation of form birefringence in fused silica dates back to 2001 [22].
Until then, only the other two regimes were known. Later it was suggested that this
birefringence could be due to embedded periodic structures orientated perpendicular
to the laser polarization [30]. This nanogratings were indeed found in 2003 [23].
The physical mechanism underlying the formation of nanogratings has been studied
in detail [30] and a transient nanoplasmonic model has been proposed to explain their
formation and subsequential self-ordering. This model involves the following steps:

1. Creation of ionization hot-spots due to nonlinear absorption, localized at defects
and colour centres.

2. Evolution of the hot spots into spherically shaped nanoplasmas over several
successive pulses thanks to a memory e ect [31], for which in the same point
where the rst ionization occurred there is a reduction of the energy bandgap,
and then a trending to have other ionisation in the same volume. Hence the
process relies on the cumulative e ect of more pulses on the same spot, therefore
both intensity and translational speed will a ect the process.

3. Asymmetric growth of the plasma. A laser pulse interacting with a underdense
plasma induce a longitudinal mode at plasma frequency [32]. This could explain
the enhancement of the eld at the boundaries of the nanoplasmas which result
in an asymmetric growth of the plasmas, which from spheres become ellipsoids
and nally plasma disks, all oriented in a direction perpendicular to the direction
of the electric eld. Their elongation becomes more and more intensi ed as the
density approaches the critical value. Eventually they are so elongated that
they link together becoming nanoplanes.

4. Organization of the nanoplanes in an evenly spaced ensemble. During their
growth, the nanoplasmas are randomly distributed in the focal volume. When
exceeded the critical density, they start in uencing the light propagation in such
a way that they assemble in parallel nanoplanes spaced by2n [33, 34] where
lambda is the wavelength.

All the steps of the nanoplasmonic model are represented in gure 1.4.

1.2.4 EXposure parameters

Besides pulse intensity, other variable greatly a ect the result of FLM: laser source
parameters, focusing condition and writing geometry.

Femtosecond lasewavelengthis usually chosen inside the transparency window of
the material to avoid undesired linear absorption. One typical choice of the early
works was 800hm. Shah et al. [35] demonstrated that using a 104%m fundamental
frequency and doubling it with a BBO crystal, it was possible to produce lower loss
waveguides.
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When describing in Sect. 1.1 radiation-matter interaction, it was implicitly assumed
that it was an interaction between the matter and a single pulse from the femtosecond
laser. Then it was underlined how the formation of nanogratings depends on multiple
pulses interaction. In any case, it must appear clear that theepetition rate f ¢, of
the pulses plays a fundamental role.

Having ty, the characteristic thermal di usion time, it is possible to distinguish be-
tween two qualitatively di erent regimes: low repetition rate, for whichf ¢, >> 1=ty,,
and high repetition rate, for whichf e, << 1=t;,. The value ofl=t;, depends on the
material, for fused silica is set to IMHz. In the rst case, the time interval between
two pulses is su cient to allow the cooling of the irradiated region before the next
pulse arrives. With a higher repetition rate the heat is not completely released before
the next pulse arrival, leading to a progressively heating of the zone and localized
melting. Operating in this regime, it was reported an increase in the size of the
modi ed structure [13], which besides appears to be smoother thanks to the annealing
e ect of the heat accumulation [36]. Furthermore, when fabricating a waveguide its
cross section will be more symmetric than in the low repetition rate routine, in which
the laser a ected zone extend also beyond the focal volume in an anisotropic way. To
operate with low frequency also very low translation velocity are required (10 m=s)
whereas high frequency allow faster movement (mm=s) and thus a much faster

prototyping.

Femtosecond laser pulses must Hecusedon a micrometric focal spot to overcome
the threshold intensity and trigger nonlinear absorption. This can be done by means
of an appropriate optical element which unavoidably brings chromatic and spherical
aberration. Moreover, when the laser beam crosses the air-glass interface, index
mismatch introduces other spherical aberration.

All these occurrences can wreak deviations from the usual linear propagation of a
Gaussian beam [4], which is well described (at low intensity) by the paraxial wave
equation [37], and consequently a lower control of shape and dimensions of the modi ed
zone. A possible solution requires the utilization of aberration corrected microscope
objectives for the wavelength spectrum of interest [4] or oil-immersion lenses. For
buried structures, there is also a strong depth dependence and in general an in uence
from the NA of the objective, which is usually keep high to have a better precision, as
it is known from Gaussian optics that both the waist radius and the Rayleigh range
(which de ne the dimension of the focal volume) decrease as NA grows.
Furthermore, a focused beam like the ones used in FLM reaches intensities high
enough to cause a nonlinear response from the matter. In particular there will be a
polarization eld which will depend on E® and in turn an index of refraction

n(l) = ng+ nyl: (1.5)

A pulse propagating in a medium with an intensity dependent refractive index will
undergo through Kerr lens self-focusing e ect: the beam will see a higher refractive
index at the centre and a lower one at the wings and the propagation will be similar
to the crossing of a positive lens which tend to focus the propagating light. Anyway,
this circumstance is dynamically countered when the electron plasma is produced and
acts as a diverging lens.
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Another important point is the writing geometry In a typical FLM set up the
sample is handled with an appropriate device, driven via software, and translated
with respect to the laser focus. This movement can be alontpgitudinal geometry
or perpendicularly gransverse geometryto the laser beam.

Figure 1.5. Longitudinal and transverse writing geometries [4].

In longitudinal writing, the resulting channels have a cylindrical cross section, thanks
to the symmetry of the Gaussian beam, but the length is limited by the working
distance of the focusing objective.

In contrast, moving the sample perpendicularly to the laser beam o ers much more
exibility scanning even some centimetres of material, and changing the focus depth
gives the opportunity of fabricating complex 3D structures, which in the end is the
main goal of FLM.

Transverse writing has the great disadvantage of creating channel with high asymmetric
cross section, due to the ratio between depth of focus and spot size. This is absolutely
relevant, especially when interested in the straight fabrication of waveguides, since
the number and the properties of modes supported depends also on the cross section.
Various solutions have been proposed to overcome this limitation, such as the use
of a slit before the focusing lens [38], the stacking side by side of di erent laser
a ected zones [39], the shaping of the focal volume by means of an appropriate
focusing geometry [40] and a technique based on the use of a deformable mirror [41].
Furthermore, when the laser operates with high frequencies, the cross section appears
naturally symmetric thanks to isotropic heat di usion [42]. Transverse writing is the
most adopted writing geometry for both standard FLM and the fabrication of hollow
microchannels.

Also the formation of nanogratings is sensitive to writing direction: the coherent
linkage between nanoplanes occurs only if they are all aligned, as in the case of
transverse writing (g. 1.6). This plays an fundamental role in determining the
etching velocity.

As a nal observation, it is worth noticing that in any case must be avoided the
overwriting of the same area: when moving through an already altered zone, the focus
will undergo a distortion which in turn will spoil the desired modi cation.
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Figure 1.6. Scanning electron images of nanogratings formed with writing direction (a)
parallel and (b) perpendicular to the electromagnetic eld [4].

1.3 FLICE (Femtosecond Laser micromachining fol-
lowed by Chemical Etching)

Femtosecond Laser micromachining followed by Chemical Etching (FLICE) technique
consists in the etching of the femtosecond pulses irradiated zone with an opportune
solvent, commonly an agueous solution of Hydro uoric acid (HF).

With FLICE it is possible to directly fabricate buried micro uidic channel in fused
silica. The rst step of this technique is exactly FLM described with some detalil
in the previous section. The key idea behind FLICE is that in fused silica the zone
modi ed by the laser is etched with a velocity up to two order of magnitude compared
to the una ected zone [4], enabling the manufacturing of microchannels.

1.3.1 Chemical Etching

Fused silica has an amorphous molecular structure, meaning there is no long-range
order, which is instead typical of the crystalline form ofSiO,. However, it is possible

to identify a basic unit, formed by a Si atom surrounded by four O atoms, connected
by covalent Si O Si  bonds. HF, being a weak acid, partially dissolves in water,
producing F , which cause the nucleophilic attack on the silicon atoms, and a proton,
which electrophilic attack on oxygen [43]. The dissolution of fused silica is described
by the reaction [44]:

SiO, + 6HF — H,SiFg + 2H,0 (1.6)

In order to understand how the photomodi cation enhance the reaction it's useful to
refer to the rst two regimes introduced in Sect. 1.2.2.

