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Abstract

The objective of this thesis is to explore the dynamics of the high order harmonic
generation (HHG) during the interaction of ultra-short intense laser pulses with
gas targets, control the HHG characteristics and use the HHG as an optimized
secondary coherent source in the extreme ultra-violet (XUV) for applications in
diffraction microscopy. The investigation is based upon the systematic study of the
effects of the experimental parameters, such as gas species, gas pressure, focusing
conditions and chirp of the laser pulse, in the HHG process. The novelty of the
study relies upon the fact that HHG takes place at the leading edge of the laser
pulse, conditions that depart from the typical HHG conditions reported in the
literature. Thus, highly non-linear phenomena, such as self-phase modulation, that
largely affect the HHG process come into play. These effects can be controlled
by the laser characteristics and consequently the HHG quality characteristics can
also be controlled. Thus, a complete parametrization of the HHG spectral and
spatial characteristics (line broadening, spectral shifting, angular divergence and
tunability) was performed as a function of the experimental parameters of gas
species, gas pressure and laser chirp, showcasing the optimum conditions for HHG
in these intense laser pulses conditions. The study highlighted that control over
the electron trajectories (quantum paths) can be achieved by varying the chirp
of laser pulse. The suppression of the long trajectory was evident in the HHG
image spectra for low positive laser chirp values, and this was further supported
by model calculations. Finally, this thesis explores the capability for extending
the technique of XUV coherent diffraction imaging (CDI) to multispectral XUV
CDI in a proof-of-principle experimental realization. This multispectral XUV CDI
approach has potential applications in nanoscale microscopy in many areas, such as
material science, biology, medical sciences as well as in real time dynamic behavior
of chemical systems on surfaces and in spatiotemporal imaging of the evolution of

the critical plasma density front.



ITepiAndm

O ot6yoc autrhc tng OatelPric elvon Vo BLEQEUVACEL TN BUVOUIXT| TNG TORXYWYTC
TV VPNAAC TEENG ApUOVIXGY (HHG) xotd TNV GAANAETDEUOT LOYLEMY TOUAUWY
Mwlep PE G€ploug GTOYOUC, Vo ENEYEEL TU YUPUXTNPIOTIXG TOV UPUOVIXMY oL Vo
YPNOWOTOLACEL TIG OPUOVIXEC ¢ PehTioToTouéVn OeuTEpELOUGH CUUPWYY TNYN
oxtvoPollag axpatou LTEPLHOOUG (XUV) v EQAPHUOYES O TEQLIAC TIXY| XEOOXOTAL.
H diepetvnon Baolleton o1 cUSTNUATIX UEAETN TWV ETOPACEWY TWYV TELRUUATIXOY
TopopéTEwY, Omwe To eldn acplwy, 1 meon agplou, o cuvifxec eotioong xou
to chirp tou maAuol AéwWlep, otn Swdwacio HHG. H xovotopla g perétng
Baotleton oto yeyovoe otL n HHG hapfBdver ydpo 6T0 TpOTOREUbUEVO YoV dxpO
Tou Tohpol Aéwlep, cuvirxn mou Blaépel amd TIC TUTKEC CLVUTXES ToRUYWYTS
QEUOVIX®Y Tou avapEpovTal ot PiAoypaplo. ‘Etol, un yeouuxd @ouvoueva, 6mewe
1 AUTOOLPOPPWOT Qdong, Tou emnpedlouy oe ueydho Bodud Tn ddixacia HHG,
epgaviCoviar ¢ puiuotéc. Autéc ol emdpdoel unopolv va eheyydolv omd To
YoUEOXTNEWO TG Tou ToAUoU Aéwlep xau €Tol Tor moloTxd yapoxtnewoTixd HHG
uropolyv emlong deuTEPOYEVDS Vo EAEY YVoUV. Me autdv Tov TpdT0, TearyUaToToL U NXE
Ulal TAAENG TUPUUETEOTOMOT TWV QUOUATIXDY XL YWEIXWY YUQUXTNELO TIXWY TOV
opUOVIXGDV (BLleVpUVOT YEOUUNAC, PUOUATIXT) UETATOTILOT, XAl YWVIOXT| OTOXALON) 6C
CLVEETNOY TWV TELUUUTIXWY TUPUUETEMY Tou Eldoug Tou acplou, Tng meong tou
agplou xar tou chirp Tou mohpol AéWlep, avadeixviovtag T PEATIoTEC cUVITiES
vy o HHG oe cuviixec woyvpmv mahumy Aéwlep. H pehétn €6eile oTL umopel
va emiteuydel 0 EheyyoC TV TEOYLOV TWY NAEXTEOVIWY (XBovtixd yovomdtia)
uetoBdArovtog To chirp tou kol Aélep. H xoatactohh| tne paxpdc nhextpovinhc
TeOoYUC ATy eupovic oTa @dopata exdvac HHG yio youniée detinée Twwég Tou
chirp tou nahpol Aélep, xon autd LToc TRl UNXE TEpUrTéRL amd HBavTounyavinoig
umoloytopols. Télog, n mopoloa SateBr BIEpELVE TNV IXAVOTNTA ETEXTACTS TNG
TEYVIXNS TS olppovne teptdlaoTixAc anexovione oto oxpaio uneplndes (XUV
CDI) ot rohugacpoatixy) XUV CDI péow tng meipopatinic e mpaypatotoinong
xou NG amodelng apyfc hertoupyiog. H moluvgaopating XUV CDI éyel eqopuoyég
OTN UXEOCKOTIO VOVOXALMaXaG 0 TOAOOS TOUELS, OTWS 1) ETUCTAUN TWV UAX®Y, 1|

Blohoyla, oL LTEIXEC EMOTAUES, 1) DUVOULXT| CUUTEQLPOES YNUIXWY CUCTNUATWY OE



TEOYUATIXG YEOVO GE ETLPAVEIES, XAVDC XOL 1) YWEOYEOVIXT| ATEXOVIOT TN eEENENS

TOU UETOTOU Xp{oWNg TuXvOTNTAS TAGOUATOC.



Chapter 1
Introduction

The Nobel Prize in Physics in 2023 was awarded to Pierre Agostini, Ferenc Krausz,
and Anne L’Huillier for their seminal experiments, which unveiled a groundbreaking
method for generating pulses of light of unprecedented duration [1|. This method,
based on the process of high harmonic generation (HHG) through the interaction
of intense ultrafast laser pulses with atomic gases, yielded pulses with duration
in the attosecond regime (1 as = 107'® s). These ultrashort pulses enabled the
precise measurement of swift electron dynamics and energy transitions within atoms
and molecules, thus revolutionizing the understanding of fundamental processes at
the quantum level. This pioneering work not only provided scientists with new
tools for exploring the intricate world of electrons but also laid the foundation for
advancements in attosecond physics as well as in the nanoscale imaging technology
such as the Coherent Diffraction Imaging (CDI).

The advancements in HHG were triggered by the rapid evolution in the
technology of intense and coherent electromagnetic fields, i.e. in femtosecond
laser pulses (1 fs = 107'° ), over the last three decades. With the development
of techniques like CPA by Donna Strickland and Gérard Mourou, femtosecond
laser pulses have become indispensable tools in various fields of research, from
ultrafast spectroscopy to high energy physics. These intense fs pulses enabled
researchers to probe and control matter with unprecedented precision, opening
new avenues for understanding fundamental processes in physics, chemistry, and
biology. The culmination of these efforts was recognized with the awarding of
the Nobel Prize in Physics in 2018 to Donna Strickland and Gérard Mourou
for their groundbreaking work on CPA, highlighting the transformative impact of
femtosecond laser technology on scientific exploration and innovation |2, 3]. Laser
pulse peak intensities of the orders of 10" — 10'® W /cm? are currently routinely

available in laboratories worldwide.



The interaction of intense fs laser pulses with atoms has unveiled a plethora of
new strong-field phenomena that have significantly expanded our understanding
of atomic and molecular physics. These phenomena include above threshold
ionization [4, 5|, tunneling ionization [6], over-the-barrier ionization |7, 8|, and
HHG [9]. HHG, in particular, has emerged as a remarkable process that enables
the generation of coherent spectral sources in the eXtreme UltraViolet (XUV)
region. These developments have paved the way for the development of powerful
tools for investigating ultrafast processes in matter, with implications ranging from
attosecond science to advanced spectroscopic techniques. The bandwidth required
for generating extremely short pulses was proposed to be facilitated by the plateau
[10-12]. In such intense electromagnetic fields, the interaction between the laser field
and the atom is governed primarily by the laser pulse characteristics (peak intensity,
temporal frequency and phase) as well as the depth of the atomic Coulombic
well. Consequently, semiclassical theories have been developed to describe such
interactions, the most renowned being the three-step model for the HHG process
[9, 13-15].