In the rst regime it is observed a slight modi cation of the a ected area and also

a slight increase in the etching velocity. This is probably due to a straining of
the Si O Si  bond, which makes the oxygen atom more exposed to protonation.
However, more studies on the molecular dynamics are needed to validate this conclusion
[43]. At higher pulse intensities nanoplanes start to grow and with them the etching
rate. This can be justi ed thinking at the nanoplanes acting as channels for di usion

of the acid deeper in the fused silica. The acid moves faster where the nanoplanes are
present and etches the irradiated path before the unaltered area [4]. This interpretation
is con rmed by changing the writing geometry: selecting a longitudinal irradiation,
nanocracks does not link together and the di usion cannot take place. This is indeed
validated by experimental results, as shown in g. 1.7.
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Figure 1.7. Etching e ectiveness for di erent writing geometries. For FLICE to be successful,
laser motion must be perpendicular to the eld polarization [29].

An unwanted characteristic of the etching with HF is the process self-termination
due the piling up of reaction product and the di culty to refresh the acid in the
microchannel depth. To promote the refreshing and to increase the homogeneity of
the result, the etching process is usually performed in an ultrasonic bath. Other
parameter which can a ect the process are temperature and acid concentration.

To current understanding, there are no di erences in the reaction with HF of fused
silica before and after the irradiation, and the di erences in etching rates are basically
due to structural changes. Some studies [45, 46] propose that the laser pulse actually
change the composition of the material with the formation o8iOy, with x<2. Then

it would be useful to choose a solvent more e ective to Si rich compounds. This is
the case of KOH, which acts on Si-Si bonds through the reaction:

Si+40H — Si(OH), +4e a.7)

Notwithstanding a marked increase in reactivity is observed, KOH is still not so used
because of its very low action on unaltere8iO,, which make very di cult to start

the etching. To overcome this limitation, it is possible to consider a rst step of HF
etching followed by a second one with KOH, but this mean an extension of the overall
times. Another possibility involves some preliminary lapping process.

Furthermore, reaction with KOH is not self-limiting and does not produce substances
potentially dangerous to humans, conversely to HF which must be always handled
with caution and under fume hood.

1.3.2 Channel Properties

One known characteristic of HF etching of fused silica is the self-limitation of the
reaction due to saturation of the solution. To delay this circumstance and obtain
longer channel, one can increase the concentration of HF in solution, but still the
buried channel will be limited to a maximum length of around 2 mm. In general,
etching rate drops as the di usion path increase. This has a consequence on the shape
of the microchannel: if a cylinder is irradiated, a truncated-conical channel will be
obtained after the etching, because the outer section will be exposed for more time
to a more e ective carving action. To take into account this e ect, it is necessary to
irradiate a conical shape instead of a cylinder.

11
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Depending on the desired geometry, it is possible to consider additional inlets for the
HF (etching channel¥ in other points of the waveguide. In this case it is necessary
to modulate the diameter of the cone in such a way to have minima corresponding
to etching channels to achieve the most symmetric result. In gure 1.8 is irradiated
also a line in the axis of the cylinder whose purpose is make easier the removal of the
internal volume. For greater guides could be relevant the fabrication of cutting planes
perpendicular to the axis to split the residual glass in more parts easier to pull out.

Figure 1.8. Schematic writing pattern for a cylindrical fabrication [15]. Parameters like the
helix pitch must be chosen to allow a full removal minimizing the irradiation
time.

1.3.3 Surface Roughness and Glass Annealing

After the etching process, internal structures usually shows a certain surface rugosity
(see @.1.9) which can be detrimental in most optical applications [47], like light
scattering, total internal re ection or light con nement [48].

Figure 1.9. Optical images of inner surfaces (a) before and (b) after thermal annealing.
Scanning-probe microscope images of a 10 10 m 2 (c) before and (d) after
the annealing; (e) and (f) represent the same surface on a larger area of 5050
m 2. Here, rugosity was reduced from some hundreds oim to few nm [47].
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This rugosity can be in principle minimized optimizing the pulse energy, the polar-
ization of the electric eld, the focal spot shape or the scanning parameters. Also
increasing etching time and more in general the surface of the carved area can improve
the smoothness, whereas there is no direct correlation between rugosity and HF
concentration [44].

However, in practice is not always possible to optimize all these parameters according
to the fabrication requirements and some roughness (tens or hundred of nanometers)
is usually still present. To obtain the desired evenness, some annealing techniques
could be required.

The aim of a thermal treatment is to relax surface and internal stresses. When a
silicate glass is heated, a number of physical and mechanical processes occur depend-
ing on temperature and anneal time, as summarized in g. 1.10. For relatively low
temperature (400°C) isolated point defects are annealed. At higher temperatures and
longer times it is possible to reconstruct higher densities of defects. At around 1000
°C external tensions start to relax and reaching 120%C also the mechanical stresses

in the bulk of the material are relieved. If the temperature is raised further (1608C)

the material start to soften and eventually to melt [49].

Figure 1.10. Schematic representation of the most relevant temperature-dependent processes
in fused silica [49].

During a thermal treatment, the sample is brought over annealing temperature without
reaching the softening point. The process is controlled designing an appropriate
succession of plateaus and ramps, which raise and decrease smoothly to avoid any
kind of shock that can cause cracks. Cracks can be also induced by some dirt, then
the glass must be carefully cleaned before the operation and so must the furnace. The
whole procedure can last even some days. An example of a speci ¢ thermal treatment
is given in Chapter 6.
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Chapter 2

Few-Femtosecond Deep UV
Generation

2.1 Introduction

The generation of very short pulses has been extensively exploited in the last decades
to investigate a wide range of ultrafast processes occurring in nature [50]. A renowned
scheme for such an ultrafast measurement is the so-called pump-probe spectroscopy ( g.
2.1): a strong laser pulse, the pump, excite the sample, generating a non-equilibrium
state; a second delayed beam, the probe, is used to monitor the pump induced changes
in the optical properties. Measuring this changes as a function of the delay time
between the arrival of the two pulses, it is possible to study the subsequent evolution
of the system. The resolution of this technique naturally depends on the duration of
the involved pulses.

It is possible to estimate the timeT needed to resolve an energy di erenceE between
two discrete states asl = h= E, whereh = 4;13 eV sis the Planck constant. Then

a molecular transition, with a E of somemeV, will be investigated by a picosecond
pulse; an electron of an atom or an ion in a valence level with energy around 0.1
eV will need a pulse of some tens d&; an internal electron with energy of 10V

a sub-femtosecond pulse, and so on. Since the pump could trigger a transition at a
di erent frequency of the optical one which involve the probe, the pulses should be
tunable over a wide range of frequencies.

Nowadays, attosecond science can provide sub-femtosecond and tunable pulses in very
di erent regions of the electromagnetic spectrum. The production of Extreme UV
(EUV, 30-150eV) is routinely done [51, 52] since the rst years of this millennium via
High-order Harmonic Generation (HHG), which will be treated in detail in the next
chapter. EUV attosecond pulses typically are combined with the Near Infrared (NIR,
0.9 1.6 eV), which acts as the driving radiation in HHG process, in a pump-probe
scheme. EUV-EUV pump-probing would guarantee a higher temporal resolution
but is still challenging due to the low photon uxes produced with HHG and low
interaction cross section of EUV radiation with matter. Recently, attosecond pulses
have been produced in Vacuum UV (VUV, 10-3@V) [53] and in the Soft X-Ray (SXR,
300-3000eV) [54], opening exciting paths for the real time observation of a multitude
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Figure 2.1. Pump-probe spectroscopy schematic setup. A variable delay can be introduced
between the two pulses to investigate all the analyte's dynamics.

of fundamental physical phenomena. Furthermore, SXR in the water window region
will permit in-vivo observation of biological cycles. Few-femtosecond NIR and Visible
pulses are instead ordinarily produced with hollow-core ber compression [55] and
lamentation [56].