Since the dawn of HHG studies, attosecond metrology has emerged as a pivotal
tool in investigating ultrafast processes in matter, facilitating the exploration
of electronic dynamics with unprecedented temporal resolution. Papadogiannis
et al. conducted experiments where they observed how higher-order harmonics,
generated in argon gas by two short laser pulses, overlap and interact [16, 17].
They were the first to discovered features in the data that lasted less than 100
attoseconds, indicating the production of pulses in the attosecond range. This
work laid the foundation for further studies into attosecond physics. Hentschel
et al. achieved attosecond time resolution by combining soft x-ray pulses with very
short visible light pulses, allowing them to observe electronic dynamics with a
resolution of 150 attoseconds [18]. Their findings showed how atoms respond on
this incredibly short timescale, opening up new possibilities for studying electrons
in detail. Paul et al. proposed a method for measuring the relative phases of high
harmonics, revealing a series of attosecond pulses in the time domain [19]|. This
discovery suggested that harmonic generation could be a useful tool for making
attosecond measurements, further advancing attosecond metrology. Tzallas et al.
[20] established the first direct measurement of harmonic pulse temporal properties
in the subfemtosecond regime. They analyzed the second-order autocorrelation
trace of an attosecond pulse train, observing evidence of attosecond light bunching
in harmonics 7 to 15 emitted from a xenon gas jet [21-25]. The impact of attosecond
metrology goes beyond fundamental research. Goulielmakis et al. highlighted its
importance in understanding how electrons move in atoms, which has implications

for biology, x-ray technology, and electronics |26]. They emphasized the role of



precise laser pulses and synchronized attosecond pulses in this research. In the effort
to characterize pulses lasting less than 100 attoseconds, Gagnon et al. developed
a specialized algorithm for analyzing electron spectra [27]. Their work addressed
the challenges of accurately measuring these extremely short pulses, contributing

to the improvement of attosecond measurement techniques.

Many modern laboratories are currently equipped with fs laser systems, which
routinely deliver mJ pulses with repetition rates ranging from Hz to MHz.
The coherent XUV radiation produced from the interaction of strong field
pulses with atomic gaseous targets serves as a secondary source for applications
related to ultrafast microscopy techniques based on CDI [28-31]. The necessity
for development of such secondary coherent XUV sources, with high quality
geometrical and spectral characteristics, has been recently emphasized [32]. CDI is
an imaging technique that utilizes coherent light sources, such as x-rays or electrons,
to probe the structure of samples at the nanoscale level. Unlike conventional
imaging methods that rely on lenses to focus light and form an image, CDI
reconstructs the sample’s structure directly from the diffraction pattern produced
by the interaction of the coherent light with the sample. This diffraction pattern
contains information about the amplitude of the scattered light, which can be
analyzed using computational algorithms to reconstruct a high-resolution image of
the sample. Reconstruction algorithms iteratively refine an initial approximation
of the object’s structure until it aligns with constrictions related either with the
diffraction pattern or the object [33]. CDI as a lensless microscopy technique holds

considerable significance due to absence of x-ray optics [34].

It should be emphasized that multispectral CDI in the visible part of the
EM spectrum and longer wavelengths up to thermal infrared is a well-established
technique. Wavelength filtering is done using special filters, combined with suitable
detectors, that are sensitive to particular wavelengths. The visible part of the EM
spectrum is used for imaging of atmospheric pollutants, water, vegetation, soil,
and biological tissues. The IR part is used for imaging of forest fires, geological
features, clays, mapping terrain, and night studies [35-38]. However, multispectral
XUV CDI is still a field of intense research, as it probes the way to the nanoscale

imaging, seeking for an establishment similar to the visible and IR CDI .

Aim of the Study

The objective of this thesis is twofold. First, it seeks to investigate the dynamics of
HHG at the leading edge of the laser pulse using ultra-short intense laser pulses.

The study systematically investigates the impact of experimental parameters



such as gas species, pressure, focusing conditions, and laser pulse chirp on
the production and coherent addition (phase matching) of the generated XUV
radiation. Intense laser pulses are utilized to induce highly nonlinear phenomena,
including self-phase modulation (SPM), which influence the HHG process. The
study aims to understand quantum mechanical behavior under non-typical HHG
conditions and to control HHG characteristics accordingly. Additionally, this
thesis explores the application of the studied coherent HHG source in performing
multispectral XUV CDI measurements and subsequent object reconstruction in the

nanoscale.

Thesis Overview

In this thesis, we embark on a journey into the realm of ultrafast optics, exploring
the generation and manipulation of HHG for applications in nanoscale imaging
and spectroscopy. Beginning with a comprehensive overview of the theoretical
foundations of ultra-short laser pulses and high harmonic generation, we delve
into the experimental realization of HHG and multispectral imaging systems,

highlighting key advancements and challenges in the field.

Chapter 2 provides the theoretical foundation necessary for understanding the
principles underlying HHG. The fundamentals of ultra-short and intense laser
pulses, essential for initiating the HHG process, are elucidated. The role of the
optical Kerr effect and SPM in laser pulses is also presented. Subsequently, the
intricate process governing HHG, exploring both classical and quantum mechanical
pictures, are delved into. Additionally, the importance of propagation and phase

matching in achieving efficient HHG 1is elucidated.

Chapter 3 details the experimental setup for HHG and CDI including the laser
system, vacuum chambers manifold, HHG generation apparatus, diagnostics for

HHG and XUV, wavelength selection, as well as provisions for CDI.

Chapters 4 deals with optimizing the HHG source. Optimization processes for
the solid laser beam are discussed, covering aspects such as beam diameter, focus
position, pressure, and the composition of gases and gas mixtures utilized in the
generation process. Additionally, the chirp of laser pulses is examined for its impact
on HHG efficiency. Similar optimization efforts are extended to the annular laser
beam configuration, focusing on parameters such as pulse energy, beam diameter,
and gas pressure. By fine-tuning these parameters, we aim to enhance the coherence

and intensity of the generated XUV radiation.

Chapter 5 introduces a novel method for coherent control of two quantum paths

in plateau harmonics generated in a noble gas, leveraging the chirp of the laser



pulse. By manipulating the chirp of high-intensity laser pulses, control over various
parameters such as ionization degree, SPM, and trajectory evolution is achieved.
Detailed studies highlight the efficiency of HHG and trajectory separation with
chirped laser pulses. Experimental findings demonstrate accurate control over HHG
efficiency and trajectory resolution, supported by a developed phenomenological

model.

Chapter 6 presents a systematic study on the spectral and divergence
characteristics of plateau harmonics within an Ar-filled semi-infinite gas cell. Gas
pressures, laser beam focal conditions, and chirp imposed on laser pulses are
systematically explored. The evolution of plateau HHG spectra from positive to
negative chirp values with increasing gas pressures is monitored. High-intensity
conditions favor negatively chirped pulses, leading to maximum HHG signal even at
low pressures. Additionally, broader lines resembling a quasi-continuum spectrum
emerge at higher pressures. The contribution of long and short trajectories to HHG
spectra is tracked, providing insights into HHG dynamics. Experimental findings

are supported by calculations based on a phenomenological model.

Chapter 7 presents the culmination of our research journey in the form
of coherent XUV multispectral XUV CDI, offering insights into the future of
nanoscale imaging and spectroscopy. This chapter details the development and
proof-of-principle operation of a multispectral XUV CDI experimental setup.
The system extends the multispectral paradigm to the XUV region, enabling
comprehensive analyses in transmission and reflection modes. The efficacy of
XUV CDI applications in various experimental scenarios is demonstrated, with

a discussion on the implications for future discoveries concluding the chapter.

Finally, Chapter 8 presents the conclusion of this thesis along with future

perspectives of this work.



Chapter 2

Theory

2.1 Fundamentals of Ultra-short Laser Pulses

2.1.1 Gaussian Laser Pulses

The temporal envelope and the transverse spatial profile of a laser beam are

described by Gaussian functions [39].

2.1.1.1 Spatial Profile of Gaussian Laser Beams

Using Maxwell’s equations in an isotropic charge-free medium, one can derive the

complete expression for the electric field of a Gaussian TEMgy mode [39)].

E(z,y,z) = The electric field

Ey Amplitude at z = 0
X

Wo 7’2 .. . .
——exp [—— Variation of the amplitude with r and z
w(z) w?(z) (2.1)

X

exp [—i (kz — ¢(2))] Longitudinal phase factor
X

k 2
exp [_iQRZZ)} Radial phase factor

The first term is the electric field maximum amplitude. The second term describes
the variation of the electric field amplitude as a function of the distance from the
optical axis (radial coordinate r). The third term describes the phase change of the

wave in the direction of the propagation axis z, with £ being the wave number for
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a corresponding plane wave.

In Eq.(2.1), w(z) is the radial distance at which the field amplitude drops to 1/e

of its maximum value, and correspondingly the intensity to 1/e?, defined as
2\ 2
w(z) = wey |1+ (—) : (2.2)
ZR

wy is the beam waist, i.e. the minimum radial distance at the focus z = 0, as shown

in Fig.2.1, and 2y is the Rayleigh length defined as

2
Twg

== 2.
ZR \ ; ( 3)

with A being the wavelength. The confocal length, or depth of focus, is defined
twice the Rayleigh length, i.e. b = 22x. R(2) is the radius of curvature defined as

R(z) = = (1 + (%)2) , (2.4)

while ¢(z) is the Gouy phase, which corresponds to the phase difference between

a Gaussian beam and the corresponding plane wave, defines as

() = tan™! (i> . (2.5)

ZR

-100

100

-2 0 2 -2 0 2
z[mm] z[mm]

Figure 2.1

Gaussian Beam: (a) Distribution of the electric field around the focus (z = 0). (b)
Distribution of the intensity around the focus with notation of the basic characteristic
distances.