Besides the aforementioned regions of the spectrum, there is another particular range
of frequencies which can photoexcite neutral molecules and trigger processes of capital
importance in chemistry and biology. This is the UV region from 150 to 308V,
which in this work will be referred as Deep UV region (DUV). A remarkable example:
DUV absorption leads to electronic excitation of nucleotides and then of DNA and
RNA. Excess energy nds highly e cient pathways to relax through non-radiative
decay: if it were not, radiation would probably damage the most important molecules
for any living organism [57]. Some authors state that since life on Earth started under
intense UV irradiation, this exceptional photostability of nucleotides is what makes
them the building blocks of DNA and makes possible life as we know [58].

To study this phenomenon, a promising scheme is exactly a pump-probe experiment
with, for example, a DUV pump and an XUV probe. Unluckily, ultrashort DUV
generation is still extremely challenging. An important result is due to Galli et al. [1]
which in 2019 reported a few femtosecond pulses in the range from 210 to 840
with a scheme that seem very promising for ultrafast measurements but still need
to be optimized to reach an adequate photon ux. In this work is proposed a new
photonic device aiming at increasing the performances of this setup, which will then
be analysed in this chapter.

In Sect. 2.2 is presented the physical phenomena generating DUV radiation, highlight-
ing the rationale behind the choose of one of this, namely the generation of the third
harmonic. Both a classical and a quantum-mechanical interpretation of this process
are also given. In Sect. 2.3 is described the setup used in [1] with a particular focus
on the bulk di erential pumping system that in this thesis is planned to be overcame.
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2.2 Third Harmonic Generation in Gases

Nowadays, there are several ways to produce deep UV radiation pulses with duration
of tens of femtosecond and even sub 18. For example, through optical parametric
ampli cation of pulses con ned in gas- lled capillary [59], waveguides nonlinear
broadening in hollow ber and subsequent compression [60], chirped pulse four wave
mixing [61], direct frequency up-conversion in crystal [62] or dispersive wave emission
in gas lled hollow-core crystal bers [63].

Among all these techniques, the ones using gases as generating media produce the
shortest pulses, since in solid the dispersion induced during propagation set a lower
limit for the pulse duration. To reach the femtosecond goal, Third Harmonic Gen-
eration (THG) in gases is spotted as the most promising technique. In 2010, Reiter
et al. reported the generation of pulses with a duration of about 2& pulse and a
wavelength distribution between 230 and 298m via direct frequency upconversion of

a sub-4fs NIR pulse focused in Krypton [64]. This record was broken in 2019 by
Galli et al., who reached 1.9 femtosecond pulses in a spectrum between 210 and 340
nm [1].

THG is a nonlinear optical phenomenon where light of angular frequentyis converted

into light with a three-time higher frequency [65]. There are two ways to obtain such

a frequency tripling.

One consists in a multi-stage scheme starting with Second Harmonic Generation (SHG)

followed by Sum Frequency Generation (SFG), an optical phenomenon exploited to

sum the driving radiation with 2! second harmonic ( g. 2.2). Actually, this is the

most common method to obtain UV radiation, because of relatively high e ciency

conversion of this two steps provided by birefringent phase matching [66]. Indeed,

both SHG and SFG are second order nonlinear processes, based on the susceptibility
@ of optical media, which is higher than the third order susceptibility ). But if

the interest is in getting very short up-converted pulses, one must take into account

that traversing two crystals will strongly limit the pulse duration, for the reason stated

before. Then THG in gases must be considered because, even if based on a third

order non-linearity, it can be performed in quasi dispersion-free noble gases.

Figure 2.2. Schematic representation of THG via Second Harmonic Generation followed by
Sum Frequency Generation.

THG in gases by a focused laser beam was rstly reported by New and Ward in 1967
[67] and a detailed mathematical description of this generation event was given by the
same authors two years later [68]. Their goal was not as much generation of ultra-short
pulses as the derivation of atomic and molecular coe cients from experimental data to

compare with theoretical quantum-mechanical predictions, which are more amenable
for gases than for solid, retracing what was previously done for SHG. They developed a
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semi-classical model presenting the atomic system quantum mechanically and treating
the radiation eld classically. Di erent authors broaden their model, but to take into
account other aspects such THG from the vacuum eld or statistical properties of the
generated light, a full quantum-mechanical perspective must be adopted, as rstly
suggested by Nayak [69].

To have a more clear understanding of THG, two di erent formulation of the problem
are here proposed: the rst is completely classical, aiming at the writing of a wave
equation for © materials [65], the second consider a possible Hamiltonian for the
system made up of the quantized electromagnetic eld and the two-level atom.

Figure 2.3. Schematic representation of Third Harmonic Generation via ) materials.

2.2.1 Classical Formulation

In a complete classical picture, one can look at the generated third harmonic as a new
frequency developed by the polarizatio® of the material that was not present in the
original electric eld. P must be understood as the electric dipole moment per unit
volume, then something related to the averaged charge density of the medium. Under
the assumption of no free charge and no free current, macroscopic Maxwell equations
holds:

r D=0 (2.1)

r B=0 (2.2)
1@

= et (2.3)
_ 1@

r H= @t (2.4)

being E the electric eld, H the magnetic eld, D the electric ux density and B the
magnetic ux density, which can be taken as equal t&1 in a typical optical material,
which is nonmagnetic.D is de ned asD = E +4 P. Taking the curl of the Faraday
law (2.3), using (2.4) and remembering the vectorial identity for the vector elcE:

rr E=r(r E)r % (2.5)
it is obtained:
2E 1@ = 4_@
@t 2 @
Note that r E is not null as it is in linear optics, but still its contribution is negligible.
The key point to solve this equation is to nd a way to express the polarization eld

r (2.6)
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as a function of the electric eld. Without doing any assumption on the materialP
can be written as a series:

Pit)= DYE@M®)+ @EXt)+ OE3t)+ ::: (2.7)

The rst term on the right is the only one considered in linear optics, thu$ and D
can be written as the sum of two terms:

P=Pt+ PN,

D=D"+4 P
with

D" = E+4 P":
Then

L NL

g 1O _4 GPT 2.8)
cc @t ¢ @

which is the most general wave equation in nonlinear optics. If considering THG,
PNL will be proportional to E3 through @, which will be a four rank tensor. Its 81
elements (which are not all independent if the assumption of isotropic material can be
made, as it is usually the case for optical materials) are de ned by the properties of
the material in which the process is host. If the material is dispersive® will depend
on the electric eld frequency. Choosing a model to represent the optical material,
one can solve the nonlinear wave equation and nd the generated third harmonic eld.

r

2.2.2 Quantum Formulation

Figure 2.4. Energy levels involved in Third Harmonic Generation.

The Hamiltonian for THG and similarly for the generation of n harmonics can

be written by analogy to the one for second harmonic generation and degenerate
parametric down conversion, which is one of the most analysed Hamiltonian among
nonlinear optical processes:

Rsp = h! BBy +2h! BB, + ih (B2B, B By)+ (Mioss) (2.9)

Here, two photons in the fundamental mode; can annihilate to produce a photon
in the second harmonic mode,. B e b are the creation and annihilation operators
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which product, in the second quantization language, is the number operator and it is
multiplied by the photon energy in each mode.

In addition to SHG, this Hamiltonian includes the possibility that two photons of the

eld at the double frequency can be converted in one photon of the fundamental eld,

a process known as degenerate parametric down conversion. The coupling constant
of the interaction obviously depend on the nonlinear susceptibility. The terrmLoss

can be introduced to take into account losses which will give rise to cavity dumping
constants.

The natural extension for THG is:

Brns = h! BB, +3h! BYBs + ih (858" B Bs) + (MPioss) (2.10)

For which analogous comments hold. This Hamiltonian can be studied in several ways
[70] and some interesting feature of the phenomenon can be retrieved. For example,
numerical investigations led to the distribution function of the photon number and
phase generated in THG [71] or considering photon statistics it was predicted that
THG can be a source of sub-poissonian light [72].