Based on the geometry shown in Fig.2.1 the divergence angle of a Gaussian

10



beam can be defined as

6= lim W) W0 _ A (2.6)

z—moo 2 ZR TWo

Gaussian beam intensity at the focus

The intensity distribution (z,r) of a Gaussian beam is described by the equation

I(z,7) = I (%)2@@ (—2%) = I(z) exp (—2#;2) .27

where the peak intensity [ is related to the electric field amplitude by the following
equation
1
IO = §€0CE§. (28)
The total power P carried by the Gaussian beam is determined by integrating the

intensity over the entire radial plane as

[e%9) 2
P = / I(z,r)2mrdr = [(Z>7rw§z) (2.9)
0
Expressing the intensity /(z) in terms of power and beam waist, we obtain
2P
I(z) = . 2.10
(Z) 7T1U(Z)2 ( )

This equation establishes the intensity as a function of axial distance z, total power
P, and beam waist w(z). Furthermore, the peak intensity at the beam waist (z = 0)

is written as
2P

Tw?

Ih=1(z=0) = (2.11)

This equation provides the intensity at the beam waist in terms of the initial total
power P and the beam waist size wy.

From Eqs.(2.1) and (2.2), under the approximation z > zg, w(z) becomes

WoZ Az
N — = —— ) 2.12
O CE P (212)

Thus, for a lens with focal lens f the above equation becomes

w(z) = 7:\—11{0. (2.13)

To define the Gaussian laser beam diameter D, various criteria have been
adopted in the literature [40].
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e Conservative criterion: The beam diameter is defined at the 99% of the total
power, i.e., D = mw(z). Then, the relationship between D and the beam waist
wy results as wy = %. Accordingly, the peak intensity results

A (2.14)

()"

e 1/¢? criterion: The beam diameter is defined at the 1/e? (or 86%) of the total

power, i.e., D = 2w(z). Then, the relationship between D and the beam waist

wy results as wy = %% Accordingly, the peak intensity results
2P
™ (25)

2.1.1.2 Temporal Profile of Gaussian Laser Beams

The temporal part of the electric field of a Gaussian pulse can be expressed as
E(t) = Bye2™2(5) ¢, (2.16)

where 7, is the full width at half maximum (FWHM) of the pulse. A laser pulse
is termed “chirped” when its instantaneous frequency varies with time so that the
pulse phase has time-dependent components causing a frequency variation across
the pulse duration. The phase ® can then be written as the oscillatory part of the

central frequency wy = 27/Tp plus the remaining variation o(t) as:
O(t) = wot + @(1). (2.17)

The instantaneous frequency is derived from the phase ® as

dd(t) dp(t)
wit) = —— =w+ — (2.18)
In case ¢(t) is a quadratic function of time, i.e. p(t) = bt?, the instantaneous

frequency becomes

d
= lwot + p(t)] = wo + 20, (2.19)

where b is the chirp parameter. In this case the chirp is termed as linear.

w(t)

In Fig.2.2, three cases of Gaussian pulses with central wavelength of 800 nm
and duration of 7fs are presented. In Fig.2.2(a), the pulse has negative chirp of
—0.13fs72, while in Fig.2.2(b), it has a positive chirp of 0.13fs™2. As can be seen,

for the positively chirped pulses the field oscillation increases with time, while for
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the negatively chirped pulses it decreases. In Fig.2.2(c¢), an unchirped pulse, or

Fourier-transform Limited (FTL) is shown for comparison. From equations (2.16)

0 /// \\ 05 // \\\
. P \\ . // N
5 00f=erl] = 3 00 fmer] e
0 -05
10 . . . -10 . . .
-20 -10 0 10 20 -20 -10 0 10 20
t(fs} tifs)
(a) Negatively chirped pulse with b = (b) Positively chirped pulse with b =
—0.023 s> 0.023 s>
1.0 T T T T
[ AN
/| N\
4 N

Efau)

-20 -10 0 10 20
t(fs)

(¢) Unchirped or FTL pulse.

Figure 2.2
The effect of chirping on a Gaussian pulse with a central wavelength of 800 nm and a
duration of 7 fs.

and (2.17) it follows that the Gaussian pulse can be written as:

B(t) = Bye2m2(5) gilwotor®). (2.20)

The temporal distribution of the intensity of an FTL laser pulse results from
Eq.(2.16) as

I(t) = Iy exp (—41112 r > (2.21)

TFTL
where 7y, is the pulse duration measured at the FWHM of the pulse envelope.

For a chirped laser pulse the temporal distribution of the intensity is described as

I() = Io(7) exp <—4ln2t2> . (2.22)

ﬁ
In this case, the peak intensity Io(7) depends on the laser pulse duration as [41]

Io(r) = Iy TFTTL. (2.23)

Chirp parameter b determination
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Eq.(2.20) can be written in the following form
E(t) = Ege " eiot, (2.24)

with ' =a —ib and a = 21n 2%2. By applying a Fourier transform and taking the
power spectrum FWHM we obtain

2
Aw— 02 )y (9) . (2.25)

T a

Then, the chirp parameter b is obtained as a function of the pulse duration of the

chirped pulse and the corresponding FTL pulse as:

42 [ 72
b(r) = +—=\ | 5— — 1. (2.26)
7 TFTL

2.1.2 Optical Kerr Effect and Self-phase Modulation

SPM is a nonlinear optical phenomenon where the intensity of a laser pulse affects
its own phase. This effect arises due to the Kerr nonlinearity, where the refractive
index of the medium changes in response to the instantaneous intensity of the light
passing through it. As the intensity increases, the refractive index changes, leading

to a modification of the optical phase of the pulse.

SPM refers to a phenomenon where the intensity-dependent refractive index of
a medium (see Eq. (2.27)) causes a change in the pulse’s phase during propagation.
In the Kerr-induced SPM, the Kerr nonlinear index induces phase modulation
due to the intensity-dependent refractive index of the material. Additionally,
plasma-induced SPM, involves changes in phase induced by varying plasma density.
Both mechanisms contribute to the chirp, representing frequency variations within
ultrashort laser pulses during propagation. Then, the index of refraction is written
as
n(l) = no+ nal(t), (2.27)

where ng and ns are the field-free and non-linear refractive index, respectively.

The laser pulse frequency corresponding to the SPM effects is written as

ToWr,0 d](t) Wro dp(t)
t) = —
wsp (t) ¢ 9 at + 2n0CpPe ST

(2.28)

where z, is the propagation length of the laser beam in the Kerr medium within

the Rayleigh length, excluding the plasma length, and z, is the plasma length. p(t)

14



is the density of free electrons in the plasma depending on the gas pressure and p,.
is the critical plasma density, with p. = 1.7 x 10?! /em?® at 800 nm. The first term
describes the Kerr-induced SPM, while the second one the plasma-induced SPM
[42, 43| In Fig.2.3 an example of the SPM effects is shown.

[=]
T

[=]

=]

Figure 2.3
Example of the Self-phase Modulation effect, where the laser pulse frequency caused by
SPM wgpar modulates from negative to positive values.

The instantaneous laser frequency including all the SPM effects in the atoms

and the plasma is written as
wL(t) = wpy + wSpM(t) + b(T)t, (229)

where wy is the central laser frequency and b(7) the chirp parameter from Eq.(2.26).

2.2 Fundamentals of High Harmonic Generation

HHG is a nonlinear optical process that occurs when intense femtosecond laser
pulses interact with a medium, typically a gas or solid. In the traditional gas-phase
HHG, the laser ionizes atoms in a noble gas, and the emitted electrons, driven by
the laser field, recombine with their parent ions, emitting photons at harmonics of

the laser frequency as illustrated in Fig.2.4.

HHG coexists with ionization mechanisms determined by the laser intensity, i.e.
multiphoton ionization, tunneling ionization, and over the barrier ionization. These
mechanisms appear at increasing laser peak intensities determined by the Keldysh

parameter which is defined as

I
2.30
2[71)7 ( )

)
Il
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® .
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The basic steps in the HHG three-step model: (a) ionization, (b) acceleration, and (c)
recombination.

where [, is the ionization potential of the atom, and U, is the ponderomotive

potential calculated as
e*E?

dmw3’

U, (2.31)

where m is the electron mass. U, quantifies the average kinetic energy gained
by an electron in the oscillating laser field. Typically for v > 1 multiphoton
ionization dominates while for v << 1 over the barrier ionization becomes
dominant. For v < 1 but closer to 1 tunneling ionization comes into play, as
shown in Fig.2.5 These emphasize the importance of the Keldysh parameter
in characterizing the transition between ionization mechanisms. Adjusting laser
parameters enables precise control over ionization processes, influencing subsequent

HHG and facilitating investigations in ultrafast laser physics.

A)

Figure 2.5
Ionization mechanisms of atoms under interaction with strong laser fields: (a) Multiphoton
ionization, v > 1. (b) Tunneling ionization, v < 1. (¢) Over the barrier ionization, v << 1.

Tunneling ionization is described by the ADK model which calculates the
probability of an electron tunneling out of an atom or molecule under the influence

of an intense laser field. The formula for the ionization rate is |5, 44]

2 Gnlp (%)2””7”'1 exp (—Bf((;)) , (2.32)

where, [ is the orbital quantum number, m is the magnetic quantum number, n*

WADK(t) — |Cl*n*

is effective principal quantum number, [* = n* — 1 is the effective orbital quantum
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number, Ip is the ionization potential of the atom, Fy = (2Ip)%?, F(t)[a.u.] =
VI()[W/em?]/(3.55 x 10%6) the time dependent laser field strength, while Cjs,-

and Gy, are parameters depending on the quantum numbers. For the argon gas, in

use here, the values of the parameters are as follows: Ip = 15.76 eV, Iy = 1.24665
au., [ =1, m=0,n* =0.92915, I* = —0.07085, Gp,,, = 3 and |Cj-,,+|*> = 4.11564.
The ionization probability p(t) is obtained from Eq.(2.32) as

p(t) =1 — exp (— /_ ; Wapx () dt’) , (2.33)

2.2.1 Three-step Model: The Classical Picture

In the tunneling regime, the freed electron interacts with a strong laser electric
field, causing it to accelerate. At first, the electron moves away from the atomic
nucleus, then decelerates and reverses its direction when the electric field changes

direction, and finally, it speeds back toward the nucleus.