2.3 Experimental Setup for Generation of Deep Ul-
traviolet Sub-2-fs Pulses

In g. 2.5, it is schematically shown the experimental setup used for generation and
characterization of the 1.9fs pulses used in [1].

The driving laser delivers 5fs NIR (770 nm) pulses which are partially send to
interaction chamber for THG while the remaining are used to both temporally
characterize the UV radiation ad to perform pump-probe experiment. In future this
setup will be developed and the NIR beam will be used to generate XUV attosecond
pulses through HHG.

THG is induced in the glass cell shown in gure. The chip, fabricated with FLICE
technique (cfr. Chapter 1), is 3mm long and has a cross section ofriim diameter in
the central part, which is progressively reduced to 400n in the extremities (g. 2.5
(b)). This design is optimized to con ne the gas in the core of the chip. Itis lled
with argon by a 3 mm metallic tube directly glued on it and it is accommodated
in a small chamber composed by three di erentially pumped section, which will be
analysed with some detail in the following.

The cell acts like a reservoir for the gas and is not waveguiding. A future improvement
could be making the cell able to guide the beam. Doing so, the electromagnetic beam
could maintain its cross section without beam spreading due to di raction and this
would increase the volume of interaction and the generation e ciency. In the current
con guration, the beam is focused on a waist of 58 5 m , with a peak intensity in
the range of 1 to5 10* Wcm 2.

The residual NIR which is present after the UV generation is suppressed by 4 order
of magnitude by three dichroic wedged beam separators, preserving the 85 % of the
third harmonic beam.

All the apparatus is kept under vacuum condition to avoid dispersion of the UV pulses.
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Figure 2.5. (a) Experimental setup for generation and characterization of deep ultraviolet
pulses. Red line represents the NIR beam, purple one the DUV beam. (b)
Picture and optical image of the glass cell used to con ne THG gas. The red line
represents the laser propagation direction, the arrow the gas ow. (c) Schematic
representation of the gas cell [1].
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2.3.1 Bulky Di erential Pumping and Recirculation System

To ensure the maximum conversion of the fundamental frequency in the third harmonic,
a high number density of argon molecules should be present in the THG chip. At
the same time, it was stated that all the chamber and the interaction chamber in
particular should be held in high vacuum condition. To nd a trade-o between
these two contrasting requirements, the glass cell is placed in the central of three
sub-chambers, which are depicted in g. 2.6.

The gas is injected with precision into the cell thanks to a manual valve (1). A
rst roots pump (2) collects most of the out owing gas form the central sub-unit,
which is connected through 0.8nm diameter apertures to the later sub-chambers.
Here the residual gas is evacuated by a second root pump (3), which is also used for
backing the sealed pump maintaining the main chamber &0 4 mbar. With this
system, it has achieved a residual gas pressureldf > mbar even when there are
several bars of gas inside the THG cell. To further optimize the spatial con nement of
the gas, small diameter apertures are installed also between the interaction chamber
and the adjacent chambers which acts as supplementary di erential pumping elements.

Figure 2.6. Di erential pumping setup and recirculation system.
Such a system would have entailed an incredible high argon consumption if an

appropriate recirculation system were not considered. The exhausts lines are then
connected to a diaphragm pump (4) which compresses the gas into a 2-litre tank
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(5) to a pressure up to 7bar. Several valves and pressure gauges are placed up and
downstream to guarantee the right ow direction. The compressed gas is then sent
back to the THG chip, ready to operate again. This recirculation system has proved
itself highly e cient, preserving the 96 % of the initial argon pressure after 3 hours

of operation and ensuring a consumption of 0.027=h, while the bare apparatus
consumes the unsustainable amount of 4G=h of argon.
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Chapter 3

High-Order Harmonic Generation

3.1 Introduction

Over the course of this work, much was said about the interaction between a tightly
focused ultrashort laser pulse and matter, presenting the possibility of perform mi-
crofabrications and generate deep UV. Nevertheless, one of the most interesting
phenomena one can address in this framework was not explored so far.

High-order Harmonic Generation (HHG) is a highly nonlinear e ect which generates
coherent radiation in the form of high-order harmonics of the driving laser frequency
with a duration of attosecond (L0 18 s) timescale. It allows the production of extreme
ultraviolet (EUV) and soft X-ray (SXR) radiation in the form of a train of attosec-
ond pulses, both spatially and temporally coherent, which can be used as a probe
to investigate a number of phenomena in atomic, molecular and solid-state physic.
Thanks to HHG a new branch of physics, which is usually called attosecond science,
or attophysics, was established [51, 73].

A typical spectrum of high-order harmonics is schematically shown in g 3.1. It
consists of three regions: rstly, a fall-o of two or three order of magnitude extending
for some harmonics; then a plateau in which the intensity remains more o less constant
covers several hundreds or even thousands of harmonic orders; lastly, a sharp cut-
o abruptly interrupts the spectrum [74]. Remarkably, only odd harmonics of the
fundamental frequency are generated in this process.

Indeed, even these general features remain true, the HHG spectra highly depends on
the generating medium (which is usually in a gaseous state but could be also a liquid or
a solid) and on the operating conditions. Typically, laser peak intensities betwed6'?

and 10 W=cn? are needed, bringing the interaction in a strongly non-perturbative
regime.

The rst observations of HHG dates to the late eighties, when McPherson et al.
generated up to thel7" harmonic (14.6nm) of a 248 nm KrF driving laser [75], and
Ferray and co-workers until the339 harmonic (32.2nm) of a Nd:YAG laser at 1064
nm [76]. In the following years it was possible to reach higher and higher frequency, in
the e ort of extending the plateau region, mainly thanks to the availability of subps
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Figure 3.1. Schematic representation of a HHG spectrum. Each bar represent one harmonic.
Characteristic plateau and cut o region are highlighted.

and thenfs laser pulses.

In the last decades, many e orts have been addressed to develop an appropriate
theoretical description of such a fascinating phenomenon. In fact, HHG cannot be
simply understood as the absorption of n-photon like in second or third harmonic
generation. This interpretation is indeed coherent with the initial decrease of the
spectrum, since the probability of absorbing n photon decrease exponentially with n,
but does not explain the plateau and the abrupt cut-o .

One of the most appreciated theoretical pictures is the so-called three-step model [77,
78], which is simple to be understood and clari es HHG key aspects with semi-classical
arguments. It will be presented in Sect. 3.2. A highly successful and semi-analytical
guantum theory was proposed by Lewenstein [79] and is here reproposed in Sect. 3.3.
This model is still semi-classical since the driving and the emitted electromagnetic
eld are not quantized. A full quantum model requires quantum electrodynamics
(QED), or better strong- eld quantum electrodynamics (SFQED), to properly consider
the quantum-optical nature of the interaction [80].

In Sect. 3.4 are introduced the main experimental techniques that have been used to
boost HHG process, producing brighter harmonics with more e ciency, extending the
plateau region to higher and higher frequencies. A special attention will be devoted
to the bene ts of constrain the generated gas inside a hollow waveguide.

3.2 Three-Step Model

To have a rst glimpse of the physics underlying HHG, it is possible to assume the
harmonics as generated by a single atom. This is in general not true, since HHG is the
response to the laser stimulation of the medium as a whole, but microscopically it is
in any case meaningful to focus on the single-atom response [81]. Referring to g. 3.2,
an outer-shell electron of the atom feels the coulomb potential modi ed by the laser
electric eld and can undergo tunnel ionization, with a high probability only when the
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driving eld is close to the peak during an optical cycle. Therefore, the electron can
move in the continuum: initially it is accelerated away from the nucleus, then, when
the electric eld changes its signs, it decelerates and then accelerates again in the
opposite direction, until it eventually recollides with the nucleus. During this process,
the electron may have gained a signi cant amount of kinetic energy, which can be
released together with the ionization potential in the form of high energy photons
with sub-cycle durations at the time of recombination.

So this are the three steps: ionization, motion in the driving eld, recombination.

Figure 3.2. Schematic drawings of the three-step semiclassical model: a) tunnel ionization b)
motion after ionization in electric eld c) recollision and harmonic emission [74].