Next, we will consider the motion of the electron after atom ionization using
classical mechanics. The potential of the ion core is neglected, and only the electric
field of the laser Fy(t) is taken into account. In the one-dimensional case, it is
assumed that the laser is a monochromatic light linearly polarized in the = direction,
i.e.

Ep(t) = Eqcos(wpt). (2.34)

The differential equation that describes the motion is

d*z ek,
e meo cos(wot). (2.35)

When the electron is emitted, both its starting position (xy) and initial velocity
(vo) are set to 0. Then, the solution for the velocity results from the integration of

Eq.2.35 as

d E
v(t) = d—f = _ﬂieu(jo [sin(wot) — sin(wpt)], (2.36)

where t' is the ionization time. The electron position results from the integration
of Eq.2.36 as
€E0

z(t) = o {[cos (wot) — cos (wot")] 4+ wo sin (wot’) (t — ')} . (2.37)

The electron kinetic energy can be calculateed from the equations (2.36) and
(2.31) as
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K = %meUQ(t) — 207, [sin (wot) — sin (wot')]” . (2.38)

From Eq.(2.38) it follows that the maximum kinetic energy is 3.17U,. Thus, the

maximum emission energy (cutoff) is

Nesentorr = I + 317U, (2.39)

Equation ((2.38)) shows that the kinetic energy reaches its peak when ¢’ has a
value of 0.05 of the laser period. As a result, an electron released prior to ¢’ will have
the same energy as one released after ¢/, albeit with a shorter trajectory. Electrons
released before t’ exhibit long trajectories, while those released after ¢ demonstrate
shorter ones, as depicted in Fig.2.6. Over time, the energy of the short trajectories

increases, leading to a positive chirp, while for the long trajectories, the opposite

oCCurs.
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Figure 2.6

Ionization (dashed boxes) and recombination (solid boxes) phases influence the energy
dependence of HHG photons. Long electron trajectories appear in green, while short
trajectories appear in yellow.

2.2.2 Three-step Model: Quantum Mechanical Picture

In the quantum mechanical description, known as Lewenstein model, the following
assumptions are made: |9

(a) The impact of all bound states is not considered, except for the ground state,
on the system’s evolution.

(b) The depletion of the ground state is not considered.

(c) The electron in the continuum is treated as a free particle moving in the electric
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field, with no influence from the parent potential.

Expressed in atomic units, the Schrodinger equation under the electric dipole

approximation is formulated as follows

0 1,
Z§|\II(X,t)> = —§V +V(x) - E(t) - x| |[¥(x,1)), (2.40)

where the time-dependent system wave function is denoted as |W(x, t)), the atomic

potential energy function is represented by V' (x), and the laser electric field is given
by E(t).

The ionization occurs in the first step from the ground state |0) to continuum

states |u), identified by the kinetic momentum of the outgoing electron
d(v) = (v|x|0). (2.41)

The recombination, considered as the inverse process, is given by the complex
conjugate, denoted as
d*(v) = (0|z|v). (2.42)

In the continuum, the electron is treated as a free particle under the strong-field
approximation (SFA). With a Keldysh parameter less than one, representing the

tunneling regime, the time-dependent wave function is expanded as

(W (t)) = e'lrt (a(t)|0) +/d3vb(v,t)|v>) : (2.43)

where I, is the ionization potential. a(t) describes the ground-state |0) amplitude
(or population) and is calculated using Eq.(2.32). b(v,t) represents the amplitude
of the continuum states |v), i.e. the freed electron wave function in momentum

space, given by the following equation
t
b(v,t) = z/ dt'a () E (') - d v+ A(t) — A ()] 5@, (2.44)
0

After solving the Schrédinger equation, the time-dependent dipole moment is

calculated as
p(t) = (U(t)]xV(1)). (2.45)

By neglecting contributions from continuum-continuum transitions and setting

a(t) = 1, the final expression for the dipole moment along an arbitrary direction n

19



is obtained as

_7,/ dt/d‘gpx

n-d'(p— A1) x [E(t') - d(p— A(t)] x exp [—iS (p,t,)] + c.c.
recombmatlon ionization propag:tion

(2.46)

where the action S is described as:
t 1 9
S (p,t,t') = / dt” (5 p— A" + Ip) : (2.47)
t/

with the canonical momentum p = v + A(¢), and A(t) the vector potential

corresponding to the laser electric field.

For the HHG production process the three steps are shown in Eq.(2.46): (1)
The ionization of the atom by the laser field, where the transition from the ground
state to the continuum occurs at time t'. (2) The electron propagation into the
continuum where it acquires the phase factor up to the recombination time ¢. (3)

The recombination of the electron at time ¢ with the parent ion at ground state.

In this quantum mechanical picture, the cut-off energy of the harmonic spectra

is determined by the following equation
Iy
hwetor = 3.17U, + I, - f o) (2.48)
p

which gives slightly higher value than that in the classical three-step model. The
factor f (é—i) is equal to 1.3 for [, < U, and approaches unity for larger /p.

The concept of short and long trajectories is justified by the quantum mechanical
treatment. Indeed, it can be proven there is an infinite number of quantum paths
that the recolliding electron can follow. However, for the same electron return
energy, there are only two surviving quantum paths that result in a recollision with
the parent ion during the first laser cycle. For these two paths, both ionization
and recombination time instants are different. One of the paths lasts shorter time
than the other and the paths are consequently termed short and long trajectories,

respectively, as firstly treated in the classical treatment.

In the three-step model picture, the electron recollision process is repeated every
half-cycle of the laser electric field. This periodicity is manifested in the frequency
spectrum of the emitted photons as a comb of odd order harmonics. Specifically, as
the harmonic order increases, there is initially a region in the frequency spectrum
where the harmonics signal exhibits a decrease (lower order harmonics), followed by

an extended region of harmonics with approximately the same efficiency (plateau),
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and finally a region where the harmonics signal rapidly decreases (cutoff). This
behavior can be obtained after taking the Fourier transform of Eq.(2.46), as shown
in Fig.2.7.

Perturbative Plateau Cutoff
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Figure 2.7

A typical harmonic spectrum, showcasing three distinct regions. The perturbative region
is highlighted in red, the plateau region in green, and the cutoff region in blue.

As shown in Fig.2.7, in the initial perturbative region (red-boxed), low-intensity
laser pulses (<10 x 10" W /cm?) interactions result in harmonic generation through
multiphoton ionization. The harmonics intensity follows a linear decrease with
increasing their order. As the laser intensity increases, entering the plateau region
(green-boxed), the HHG process becomes more intricate. Intensified ionization of
the medium leads to a plateau of high-energy harmonics, showcasing the complex
interplay between the laser field and ionized electrons. Beyond a certain intensity
in the cutoff region (blue-boxed), the gas medium becomes fully ionized. In this
regime, the harmonic generation process deviates from the plateau behavior,
displaying a cutoff that limits the maximum energy of the generated harmonics.
This cutoff signifies the depletion of ground-state electrons and establishes the

upper boundary for achievable harmonic energies.

2.2.3 Propagation and Phase Matching

The propagation of the ¢'" harmonic field, E,, is described by the wave equation
Eq.(2.49), derived assuming the slowly varying envelope and the paraxial approximations
[45]
OF, :
ViE, - Zikzqa—zq = _MOQQWque—I(qko—kq)z (2.49)
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with,

e V2 FE,: The Laplacian of the transverse electric field FE,, representing the

spatial variation of the electric field in the transverse direction.

° Qikq%: The rate of change of the electric field £, with respect to the

longitudinal coordinate z, related to the wave’s propagation in the z-direction.

o —/10q°w? P,: This term relates the following physical constants and parameters:
1o, Permeability of free space, ¢: Harmonic order, wy: The fundamental laser

angular frequency and, P,: Polarization of the ¢’ harmonic.

o ¢ (@0—ko)z: Phage term, where kg is the wave number of the fundamental

laser frequency, and k, is the wave number of the ¢'" harmonic.

The coherent length is the distance over which the generated harmonics maintain
a consistent phase relationship, exhibiting constructive interference. It is a measure
of the spatial extent along the propagation direction where the high harmonics
remain coherent. The coherent length is inversely proportional to the phase
mismatch, Ak, the latter defined as

Ak = qhy — k, (2.50)

for the ¢'* harmonic order and for collinear generation geometry. The formula for

coherent length Loy, is given by

T

Leop = —. 2.51
= (2:51)

In this expression, Lc is a measure of the distance over which the harmonics

generated maintain a coherent relationship.