3.2.1 lonization

In Chapter 1, it was introduced Keldysh theory referring to ionization of fused silica.
The same theory holds for noble gases, which are usually employed to generate high-
order harmonics, having an ionization potential (reported in table 3.1) much higher
than the energy of the driving laser (usually, less than V).

I (eV)
He 24.587
Ne 21.564
Ar  15.759
Kr  13.999
Xe 12.129

Table 3.1. Noble gases ionization potentials [74].

The ionization then happens via tunnel ionization, being the Keldysh parameter
<< 1. In this contest, is usually rewritten as [82]:

r

Ip
= — A
U 3.1)
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being |, the ionization potential and U, the ponderomotive force, de ned as:

_ (eEo)?
U= ami 2

(3.2)

which is the mean kinetic energy acquired by an electron oscillating in the laser eld.
Here, e and m are the charge and the mass of the electron whereag e! o are the
energy and the frequency of the driver. This expression can be used to qualitatively
understood the di erence between the two regimes. In fact, (3.1) can be re-expressed
as: p__
2l =]
Eo To
where is the time needed to overcome the potential barrier, estimable as the ratio
between the thickness and a mean velocity of the electron. Of course, this concept is
quite a stretch in a pure quantum process, nonetheless one can think at the distorted
potential as oscillating at the laser frequency. So, if>> 1, then >>T ,, meaning
the electron does not have enough time to escape the potential well which is changing
to fast, remaining trapped inside as there is no external eld, at least as long as
multiphoton ionization occurs. Conversely, a small means a short enough to allow
the particle tunnelling and only in this case the electron can start the movement in
the electric eld mentioned above.

"o

=1 0 (33)

Figure 3.3. Distorted coulombian potential. At a xed time, the electron can tunnel the
barrier, which thickness isxy,.

Once realized tunnel ionization is the necessary starting point for HHG, one should
look for an adequate procedure to determine the ionization rate. The rst complete
work in this sense is contained in the 1965 paper by Perelomov, Popov and Terent'ev
[83], which takes into account both multiphoton and tunnel ionization. The more used
model is the one proposed by Ammosov, Delone and Krainov [84] (known as ADK),
which is simpler because it only considers tunnel ionization, and indeed coincide with
the older one when << 1. More recently, Tong et al. extend this model to diatomic
molecules [85].
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ADK model still consider the atom-response, and in particular only one electron of
the atom, while the others enter in the theory just in term of a screening potential,
and then are takgln into account the e ective principal and orbital quantum numbers,

denedasn = Z ',p—: (beingl o1 the ionization potential of hydrogen) and = n 1.
They assumed ionization occurred in a fraction of period of the laser eld around

a peak, so thatE(t) can be regarded as quasi-static. The rate of ionization can be
written as [74]:

. . o2F, M im 1 2F
Paok = JCh | JZGImIP ?0 exp 0

(3.4)

WhereC,, ;| and G, are coe cients depending on the subscripts. Without entering in
too details, equation (3.4) discloses an exponential dependence on the driving electric
eld (being Fo = (21,)3*%) and, most importantly, on a factor elevated to2n j mj 1,
meaning that an electron withm = 0 in the outer shell will undergo tunnel ionization
most likely than one with a di erent magnetic quantum number.

3.2.2 Motion in the Electric Field

After the electron is tunneled into the continuum, it is free to move under the laser
eld E(t) = Epcoq! ot)uy, according to Newton's Second Law:

d>x ek
— I .
Froaie coq! of): (3.5)

Integrating and assuming that electron starts its motion withv(ty) = x(tg) =0 are
obtained expression for velocity and position along:

v(t) = ri_!E(; [sin(! ot)coq! oto)]; (3.6)

x(t) = n?!ESZ [coq! ot) cog! ot)] + :1—!53)sin(! ot)(t  to): (3.7)

This completely classical derivation ends in a family of trajectories the electron can
follow depending on the initial phase = ! ¢tg, wheretg is the ionization time. The
electron trajectories are shown in g. 3.4 as a function of the phase for di erent times
to. Every time a trajectory intercepts thex = 0 axis there is a collision. The same
information is represented in thev  x plane: one can see that some trajectory leads
the electron back to the parent ion, while others push it far away. If the electron
recollides with the ion, it can have a null or a di erent from zero velocity. Interestingly,

if the electron is emitted exactly at the peak of the electric eld returns with zero
velocity, thus null kinetic energy (black trajectory in 3.4 left side, d trajectory right
side).

It can be shown recombination happens fd< < 80and 180< < 26(Q i.e. just
after the positive and the negative peak of the electric eld so an impulse is generated
every half optical cycle. This is the reason why only odd harmonic normally appears
in a HHG spectrum: if one considers the simple interference between two pulses
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Figure 3.4. Trajectories for di erent initial phases, as a function of time (on the left) [74]
and in the state space (on the right) [81].

generated within the period T,Eqt) = E.(t) E; t
modulated by a sinusoid of frequency®= ! 4(2n + 1).
To calculate the nal kinetic energy Ey = %mv(tr)z, which will be then associated
to the energy of the emitted harmonic, one can solve (3.7) far= 0 and compute
the returning time. Unfortunately, there is no exact solution for this problem, but it
can be easily handled numerically. The highest kinetic energy is phenomenologically
found to be 3:17U,, corresponding to =17° (cut-o trajectory b in g. 3.4).

Z ,one nda eld amplitude

Another signi cant result of this analysis is that there are two kind of trajectories
leading to the same collision kinetic energy which are usually addressed as “short
and ‘long', as is evident considering gure 3.5. This is unwanted: long trajectory are
characterized bydd% > 0, which means a positive variation of the harmonic frequency
with time (known as frequency chirp), while short by a negative one. This kind of
temporal distortions must be compensated to have a cleaner nal pulse, but it is
impossible to implement a compensation technique if the pulses have both positive and
negative chirp [74]. More in general, it was recently understood that these di erent
possible paths are a source of chromatic aberrations [86].

3.2.3 Recombination

When the electron recombines with its parent ion, there is the emission of a photon
with an energy equal to the sum of the ionization potential and the nal kinetic
energy:

h! =1,+ Ex (3.8)

As underlined before, there is a maximum for the possibEe, and then, beingl, xed,
also for the photon energy, predicting the order of the cut-o of g. 3.1:

l,+3:17U
N = Phl—op (3.9)

SinceUp / % = E¢? %, with ¢ the laser wavelength, it is possible to understand
that the cut-o scales both with the ionization potential, then He is often choose as
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Figure 3.5. Kinetic energy is a non monotonic function of the initial phase, implying two
di erent type of trajectories, which are called 'long' and 'short’. A mirrored
graph could be considered fod80< < 260][81].

the generating gas despite its low susceptibility, and with a dependence on the laser
wavelength, as shown in g. 3.6. Even if the formula suggest an inde nite increase of
the photon energy with the laser intensity, there is a saturation level,sy, for which
(3.9) no longer holds, corresponding to the complete depletion of the ground-state
population, which need to stay in the atom to interact with the returning electron.

Figure 3.6. Cuto energies as a function of the laser wavelength for di erent noble gases[87].

Equation (3.9) is con rmed by experimental data and validates the three-step model,
which at a rst sight might seem oversimpli ed but is able to predict the cuto, to
explain why only odd harmonics are produced and to give a hint of possible explana-
tion of certain spatial and temporal characteristics of the harmonic pulses. Moreover,
it suggest that the harmonic generation can be controlled by shaping appropriately
electron trajectories through a tailored electromagnetic eld.
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Actually, the importance of this model goes beyond HHG, which indeed is not the
only nonlinear process which could take place in these strong- eld conditions: others
are hot above-threshold ionization and correlated two-photon ejection [77]. They can
be understood as the elastic and inelastic scattering of the returning electron with the
parent ion, in the latter case ionizing the atom again and putting another electron in
motion.