Phase matching refers to the synchronization of the phases between the driving
laser field and the emitted harmonic radiation. When the phases are appropriately
aligned, the harmonics generated by the nonlinear interaction of the laser field with
a medium add up coherently, leading to constructive interference. Phase matching

conditions are affected by the following factors:

Geometry Effect (Akg)

As presented in Section 2.1.1, when a laser beam passes through the focus, the
phase varies according to Eq.(2.5). The Gouy phase results in an increase in the

fundamental phase velocity. The corresponding phase mismatch is given by [46]
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__4zr
2 2
z< + 2R

Akg = qp(z) =

<0. (2.52)

Plasma Contribution (ALpusma)

The presence of plasma introduces an additional factor to the phase matching

condition. The index of refraction of plasma is

)

where w), is is the plasma angular frequency given by

2
wQ—Nee
2 =

. 2.54
o (2.54)
N, is the free electron density and N, corresponds to the critical plasma
density, indicating the point at which the plasma becomes fully absorbent to
electromagnetic radiation with a frequency w, given by

_ gomw?

N, = . (2.55)

e2

If the plasma density is significantly smaller than the critical density (N, = 1.75 X
10! cm™3 for 800 nm laser radiation) we can use a linear approximation for the

refractive index, resulting in

1w\’
asma ~1—=-(22]) . 2.56
i () ~ 1= 5 () (256)

The contribution of the plasma to the wave vector can then be expressed as

2

wo Wy
k asma = asma, —1)—=— . 2.57
plasma (o) = (Mplasma (wo) — 1) — e (2.57)

For the wave vector mismatch, this results in [47]

w2 (1 —=q%)

2.58
2qcwy ( )

Akplausmau = qkplasma (WO) - kplasma (qwo) —

From the equation above, it is evident that the plasma’s contribution to phase

mismatching is negative.
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Neutral Atoms Contribution (Ak,cutrals)

The dispersion contribution from neutral gas atoms, Akyeutrass, 1S described as

qWo
) —.

; (2.59)

Akjneutrals = (nO — Ny

Here, (no —n,) corresponds to the difference in refractive indices between the
fundamental frequency ng and the ¢'" harmonic n,. For the fundamental frequency,
the refractive index ngy exceeds 1, while for the harmonic frequencies beyond the
ionization threshold, the refractive index n, is less than 1, resulting in a positive
contribution. If we include the ionization and pressure of the non-linear medium,
Eq.(2.59) becomes

qWo
Akpeutrais = (N — nyg) Tp(l —n). (2.60)
Here, p denotes the gas pressure and n = Net 1 is the fraction of ionization, where

N, is the number of free electrons, and Nyeyirar is the number of neutral gas atoms.

Atomic Dipole Phase Mismatch (Ak;)

The dipole phase results from the single-atom response to the laser electric field
and relies on the electron’s quantum path in the continuum, whether it is short or

long trajectory. The atomic dipole phase mismatch is given by the equation [46]
09,01
-0 0z

The parameter ¢ can be s and ¢, corresponding to the electron trajectory types,

Ak; (2.61)

where ‘s’ stands for short trajectories and ‘¢’ denotes long trajectories. The term
0®; /01 is calculated as

DD L\’ 1
= — - 2.62
o7 =%~ (qwo h) 5 (2.62)

and 0I/0z can be derived from Eq.(2.22). Thus, Eq.(2.61) becomes

220
Ak = —%, (2.63)
where
i Iy :
Bi(2) = aul(2) — T02) (qwo — E) < 0. (2.64)

The parameter v is equal to 0.22 cm/(a)), and 7, = —0.19 cm./(a)), with «

being the fine structure constant.
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Considering all the above, the final expression for the phase matching conditions

reads

Ak = Akg + Akplasma + Akpentrals + Ak . (2.65)
0 >0 i
< <0 same sign as z

For phase matching conditions, the intensity |Eq|2 of the ¢ harmonic within a
non-linear medium of length L, assuming negligible absorption, is proportionally
related to the squared sin function [48]
sin(AkL/2)|?

‘Eq‘20< Ak’

(2.66)

Here, the sin function characterizes the interference pattern along the propagation
distance. Optimizing experimental conditions to minimize the phase mismatch is

crucial for enhancing the harmonic intensity in the non-linear medium.
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Chapter 3

The Experimental Setup

3.1 The Laser System

The laser system employed in this study was the ZEUS, located at the Institute of
Plasma Physics and Lasers (IPPL) of the Hellenic Mediterranean University [49].
ZEUS is a 45 TW laser system built upon the chirped pulse amplification (CPA)
technology [2]. It has three amplification stages and delivers two beams: the first
beam has a pulse energy exceeding 1J, and the second a pulse energy of 10mJ.
The central wavelength of both beams is 807 nm, with an FTL pulse duration of
26 fs. The experiments in this thesis utilized the 10 mJ beam. As depicted in Fig.

3.1, the ZEUS laser system comprises the following components:

OS: Oscillator
CB: Contrast Ratio Booster
ST. Stretcher

AMP: Amplifier

AC: Air Compressor

VC: Vacuum Compressor

Figure 3.1
A 3D schematic layout of the ZEUS 45 TW laser system. (from Ref.[49])
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Oscillator

The seed pulse in the laser system is generated by the oscillator. In this
specific setup, a commercially available “Synergy Pro" oscillator manufactured
by Femtolasers is employed for this purpose. Operation of the oscillator is based
on self-mode-locking principles [50, 51]. The specifications of the oscillator are

presented in Appendix A.

Booster

The booster module enhances the contrast ratio of the oscillator output by
purifying the pulses with a saturable absorber, eliminating residual background
noise, specifically amplified spontaneous emission (ASE). The primary components
include a 20-pass multi-pass amplifier and a saturable absorber for ASE removal.
Additionally, the booster incorporates a pulse picker, a Pockels cell that reduces

the pulse train frequency from the initial 80 MHz oscillator pulse train to 10 Hz.

Stretcher

Stretcher is handling the increase in pulse duration to over 500 ps and the reduction
of laser output intensity to prevent damage to the optics. The stretcher employed
in this system is designed to mitigate on-axis comatic and chromatic aberration,
potential causes of laser pulse distortion and reduced output quality. Comatic
aberration, a type of lens distortion, and chromatic aberration, resulting from the
wavelength-dependent behavior of light in an optical medium, are explained in
detail in [52].

Regenerative Amplifier

The regenerative amplifier generates approximately 1 mJ stretched pulses at a rate
of 10 Hz. It comprises two Pockels cells, with one seeding the stretched pulse into
the resonant cavity and the other dumping the pulse at the maximum energy level.
Synchronization and switching of the Pockels cells are performed by an electronic
module, allowing precise control over the number of passes. Adjustment of the
delay between the switch-in and switch-out times enables control over the number

of passes, optimizing the conversion efficiency [53].
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Multi-pass Amplifier

This thesis employs the output of the first multi-pass amplifier within the ZEUS
laser system. This choice is made because intensities exceeding 10 W/cm? do not
result in XUV radiation generation. The multi-pass amplifier technique is widely
used in laser systems to deliver high-power amplification. This method is preferred
over other amplifier techniques due to its ability to produce high-intensity laser
beams without affecting the beam quality. The multi-pass amplifier utilizes flat

mirrors to reduce the risk of introducing optical aberrations into the beam.|54]

Compressor

The amplified pulses are directed toward the final component of the laser
system, known as the compressor. Its objective is to decrease the pulse duration,
approximating a duration close to the Fourier transform limit. Key components
of the compressor include two flat gratings, each with a density of 1200 lines
per millimeter [55]. In Fig.3.2 the principle of the operation of the compressor

is illustrated.

stretched pulse

—_—

7

’

Compressed pulse

Figure 3.2

Compressor principle of operation. A pulse duration in the fs regime is achieved by
introducing negative or positive chirp by adjusting the distance between the compressor
gratings (from https://commons.wikimedia.org/wiki/File:Schematic_drawing_of_
a_stretcher-compressor.svg , accessed March 2, 2024. ).

In Fig.3.3 the principle of CPA operation, including all the above optical devices,

is illustrated.
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Figure 3.3

The operation principle of CPA. The chirped pulse undergoes stretching, amplification,
and subsequent compression. The temporal spreading before amplification facilitates
effective energy extraction without inducing damage to the amplifying medium, resulting
in the creation of high-intensity, ultrashort laser pulses (from https://commons.
wikimedia.org/wiki/File:Cpa.png, accessed March 2, 2024.).

Control and Monitoring System

The laser system’s operations are primarily managed by computers and timing
units, overseeing and coordinating various components throughout the system.
Spectrum and beam quality monitoring occurs at multiple stages within the laser

system. The principal controls include:

The Gepulse device (Fig. 3.4), tasked with:

e Regulating high voltage and triggering the 4 Pockels Cells (Pockels) at the
Booster and Regenerative Amplifier (Regen).

e Managing shutters for the seed beam, the cavity of the Regen, and the shutter
output of Amplifier-1 (Amplil).

e Coordinating trigger signals for the acousto-optic modulators, Dazzler, and

Mazzler.
e Overseeing the single-shot/burst-mode/frequency-divider shutter.

e Generating the 10 Hz clock signal through division of the Oscillator’s pulse

train (RF), used for all synchronizations.

e Supplying power to several photodiodes within the system.
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Figure 3.4
Genpulse Operation Diagram.

The MasterPulse device performs the following functions:

e Controls the trigger signals of the flashlamps and the Pockels Cells for all

pump lasers, along with their associated shutters.

e Generates self-clock from the RF signal and the 10Hz trigger from GenPulse

to eliminate synchronization jitter.
e Manages the trigger signals for all cameras within the system.

e Receives external interlocks from the Cryostat system and the Vacuum
Compressor while verifying the consistency of the RF signal, with the ability

to disable channels in case of a fault.