3.3 Quantum Models

3.3.1 Quantum Treatment of Electrons' Dynamics

An important class of models try to introduce quantum perspective in the analysis of
HHG considering the time dependent Schrodinger equation assuming the generated
eld as irradiated by electric dipoles:

P = Nher(t))i = Neh (r:0)jrj (r;1)i (3.10)

which will be then included in a wave equation like (2.6) to compute the electric eld.
The problem is then reduced to nd a (t) which solve

@ (i _
at =R

where, in the interaction picture,rb Is the sum of the laser-free Hamiltonian (in atomic
units)

i i (3.11)

B, = :—2Lr 24 V(r); (3.12)
and the perturbation Hamiltonian in the dipole approximation
M= rE(1): (3.13)

Physically, this assumption is justi ed by the fact that the atom is usually much
smaller than the driving laser wavelength, thus is possible to neglect the spatial
dependence of the vector potential. As in three step model, it is considered that only
one electron responds to the applied eld (Single Active Electron approximation) and
then we model the nuclear potential a¥/(r) = %

Finally, it is assumed that the electrons are promoted directly from the ground states
in the continuum (Strong Field Approximation) and there they do not feel anymore
the coulombian eld.

Then, jOi (the fundamental state) and the continuous stateskg (g. 3.7) form a
complete basis set for the atomic system, which total wave function is
Z

i ()i = €'*ta(t)joi +  dkbk:t)jki] (3.14)
whereb are coe cients weighing thef kg states.
Inserting (3.14) in (3.10), we obtain an equation which can be solved with numerical

non-trivial approximation to eventually obtain the dipole moment of the atom. One
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Figure 3.7. Quantum levels involved in the harmonic generation under the strong eld
approximation. Only the ground state jOi and a leveljki from the continuum,
which energy is%, are considered, while any other possible resonance is neglected.

of the results obtained by Lewenstein [79], which was the rst to propose this kind of
approach, is a correction of the cut-o law

|
Ect = I,F — +3:17U, (3.15)
Up

being F l'J—P equal to 1.3 forl, << U , and tending to 1 asl, grows. This analysis
allows to obtain some expressions for the generation e ciency and was extensively

used to enhance the output of HHG.

3.3.2 Quantum-Optical Formulation

A most complete quantum treatment must include the quantization of the electro-
magnetic eld, entering the realm of quantum optics. In principle, such a model can
reveal new aspects of HHG: for example, the calculation of photon statistic shows
that in each harmonic light can be in squeezed or bunched states [80]. To the present
day, no experiment has been performed to study these peculiarities.
Still, this model starts from the Schrodinger equation. This timg (t)i is not only
the electronic wave function, but also contains the laser eld which can be expressed
by a multimode coherent state

Y :

j Iaseri = J Kij ie " kt; (3.16)
kij

wherek; is the laser wavevector ang the polarization. The Hamiltonian is then
1
B=_"(p cAc(t)*+ U+ M (3.17)
2m
Where R is the Hamiltonian of the free electromagnetic eld and the vector potential
A contains both the laser and the emitted eld.

This theory will be not further developed here, but opens the door to a unied
treatment of any frequency conversion nonlinear optical process.
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3.4 HHG Improvement Strategies

Thus far, the microscopic physics of HHG has been exploited to clarify the origin of
this kind of radiation and to justify the peculiarities of the spectrum. However, the
interest in this phenomenon is not just theoretical, but very practical indeed: HHG
could be used as an ultrafast, coherent source of EUV and SXR pulses for countless
applications. But the transition from the microscopic world to the macroscopic
application is never so smooth, and the generation of intense and bright attosecond
pulses via HHG is still challenging.

One could think that since every atom emits harmonics over a broad range of energies
(up to keV) then also the HHG spectrum should show high energy photons. This
is not automatically true, because it is needed that the photon generated by many
atoms coherently add to provide the output beam, as shown in g. 3.8. This is
a well-known issue in nonlinear optics that is usually overcome by equalizing the
phase velocity of the pump light with the generate beams by using birefringence
[88], satisfying the so-called phase-matching condition which is commonly exploited
in frequency conversion experiments. Unfortunately, in HHG several macroscopic
mechanisms make hard to reach phase matching and di erent expedients have been
proposed during the years to improve the coherence of the output beam. Another
critical point to be addresses is the experimental apparatus used for generation and
in particular the solutions to con ne the gas. In this sense, hollow waveguides system
proved themselves as a worthwhile choice.

Figure 3.8. Representation of an extreme nonlinear upconversion of a femtosecond laser in a
gas- lled hollow channel. To be successful, phase matched addition of harmonic
produced by each single atom is required [89].

3.4.1 Phase Matching

Until the photon energies of the driving laser are kept low, more or less130eV, HHG
can be easily phase matched over centimetre lengths by balancing the neutral atom
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dispersion with the dispersion of the free-electron plasma [89]. This is possible up to
some critical ionization level that depends on the gas species and laser wavelength [90],
for which the matter becomes strongly ionized and dispersive inducing relative phase
slip between the laser and the harmonic eld. To quantitatively address the phase
matching problem, two important quantities can be de ned. One is the absorption

length:

1
Labs = — (3.18)

where is the ionization cross section and the atomic density, the other is the
coherence length

L con = — (3.19)

which is the length over which the harmonics eld build up constructively, being k

the wave vector mismatch [91]. k can be calculated as a sum of contributions due to
neutral gas dispersion, plasma dispersion and, if it is the case, waveguide dispersion.
To have a good matching should b& ., > L aps: @an optimal conversion e ciency in

a long uniform medium is obtained forL ., > 5L s [92]. Even whenL .o, can be
considered in nite, HHG emission saturates as the medium length is felgys, as
depicted in g. 3.9. To reach this condition, the wave front of the laser eld should

be slow varying, as it is the case in a hollow waveguide.

Figure 3.9. On axis photon ux as a function of the medium length [92].

To obtain higher-order harmonics can be employed quasi-phase-matching techniques,
consisting in the compensation of the phase mismatch readjusting evdry,, the
relative phase or cancelling the out-of-phase emission. The idea is that in high
nonlinear optics even a little phase change can have dramatic consequences on the
output. Practically this is generally achieved by modulating the atomic density , or the
fundamental laser beam along the laser axis, for example varying the gas pressure [91],
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but other schemes have been proposed, such has the use two of counter-propagating
driving beams [93].

3.4.2 Gas-Filled Hollow Waveguide

First studies on HHG were performed on gas-jet systems, with laser beams tightly
focused on a stream of noble gas atoms. Such a con guration had a very low e ciency
(about 10 7, meaning one harmonic photon generated every ten million photons of
the driver [94]) depending on the properties of the laser eld and strongly in uenced
by the dispersion in a nonlinear material but also by the focusing of the laser [95], the
latter being a purely geometrical e ect which lead to destructive phase cancellations
[96]. Great improvement in the harmonic generation e ciency (up to, in the best
conditions, 10 %) has been achieved by gas- lled hollow waveguide systems.

The key reason why hollow guides represent a good alternative is that they can provide
a sharp transverse intensity pro le of the fundamental beam and thus a very controlled
geometry of the interaction region. Obviously, also waveguides have losses, depending
on the wavelength and related to geometrical factors and, as will be extensively shown
in chapter 6, to the internal surface quality.

Wave propagation along a hollow channel can be regarded as multiple re ection at the
inner walls, occurring at a grazing incidence. Since the losses a ect mostly high-order
modes, only the fundamental propagate adequately through the guide, as shown in g
3.10. Thus, it is possible to choose cylindrical channels with internal radi@gsmuch
larger than the free-space wavelength [97].

Figure 3.10. (a) Transmission of the fundamental mode EH; at 780 nm as a function of
hollow ber length for various radius of the guide and (b) against the next
high-order mode EH» for a 70 m diameter ber [96]. Higher length of the
channel helps in the discrimination of the fundamental mode. EH; hybrid
mode is the lowest order mode for fused silica hollow waveguides.

A complete analysis of the eld con gurations and propagation constants of the normal
modes in a hollow circular waveguide was performed by Marcatili and Schmeltzer [97].
It is based on the following assumption:

" Radius a much larger than the free space wavelength:

ka = 2_a >> | jUnm: (3.20)
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" In nite wall thickness.
~ Magnetic permeability equal to that of free spacey.