Spectrum and Pulse Duration Manipulation

The pulse duration after stretching is about 500 ps. At this point, an Acousto-Optic
Programmable Dispersive Filter (AOPDF) device controls the spectral phase
(chirp) of the infrared pulse. It is an acousto-optic programmable filter, named
Dazzler, manufactured by Fastline company [56]. Its operation relies on collinear
acousto-optic interaction, maximizing the interaction length. The AOPDF

compensates for gain narrowing in amplifiers and phase distortions in the laser

chain, resulting in compressed pulses approaching their transform limit. Additionally,
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it enables arbitrary pulse shaping in both the temporal and spectral domains

[57-60|. The operational principle is depicted in Fig. 3.5.
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Figure 3.5
Principle of spectral phase and amplitude shaping by an acousto-optic programmable
dispersive filter [61].

To manipulate the spectral amplitude, an Acousto-Optic Programmable Gain
Control Filter (AOPGCF) is employed, named Mazzler, manufactured by Fastline
company [56]. This device is integrated into laser systems to regulate the amplifier’s
gain. Positioned within the regenerative amplifier cavity, the AOPGCF serves
the purpose of fine-tuning the gain of laser pulses, thereby compensating for the
phenomenon of gain narrowing, which may manifest during the amplification of
wide-bandwidth pulses. Facilitating programmable gain control, the AOPGCF
allows for the optimization of pulse energy and stability. It operates in conjunction
with other system components, including the AOPDF and measurement tools,
employed for calibration and optimization objectives. By contributing to the
enhancement of laser system stability and performance, the AOPGCF plays a
pivotal role [61]. Figure 3.6 illustrates the spectrum shape following manipulation
with the AOPGCEF device.

The pulse duration measurement employs the Single Shot Autocorrelation (SSA)
method with the assistance of the Bonsai device from Amplitude Technologies (see
Fig.3.7(a)). The SSA method, shown in Fig.3.7(b), records the cross-distribution
of second harmonic energy generated in the nonlinear crystal during the nonlinear
interaction of two pulses with a defined aperture [62-64]. The duration of the
laser pulses is obtained from the spatial distribution of the second harmonic (see
Fig.3.7(c)).
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Figure 3.6

A typical spectrum measurement. The red line represents the spectrum of the beam at
the output of the amplifier, while the black line corresponds to the oscillator output. In
the amplifier spectrum, FWHM was measured at 89 nm with a central wavelength of 804
nm.

3.2 The Vacuum Chambers Manifold

The experimental setup consists of four stages depicted with letters A, B, C, and

D as presented in Fig. 3.8.

The first stage, A, is the semi-infinite static cell filled with the gas target at
pressures in the order of tens of mbar. Stage A is equipped with a tube manifold and
a mechanical pump for evacuating and filling it with a variety of gases at accurately
measured pressures during the experiment, as will be detailed later on. The laser IR
laser beam is focused at the neighborhood of the exit of the semi-infinite cell which
ends in a 100 pum thin copper foil. The foil is drilled by the laser beam creating
an exit pinhole of about 100 ym in diameter. The laser IR beam along with the
generated harmonic XUV radiation propagate through the drilled pinhole to the
second and third stages of the setup. The plasma formation inside the semi-infinite

gas cell can be imaged by a CCD camera.

The second stage, B, is a differentially pumped chamber, that separates the
high-pressure first stage A from the third and fourth low-pressure stages. The
entry aperture is the laser drilled pinhole at the exit of the semi-infinite cell, the
small size of which minimizes the gas throughput. The exit aperture has a diameter
of 3 mm that is wide enough to allow the propagation of the XUV radiation but
simultaneously block a large part of the more divergent IR laser beam. Stage B
is pumped by a 150 1/s turbomolecular pump reaching pressure values of ~ 1074

mbar in gas-cell operation conditions.

The third stage, C, is a 70 cm in diameter chamber that is pumped by a 350 1/s
turbomolecular pump, thus reaching a background pressure of 1 x 10~% mbar or

of ~ 1075 mbar in gas-cell operation. Stage C hosts all the necessary optical and
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Figure 3.7
(a) The Bonsai device for measuring the duration of the laser pulse. (b) Principle of
operation of the SSA method. (¢) Typical measurement of a laser pulse.

optomechanical components for the automated optimization, filtering and selection
of the HHG XUV wavelengths, and propagation of the resulting XUV beam to the

target area at the fourth stage, as will be detailed later on.

The fourth stage, D, is an ISO 200 6-way cross attached to and pumped by
the third stage. It hosts the target that is mounted on a variable in the three
dimensions XYZ base as well as in the polar rotation angle ©. The position of
the target with respect to the laser focal area is accurately controlled by vacuum
compatible steppers. The XUV radiation diffracted by the target is recorded at a

vacuum compatible XUV CCD camera resulting in the coherent diffraction image.

3.3 High-order Harmonic Generation (HHG)

3.3.1 Laser Beam Optics

After exiting the compressor, the laser beam is directed toward the experimental
setup. This stage has two primary objectives: firstly, to focus the laser beam,
achieving the necessary intensity for generating XUV radiation, and secondly, to
implement an initial filtration mechanism. Our study includes both solid (Gaussian)
laser beams as well as annular beams. In the first case the filtering is done using

a pair of Si wafers, while in the second a thin aluminum foil with a thickness of
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Figure 3.8

The vacuum chambers manifold. A: The first stage hosting the semi-infinite gas cell. B:
The second stage hosting the differentially pumped region. C: The third stage hosting
the XUV filtering, diagnostics, and wavelength selection. D: The fourth stage hosting the
target and diffraction imaging device.

400 nm is utilized, as described in Section 3.4.

To form an annular laser beam, the laser beam entering the setup at stage A,
first encounters a 7mm sphere designed to block its central part and create an
annular beam. Positioned 38 cm before the focusing lens, matching the focal length
of the focusing lens, this setup follows a principle where the lens focus shapes the
field distribution. This process results in a clear image of the annular beam in the
far-field [65-69].

Next, the laser beam passes through an iris used to control the beam radius.
Although the iris’s placement seems simple, its intricate effect on high harmonic
generation requires investigation [70]. We conduct a detailed analysis of this
parameter in Chapter 4 to fully investigate its effect on HHG. A mechanical shutter,
connected to the XUV camera, is positioned prior the iris to block the laser beam
during camera readout. In addition, a 300 um thick glass plate is also placed after
the shutter, driving the small fraction of the reflected laser beam at an alignment
point located at about 3 m away. Thus, the daily alignment of the beam can be

reproduced easily and with high accuracy.

The laser beam goes through a focusing lens with a focal length of 38 cm, set
on a three-dimensional micro-metric stage, and through the entry window of the
HHG production chamber into the interaction area. To prevent material damage
and non-linear effects, the window is positioned 32 cm away from the laser’s focus.
It is also tilted to avoid any damage from focus back-reflection, as shown in Fig.3.9.
Then, the laser beam enters the subsequent chamber to interact with the gaseous

medium, producing XUV radiation.
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Figure 3.9

(a) Annular beam formation and beam focusing. A,C: steering mirrors. B: beam block. D:
iris. E: focusing lens. F: entrance window. G: shutter. (b) Annular beam indicated with
the red arrow.

3.3.1.1 Mechanical Vibration Tests

The development of the coherent XUV source, studied here, has applications on
diffraction imaging of micro- and nano-structures. Given the demanding nature
of imaging such structures, ensuring the spatial stability of the source is crucial.
Therefore, this study focuses on recording and controlling vibrations of the setup.
The aim is to determine if these vibrations adversely affect the final display to an

unacceptable extent, enabling necessary actions to mitigate their impact.

The experimental setup for characterizing the HHG source is depicted in
Fig.3.10a. The laser beam enters stage A, the semi-static cell filled with Ar gas,
to produce coherent XUV radiation. The produced XUV radiation along with
the laser beam propagate through the differential pumping chamber, stage B, to
stage C. There, the laser beam undergoes filtration using the system of two Si
wafers. Subsequently, the transmitted 3"¢ harmonic beam is directed using a metal
mirror and a quartz lens, to focus it onto the surface of the CCD camera mounted
externally. To safeguard the camera and block the residual IR radiation, a bandpass

optical filter was employed.

The experimental assessment of the optical drive system’s tolerance to mechanical
vibrations was conducted in two parts. Firstly, to detect vibrations originating
from the laboratory environment, such as building mechanical installations,
measurements were taken with the electromechanical components of the setup,

such as vacuum pumps, turned off. The CCD camera was synchronized with the 10
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Figure 3.10
(a) Experimental setup for detecting mechanical vibrations. (b) Typical CCD image
showing the spatial distribution of the 3"¢ harmonic.

Hz repetition rate of the laser. Secondly, to detect vibrations stemming from the
electromechanical components, such as vacuum pumps, the latter were activated,
and measurements were taken in vacuum conditions. The optical setup was the

same for both measurements.
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Figure 3.11

Maximum intensity positions for a series of 3000 consecutive pulses with the
electromechanical parts of the experimental setup: (a) disabled, (b) activated. The
numbers on the axes are the mean value of multiple measurements.

A series of images was recorded, comprising 3000 consecutive frames per part, to
observe the spot of the 3"¢ harmonic. Subsequently, for each image the maximum
intensity position was determined. Figure 3.11 displays the calculated positions
of the centers, with the axes calibrated in pixels. For the first part, the standard

deviation along the X-axis was 0.289 pixels or 0.636 ym, while for the Y-axis, it
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was 0.804 pixels or 1.77um (refer to Fig.3.11a). In the second part, the standard
deviation along the X-axis was 0.286 pixels or 0.629 ym, and along the Y-axis, it
was 0.818 pixels or 1.80 um (see Fig.3.11b). The results indicate that vibrations in
both parts remain well below 1ym and 2um for the X- and Y-axis, respectively,

corresponding to a negligible percentage relative to the diameter of the beam.