" Only low-losses modes considered, which are those whose propagation constant
are nearly equal to that of free space:

ol (3.21)

Here, k is the free space propagation constanti,,, is the my, rd)oiof the equation
Jn 1(unm) = 0 for the Bessel function of orden 1and = —O Is the complex

refractive index of the external medium. The integers and m are thus two labels
identifying the propagating mode. All the modes form a complete set over a cylindrical
system of coordinates (, r, z). In [97] are shown the mathematical expressions for
each mode and their eld lines (the rst modes are shown in g. 6.4), by which they
can be qualitatively divided in three groups:

" Transverse circular electric modes Tg,:: the eld lines are concentric circle in
the cross section centred on the axis of the guide. The eld component &te,
HR, Hz.

" Transverse circular magnetic modes Th,: the eld lines are directed radially.
The eld component areH , ER, E,.

" Hybrid mode EH,, (jnj 1): both components are present. All the eld
components are present, but the axial ones are relatively small and are usually
neglected.

Figure 3.11. Examples of (a) a transverse circular electric, (b) a transverse circular magnetic
and (c) an hybrid modes [97]. Tk is the fundamental mode for waveguide in
which the external medium ha a refractive index 2.02 times greater than the
internal medium, in other cases is EH;.

jnj and m are parameters which respectively represent the number of periods in the
direction and the number of maxima and minima in the radial direction. TE and TM
modes haven = 0 as the result of the assumptiora >>
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Chapter 4

Materials and Methods

The major experimental equipment employed in this work is illustrated in this chapter.
Each section is devoted to a speci c stride of the activity, namely FLICE, hollow
waveguide characterization and HHG.

4.1 FLICE Fabrication Setup

Laser Source

Laser light for femtosecond laser micromachining is provided by Satsuma HP2 (Am-
plitude Systemes S.A), an air-cooled commercial femtosecond laser system.

It includes a diode-pumped ultrafast ber ampli er and an electro-optic pulse picker
which allows to deliver pulses at a repetition rate from MHz to 40 MHz.

The pulse duration can be tuned from 23®s to over 10ps. Its central wavelength
is 1030+ 5 nm, and its speci cation reports a beam qualityM ? < 1.2 and a beam
circularity > 87 %.

At 1 MHz, the beam power is of the order of 18V and can be tuned by an internal
attenuator. The laser is vertical polarized with respect to the optical table.

To operate properly, it needs some control on the environmental condition, that is a
room temperature of 22+ 1 °C and humidity around 40 %.

All the laser parameters are monitored by an external software.

Beam Steering

Laser beam undergoes several manipulations which aims to the extraction of the
second harmonic at 51%m with the proper power to promote non-linear absorption.
The optical path is shown in g. 4.1.

Two mirrors de ect the beam towards two lenses, L1 and L2, which form a telescope
needed to shape the beam cross section before it enters the following stage, consisting
in a half-wave plate and a polarizer put in cascade. The rst is mounted on a gear-
driven rotary stage and is used to change the polarization and in turn, thanks to the
polarizer, the attenuation of the beam. It eventually arrives at the sample with a
power included between 300 and 40@W which can be tuned controlling remotely
the half-wave plate rotation with A3200 software.
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Figure 4.1. Schematic experimental apparatus for femtosecond laser writing, a) top and b)
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side view. The red line represent the IR line, at 1030im: TM - turning mirror;

L1 - 75 mm focal length lens; L2 - 150mm focal length lens; L3 - 400mm focal
length lens; HWP - =2 waveplate; P - polarizer; LBO - Lithium Triborate
crystal. For the green line, at 515nm: TM - turning mirror; L4 - 800 mm focal
length lens; SH - mechanical shutter; CAM - imaging camera; OBJ - focusing
objective; SM - glass sample; TS - translation stages; SP - mechanical support.



4.1. FLICE Fabrication Setup

Before every fabrication a calibration of the rotary stage is needed since the delivered
power can slightly change because of environmental factors. To do it, power is measured
thanks to a power meter near the position of the objective, with an uncertainty of few
mW, and each desired power is associated to a particular position of the half-wave
plate which enters as an input in the controlling software.

Next, a mirror sends the beam to the second harmonic generation stage (SHG). These
rst three mirrors operate in the wavelength region of 1000-1068m, the following in

the 500-530nm range.

Lens L3 adapt the beam cross section to the dimensions of a Lithium Triborate
(LiB3Os) or LBO crystal, which generates the second harmonic. After this stage
polarization is parallel with respect to the optical plane as a consequence of phase
matching, which requires the outgoing photon polarized perpendicular to the incoming
two. To optimize SHG, LBO is kept in an oven maintaining an appropriate temperature,
being it a birefringent crystal whose index of refraction is temperature depending.
Lens L4 forms a telescope with lens L3 to collimate and enlarge the beam to the
dimension of the whole aperture of the focusing objective, a 63X Zeiss dry objective
(LD-plan Neo uor) with 0.65 numerical aperture. It is equipped with a correction
collar to compensate spherical aberration at a depth that is changed manually once
during the fabrication. Finally, a mechanical Uniblitz shutter stops the propagation of
the beam to allow discrete modi cation of the material. It is controlled by the same
A3200 software which adjusts the half wave plate and move the translational stage.

Translational Stage

To obtain a precise three-dimensional structure a fundamental role is played by the
mechanisms which move the sample with respect to the objective, in this case a 1D and
a 2D Aerotech stages (ANT130-035-L-ZS-PLUS and ANT95-50-XY-CMS-ULTRA).
Referring to the reference system in g. 4.1 (b), the rst stage guarantees the motion
of the objective along z axis, whereas the second moves the sample in the xy plane.
Due the foretold polarization of the laser beam, x direction is the preferential writing
direction, along which the generated nanogratings are aligned (cfr. Chapter 1). The
maximum declared stroke in both x and y direction is of 50 mm, but in practice it
was possible to fabricate over a distance of 49 mm. This represents a constraint in
the design of the Di erential Pumping Chip (cfr. Chapter 5).

The levelling of the sample in the plane is done manually by looking at the back-
re ected spot size while spanning over the whole sample and tilting it with precision
control knobs. A CMOS camera is devoted to this purpose.

The desired movement of the stages is dictated by a sequence of G-CODE instructions.
They are written both directly in G-CODE language and through a customized
MATLAB program, which can generate a code for a point-by-point translation of
the stages, taking as input the desired geometry. Unfortunately, it is not possible
to use the MATLAB tool to fabricate big structures because it generates too heavy
programs the A3200 software is not able to run.
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Wet Chemical Etching

The second step of FLICE technique is the chemical etching, performed submerging
the fused silica samples in an aqueous solution of hydro uoric acid, which is diluted at
10 % starting from a 20 % molar solution. The solution with the sample is contained
in plastic beakers, placed inside an ultrasonic bath at about 3% to enhance the

e ect of the acid. These steps must be performed under a reproof fume hood since
the dangerousness of HF and reaction products. Personal protective equipment, such
as gloves and lab coats, is also necessary.

At the end of the etching process, which in this work could last some hours, the
sample is washed with deionized water, again in ultrasonic bath, to remove residual
chemicals and any possible scrap of glass trapped inside the channels. After drying
with nitrogen, the sample can be handled with tweezers. The result of the procedure
is then evaluated with an optical microscope or a scanning electron microscope.

Thermal Annealing

Some of the samples used in this work underwent thermal treatment. For this process
Is used a L5/13 Nabertherm oven able to reach a maximum temperature of 13T
Annealing cycles are imposed through a P330 controller and optimized by the user as
a sequence of plateau and ramps. The sample is placed inside the furnace without
any holder to avoid the risk of cracks in the outer surfaces, which however appears
slightly ruined after the treatment. Since any impurities can be the starting point of

a fracture, before the treatment the sample is left for some hours in chromic acid, a
strong oxidant able to remove any insoluble organic residual. For the same reason,
the oven should be cleaned before use.

4.2 Hollow Waveguide Characterization

The hollow waveguides used for HHG in this work were previously characterized
in order to estimate the coupling losses and to acquire the intensity pro le of the
fundamental mode, to compare with theoretical prediction. For this purpose, a
coupling set-up was mounted as shown in g. 4.2.

A Toptica laser with a central frequency of 780hm (near the one used for HHG)
provides the light beam to be coupled with the wavelength. As in FLM, the beam
power (which is of fewmW) is adjusted with a rotating half-wave plate followed by a
polarizer. A biconvex lens (L1) with a focal length of 2@m reduces the cross section of
the beam to 0.6453 times the radius of the waveguide, to enhance the energy coupling
with the EH;; guided mode. To respect this exact focal length, the lens is mounted
on a translational stage and slightly moved parallel to the beam. The coupling is
performed manually by moving the sample, which is hold by a manipulation stage
with a micrometric resolution that allows the translation horizontally and vertically
with respect to the laser beam and the tilting in the same directions, thanks to the
experience of the operator which can recognize the guided mode simply putting a
cardboard after the sample. For coupling optimization and for the acquisition of the
mode, the light is collected by a lens (L2) with NA = 0.55 on a CCD Spiricon camera,
which sends the image to an external software which can t the intensity pro le with
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a Gaussian shape. However, the image data are exported, and a better tting can be
done with another program, as for example MATLAB.

Waveguide insertion losses are calculated by measuring the power before and after
the sample and taking the ratio. For space reason, in this case the power meter was
maintained in the same position after the sample and the measure was done with and
without the waveguide.

Figure 4.2. Schematic experimental apparatus for hollow waveguide characterization, with
optical elements operating at 780 nm: TM - turning mirror; HWP - half-wave
plate; P - polarizer; L1 - 20 cm focal length lens; TS1 - translation stage; SM -
sample; TS2 - translation stage; L2 - aspheric 40x lens; CAM - collecting camera.

4.3 HHG Setup

In contrast with FLM, which do not require any particular adjustment of the sur-
rounding conditions (besides temperature and humidity), HHG is performed in a high
controlled experimental environment, mainly because extreme ultraviolet (EUV) and
soft X radiation (SXR) are strongly absorbed by atmospheric gases. Then both the
generation and the measurement of the harmonics requires vacuum chambers. When
employed in the following described apparatus, the HHG chip can be used for several
weeks without showing any quality degradation. From the schemes in g. 4.3 and 4.5,
we can recognize three main components of the experimental apparatus: the driving
laser, the interaction chamber and the collecting stage.

Laser Source

The beam, provided by a Ti:Sapphire laser with a preferential emission wavelength
centered at 800nm, is characterized by pulses 28 long, delivered with a repetition
rate of 1 kHz, with an energy of 1ImJ each. The beam cross section is promptly
reduced by a factor three by means of a two-lens telescope to be adapted to the
transmission line which, as shown in g. 4.3, starts with turning mirrors which direct
the beam towards the rst vacuum chamber. Some irises are devoted to a precise
control of the power since it a ects critically the harmonic generation process.
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Figure 4.3. Schematic representation of the interaction chamber for high-order harmonic
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generation, with optical elements operating at 800nm: TM - turning mirror;
IR1, IR2, IR3, IR4, IR5 - irises; WD fused silica window; L1 - 200mm focal
length lens; SM - sample; TS - translation stages; WE - wedge; VC1 - rst
vacuum chamber; L2 - negative 100nm focal length lens; L3 - 200mm focal
lens length; BP - beam pro ler.



4.3. HHG Setup

Interaction Chamber

A scheme of the generation stage is proposed in g. 4.3. The beam enters the vacuum
chamber (characterized by a pressure arourd ®* 10 “ bar) through a fused silica
window. After three turning mirrors, operating at 800nm, the beam is focused at
the entrance of the hollow waveguide by a biconvex lens with a focal length of .
The HGG chip is placed on the support shown in g. 4.4. The beam enters on
a tapered region, speci cally designed to ease the coupling reducing the unwanted
scattering, while exits through a straight pro le. Lateral faces are shaped as well for
reducing the distance between the chip and the objective during imaging experiments.
The chip is clamped by a viton O-ring hosted in the top PMMA cover (see g. 4.4
(b)). The transparent cover allows the operators to visually check the beam coupling.

Figure 4.4. Three-dimensional drawings of a) aluminium base b) PMMA cover of the home-
made support for the HHG chip.

The gas enters through a metallic tube and goes out sideways from the openings of
the guide. Its pressure is carefully controlled thanks to a needle valve followed by
a pressure gauge. The support is mounted on a high precision motorized alignment
stage with two tilts and three axial micrometric knobs. A rst coupling is done before
the camber is closed, then a ner positioning is done remotely after the chamber
depressurization, since some distortion can be introduced while vacuum is made. The
spatial quality of the beam is checked on a screen after the IR5 before the chamber is
closed.

In order to inspect the coupling after depressurization, it is possible to insert via
software a wedge which deviates the beam outside the chamber to be collected by a
beam pro ler. The operator can then look directly at the generated harmonics and
optimize the coupling maximizing their intensity.

45



Chapter 4. Materials and Methods

Collecting stage

Collecting stage ( g. 4.5) consists by three chambers forming a spectrometer composed
of grazing-incidence optics. In the rst chamber a toroidal mirror is able to generate
an intermediary focus employed in spectroscopy experiments. The following chamber
contains a gold-coated toroidal mirror which purpose is to focus the HHG beam on a
dispersion grating, located in the last chamber. The toroidal mirror, which position is
accurately controlled remotely, can compensate the residual aberration through the
adjustment of the sagittal focus and its tangential curvature.

The plus of this con guration maintaining always grazing incidences is that the
detector collects a at eld signal, at almost normal incidence and at a xed position.

In the last chamber, the pressure is kept around0 ’ bar to minimize possible noises.
The grating is xed to its position and ensure the detection of the harmonics from
the order 25" to the 162, The dispersed harmonics - which intensity is very weak

- impinge a vacuum compatible detector, consisting of single stage microchannel
plate and a phosphorous screen. The HHG photons ionize electrons from magnesium
uoride photocathode which are in turn multiplied along the microchannel plate.
The gain is controlled by the bias voltage and must be properly tuned to avoid the
saturation of the detector. The multiplied electrons hit the phosphorous screen and
are converted again in an optical signal, which is collected by a focusing objective
and nally acquired by an Apogee Ascent A2150 CCD camera.

Figure 4.5. High-order harmonic generation and acquisition schematic setup [2].
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Chapter 5
Di erential Pumping Chip

5.1 Introduction

One of the main objectives of this thesis work was the design, fabrication and opti-
mization of a new glass optical device able to replace the one used for the generation
of sub-2-fs deep UV pulses presented in Chapter 2, integrating the bulky di erential
pumping described in sect. 2.3.1.

In several engineering and physical applications involving radiation, the need of
separating vacuum chambers from the high pressure environment of the experimental
apparatus is satis ed with windows made of thin metal, glass or polymer Ims.
However, such an element unavoidably absorbs part of the radiation energy.

A windowless technique, known as di erential pumping, is typically realized con-
necting with a thin ori ce two chambers maintained at a very di erent pressures
(typically, one of the two parts is connected to a vacuum pump). Often, there
are more of this stages with di erent pumping speeds, and light is able to propa-
gate through them thanks to the small apertures [98, 99]. This solution has been
adopted both for separating vacuum chambers from the external environment and for
isolating high pressure parts inside a vacuum chamber itself, as it is in the present case.

Due to the simplicity of the principle underlying this technique, it was considered
possible to implement it inside the very same glass chip used for the generation of
the DUV, exploiting all the capabilities of femtosecond laser micromachining. To
the author knowledge, this is the rst attempt to develop an integrated di erential
pumping system.

Besides all the advantages of integrated devices, as compactness, replicability and
easy incorporation in di erent setups, it is believed that such a Di erential Pumping
Chip (DPC) will be able to increase the intensity of the generated third harmonic
thanks to a better gas con nement. Moreover, it will be mounted on a high precision
translation stage (while the present bulky system is xed on its position), facilitating
the alignment between the chip and the laser. This will assure the possibility for a
forthcoming step of making the glass cell guiding to further increase the generation
yield.

On the other side, the major di culties in the realization of this device are related to
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