3.3.2 The Pulsed Gas Jet

Initially, an attempt was made to use a pulsed gas jet target using an electically
driven pulsed valve, shown in Fig. 3.12(a) and (b). The pulsed valve was developed
in the Atomic and Molecular Physics laboratory of the Department of Physics of
University of loaninna. This apparatus utilized a 25 mm diameter piezoelectric
crystal mechanically coupled to a nozzle, regulating the 1 mm diameter gas exit
orifice. Housed within a 70 mm diameter cylindrical steel chamber, the crystal and
orifice mechanism also served as the reservoir for the pressurized gas intended for
expansion into the production chamber [71]. The pulsed valve was electrically driven
by the controller shown in 3.12(c). The valve was placed in the HHG production
chamber. A glass viewing window was placed at the top of the chamber allowing
for the observation of plasma generation resulting from the interaction between the

laser beam and the gas.

Figure 3.12
Pulsed gas jet valve (a) The pulsed gas jet valve. (b) Cross section of the valve (¢) Pulsed
valve driving unit.

To achieve optimal conditions for HHG, it was necessary to synchronize the laser

pulse arrival at the nozzle with the gas jet expansion. This synchronization was
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attained by electronically triggering the pulsed nozzle driver with the laser clock
and introducing a precise time delay for the nozzle activation. Fig.3.13 illustrates
the synchronized plasma generation resulting from the interaction of the laser beam

with the argon gas jet.

Figure 3.13
Pulsed gas jet nozzle and plasma formation from the interaction of the laser focused beam
with the argon gas.

However, during the ongoing efforts to enhance high harmonics production, it
became evident that the pulsed nozzle exhibited small variations in its repeatability.
To address this issue, an interferrometric Mach-Zehnder optical setup was built to
spatially visualize the gas jet during nozzle activation and estimate its pressure. Fig.
3.14(a) illustrates the Mach-Zehnder interferrometer while in Fig. 3.14(b) a typical
interferometric image is shown, demonstrating the fringes variation around the
nozzle area. From the analysis of a series of such interferometric images it became
evident that the constraint of high stability conditions, necessary for HHG, was
not fulfilled. Thus, the idea of using a pulsed gas jet was abandoned and instead

the idea of replacing it with a semi-infinite gas cell was promoted.

3.3.3 The Semi-infinite Gas Cell

The semi-infinite gas cell was developed in the Atomic and Molecular Physics
laboratory of the Department of Physics of University of loaninna, and it is shown
in Fig.3.15. The gas cell consists of a small chamber, the one edge of which is
the entry window for the laser beam and the other edge bears a 1.5” aluminum
tube that has a replaceable thin copper foil, approximately 100 um thick. The laser
beam passes through the optical window, and it is focused on the thin copper
foil, thus opening an aperture of the size of its focal spot, i.e. about 100 um.
The location of the laser beam focus in the neighbor of the drilled pinhole area
can be varied, by moving the lens micrometrically along the laser propagation
axis. The minute size of the aperture minimizes the gas throughput, necessary for

the pumping conditions of the rest of the setup as will be cleared later on. This
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(a) A standard Mach-Zehnder configuration: The incident laser beam splits (S) into two
branches using beam splitter bsl. The first branch reflects off mirror m1, with a portion
directed through beam splitter bs2 to a CCD camera. The second branch reflects off mirror
m2, passes through the gas jet, and a portion reaches the camera through beam splitter
bs2. The camera captures the intersection image of the two branches, which changes as the
optical path of the second branch is affected by variations in the refractive index caused
by the presence of gas. (b) Interferometric image highlighting the observable bending of
interference fringes within the region delineated by the oval shape with the dotted line.

region is the locus for radiation-matter interaction leading to the generation of
the XUV radiation. Subsequently, the laser beam along with the XUV radiation,
exits through this aperture and propagates to the subsequent components of the
experimental setup. This configuration adheres to the principles of the semi-infinite
cell [Peatross2009, 72|.

Figure 3.15

(a) Top view of the semi-infinite gas cell. (b) Plasma formation from the interaction of
the laser beam with atmospheric air. (¢) The plasma formation area after background
subtraction.

The key feature of the semi-infinite cell is that the pressure can be controlled
and kept at a certain constant value throughout the measurement. The gas target
pressure control system is illustrated in Fig. 3.16. Initially, all shut valves V1, V2,
V3, V4, and V5, the gate valve GV, as well as the needle valve NV, are open and
the gas in the interaction chamber is pumped through tubes T1 and T4 by the
mechanical pump (tube T3). Similarly, tube T1, which is connected to the supply

gas tank, can be evacuated through valves V5 and V3 if necessary. Otherwise, valves
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V1 and V5 remain closed. After pumping the chamber (pressure gauge indication
about 1072 mbar), we close valves V2, V3, V4, and V5 and leave valve V1 open.
The gas flow to the chamber is regulated with the needle valve NV to a constant

value no higher than 100 mTorr for the current measurements.

Figure 3.16
HHG production chamber manifold. T1: Gas supply to the manifold. V1-V5: Shut valves.
F: Gate valve, NV needle valve. PG: Low pressure gauge.

The gas, after interacting with the laser, passes into the differential pumping
chamber, stage B, where it is pumped by the 150 L/s turbomolecular pump. Stages
B and C are connected with a 3mm diameter aperture, which is wide enough to
allow the propagation of the XUV radiation and at the same time support the
differential pumping.

Since the propagation of XUV radiation must take place in a vacuum to avoid
absorption and scattering effects, all components involved in the path of XUV
radiation are located in chambers where the pressure is on the order of 107% mbar.
In addition, the XUV camera should be at a temperature of about —40°C so
the vacuum is necessary to avoid condensation on the ccd sensor or to avoid the

formation of oxides on optical and film surfaces, or the sensitivity and protection
of the MCP sensor.

3.4 HHG Diagnostics and Wavelength Selection

The harmonic spectroscopy including filtering, optimization, and wavelength

selection, takes place in stage C. The XUV harmonic beam is first filtered by
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the residual IR radiation and then the appropriate wavelength is selected. Below

we will describe each step of IR filtering and XUV wavelength selection.

3.4.1 IR Filtering

Following the generation of XUV radiation and an initial filtering of the infrared
component by the 3 mm aperture between stages B and C, the combined IR and
XUV beam is introduced into stage C. Depending whether we use an annular or
solid laser beam, two different IR filtering ways were used. For solid laser beams
a pair of silicon (Si) wafers were employed, while for the annular beam a thin

aluminum filter was adequate. Below both approaches are detailed.

3.4.1.1 Silicon Wafers

The laser beam is p-polarized, and thus results in optimal transmission through a
Si wafer when it is oriented at Brewster angle for the laser wavelength |73|. Thus,
Si wafer acts as a filter that blocks the reflection of the IR laser wavelength while
it reflects the XUV radiation with a reflectivity of about 60%. For minimizing the
presence of the IR beam two pairs of Si wafers were used in a parallel geometry

that results in a parallel displacement of the entrance beam, as shown in Fig.3.17a.

(b)

Figure 3.17

Silicon wafer filters. (a) Two silicon wafers, W1 and W2, are positioned at Brewster angle
for the IR beam to facilitate the filtering of the IR radiation. The subsequent element in
the optical sequence (G) corresponds to the flat-field diffraction grating. (b) Reflectivity
of a Si wafer for P-polarized radiation at 800 nm as a function of the incident angle. The
minimum value corresponds to an angle of 74.8°.

The reflectivity for the pair of Si wafers can be estimated as follows. The Brewster

angle 6 is determined as

Ty

fp = arctan <@> : (3.1)
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where ng; is the refractive index of silicon, and ny is the refractive index of vacuum
[73]. For silicon, with a refractive index of ng; = 3.673, and for a wavelength of
800 nm, Brewster angle is calculated to be 74.8°, in agreement with the literature
[74]. The reflectivity of a Si wafer at Brewster angle can be calculated using
the Fresnel equation for p-polarization, which describes how light is reflected and
transmitted at the interface between two media with different refractive indices

ng; cos(6;) — ny cos(6;) 2
R, =

(3.2)

ng; cos(6;) + ny cos(6y)

where R, is the reflectivity for p-polarization, ¢; = 0p is the angle of incidence
(Brewster angle), and 6, is the angle of transmission, which is calculated using

Snell’s law

6, = sin"! ("V sin(@z-)> . (3.3)

ngs;

By combing Egs. (3.1), (3.2), and (3.3) for the current experimental parameters,
the IR reflectivity diminishes to 1.8 x 107° of its initial value, thereby achieving an
adequate IR filtering. In Fig.3.17b, the Si wafer reflectivity for a p-polarized laser
beam is presented as a function of the incident angle, depicting the minimum of

reflectivity at Brewster angle of 74.8°.

3.4.1.2 Aluminum Thin Foil

For the case of the annular IR beam, due to the reduced residual IR radiation, the
use of Si wafers is not necessary. Instead, a thin aluminum foil with a thickness
of 400 nm was introduced in the beam after entering stage C, thus blocking the
IR radiation. It should be noted here a solid IR beam would have damaged the

aluminum thin foil.

As shown in Fig.3.18b, the aluminum thin foil essentially blocks the IR
wavelengths, but has a transmission for the XUV wavelengths of interest here
(30-50 nm) of about 40% |75|. This makes aluminum foil an ideal choice for further
clearing the XUV radiation from the residual IR radiation. The noticeable drop in
the transmission around 70 nm offers a valuable feature for harmonics wavelength

calibration.

As illustrated in Fig. 3.18a, the aluminum filter is positioned on a motorized
platform, which serves the purpose of moving the filter from its initial position to
a secure nest. This relocation minimizes the risk of breakage due to air currents

generated during the chamber’s evacuation or venting processes.
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Figure 3.18

Aluminum filter. (a) 400 nm-thick aluminum filter integrated into the experimental setup.
AL: Aluminum foil. C: Filter nest designed to mitigate potential airflow-induced damage
during chamber pumping or venting. S: Motorized Stage. (b) Transmission curve of an
aluminum foil with thickness of 400 nm (Calculated using the tools provided at the The
Center for X-Ray Optics, Lawrence Berkeley National Lab, https://henke.1lbl.gov/
optical_constants/gastrn2.html, accessed August 13, 2023.).

3.4.2 HHG Spectral measurements

Spectral measurements are accomplished with the use of a diffraction grating, where
the XUV radiation is diffracted towards a detector for recording its spectrum. Here,
two different detectors were used: (a) An MCP equipped with a slit and placed on
a traveling stage to record the total XUV spectra. (b) An XUV CCD camera to
obtain the image (wavelength and angular divergence) of a part of the total XUV
spectra. Below we describe the principle of operation and use of the diffraction

grating, as well as the two types of HHG XUV spectral measurements.

3.4.2.1 Diffraction Grating

The spatial separation of the XUV radiation spectrum was achieved using the
grazing-incidence, flat-field diffraction grating (model 001-0639, Hitachi [76]). The
dimensions of the grating are 50 x 30 x 10 mm with the long dimension having a
concave geometry with a radius of curvature of 5649 mm. The diffracted radiation
is focused onto a plane without requiring additional optics, thus minimizing energy
losses. The grating is gold plated and has variable distance grooves with the median
being at 600 lines per mm, a feature that allows for a flat field imaging. The grating

supports a wavelength dispersion efficiency ranging from 22 nm up to 124 nm.

The values of the parameters of the grating geometry in use, shown in Fig.3.19,
are v, r', L equal to 350, 469 and 110.16 mm, respectively. The distance between
the diffraction grating and the plane of XUV radiation foci, 7/, is related to the
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Figure 3.19

Optical geometry for the diffraction grating. r: Distance between entrance slit and
diffraction grating. r’: Distance between the diffraction grating and the plane of XUV
radiation foci. o: Angle of incidence of radiation. 8: Angle of diffraction of radiation. L:
Distance corresponding to the limits of the range of the diffracted XUV radiation.

optical and geometrical parameters of a grating by Eq.(3.4) [77]

o rRcos? 3 (3.4)
~ rleosa +cos B — 2 (sina + sin 3) by] — Rcos?a’ '

where R is the radius of curvature, and b, is a parameter related to the density of

grooves, o, described by Eq. (3.5)

0o

g =
I 2( ) 2( ) ;1( 73 o ..

(3.5)

where b, b3 and by are parameters of variation of the distance between the grooves
and o is the density of grooves at the middle of the grating, i.e. for w = 0 [77-79].
According to the manufacturer, the values of the above parameters are —8.9, 86.3,
—1349 for by, b3, by, while for R and o( the values are 5649 mm and 1/600mm,
respectively. The manufacturer suggests for the placement the values r = 350mm
and o = 85.3°. The diffraction angle 3 results from the basic relation of diffraction
gratings

GmA = sina + sin 8 (3.6)

as
f = arcsin (GmA\ — sina) , (3.7)

where G is the density of the grooves, which for the case varying as here, is equal
to 0g, m the order of diffraction and A\ the wavelength of the incident radiation.
Also, the manufacturer provided the efficiency curve as shown in Fig. 3.20 which
agrees with the one calculated by the program REFLECT [80-82].

From Eqgs. 3.4, 3.5, 3.6 and 3.7 the distance ' and the corresponding angle 3
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can be calculated, thus defining the focal point (x,y) in a XY plane at the detection
area. Therefore, for each incident angle and wavelength a focal family of focal curves
can be obtained. Such a study is presented in Fig. 3.21 (green lines) for a distance
r of 350 mm (location of the entry slit). Additionally, in Fig. 3.21, the location of
the XUV wavelengths is also presented (red lines).

According to Fig. 3.21, the grating was placed at a distance of 469 mm from
the center of grating, and with an incident angle of 85.3° in accordance with the
suggestion of the manufacturer. The placement and alignment of the grating were
facilitated by implementing the aforementioned grating equations as well as the

setup spatial limitations into a CAD software.
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Figure 3.20
The efficiency curve of Hitachi 001-0639 diffraction grating.

3.4.2.2 HHG Spectra

Initially, the recording of the full range XUV spectra (i.e., from 22 to 124 nm.
) was done using a 1” in diameter MCP with 1 mm entry slit (see Appendix B
for details), mounted on a motorized linear stage, placed at the area of grating
focal plane. In Fig.3.22a, the optical setup, including the Si wafers, the diffraction
grating, and the MCP, developed in stage C is presented. The spectra were recorded
by stepping the MCP along the focal regions of the generated harmonics. The whole
spectrum supported by the grating is recorded during one travel of the stage (~5
min duration) with an adequate spectral resolution AX ~ 0.02 nm. It should be
noted that the efficiency of the MCP for the laser wavelength of 800 nm, is below
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Figure 3.21

The focal curves of Hitachi 001-0639 diffraction grating. The green lines correspond to the
focal curves resulted as a function of the incident angle and wavelength. The corresponding
red lines show the location of certain XUV wavelengths. The vertical black line shows the
suggested XUV sensor position. The coordinates (x,y) are the distances from the center
of the grating on a detection plane XY.

1%, and considering the filtering of the Si wafers, the residual IR radiation does

not add any noise in the measurements.

The MCP signal was sent to an oscilloscope (model DPO 7104, Tektronix) via
an in vacuum RC circuit. A LabVIEW program was developed to control the
measurement, and record the XUV signals from the oscilloscope in an automated
way. A typical measurement of a harmonic spectrum in the LabVIEW acquisition
environment is shown in Fig.3.22b. Details about the LabVIEW acquisition

program are given in Appendix C.

3.4.2.3 HHG Image Spectra

The setup for the measurement of the image harmonic spectra is the same as in
Fig.3.22a, with the MCP replaced by the XUV CCD camera (XUV CCD1) and
the necessary angular adjustments in the Si wafers and the grating to maintain
the same incident angle . The XUV CCD camera is a high quantum efficiency
16-bit XUV vacuum CCD camera (Raptor Photonics, Eagle XO) with a sensor
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Figure 3.22
(a) Optical experimental configuration employed to record total spectral region utilizing
an MCP detector positioned on a movable stage (S), traversing the harmonic focus
zone, depicted by the blue lines. G: Diffraction grating, W: Silicon wafers in Brewster
angle. (b) Typical entire harmonic spectrum measurement in the LabVIEW acquisition
environment.

having 2048 pixels (27.65 mm) at the grating diffraction axis and 512 pixels (6.90
mm) at the XUV divergence axis (perpendicular to the grading diffraction axis).
The positioning of the grating was accomplished utilizing CAD, as illustrated in
Fig. 3.23(a), where the grating equations from subsection 3.4.2.1 were employed
for the geometry of the stage C. The CAD design was vital in determining the
orders of the harmonics measured experimentally, as demonstrated in Fig.3.23(b).
For this, the harmonic spectra were measured at low gas pressure and the lowest
allowed laser intensity to avoid spectral shifting effects. The optimum overlap of the
experimental imaged HHG spectra with the outcome of the CAD outcome for the
harmonic order location, was the cornerstone for the optimum arrangement of the

optical setup as well as the absolute wavelength calibration of the HHG spectra.

A typical measurement of the image of the HHG harmonics with the XUV
camera is presented in Fig. 3.23(c). The XUV grating and XUV CCD detector
allow for a relatively high spectroscopic resolution from ~80 to ~100 pixels per 1
nm, on the CCD, for the spectral region of interest. This resolution is a significant

experimental tool for optimizing the quality and characteristics of the XUV beam.
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Figure 3.23

(a) CAD schematic for grating positioning. G: Grating, CWD: Chamber Window, CWL:
Chamber Wall, GL: Grating diffraction limits, CCD: CCD of the XUV camera. (b) H:
Harmonics recorded by the XUV camera in comparison with the CAD calculations. (d)
Typical imaging measurement with XUV camera.

3.4.3 XUV Wavelength Selection

The selection of the XUV wavelengths was done via two similar pairs of multilayer
mirrors. Each pair consists of a multilayer flat mirror and a multilayer spherical
concave mirror, placed in opposite direction as shown in Figure 3.24. The pair
of multilayer mirrors reflects only a narrow band (~2 nm) around a central
wavelength, with the spherical mirror, having a radius of curvature (ROC) 1000
mm, focusing the selected XUV beam onto the target at the fourth stage D
of the setup. Both sets of multilayer mirrors were specially manufactured from
SiC/Mg layers (NTT Advanced Technology Corporation) to deliver the central
wavelengths of 32.2 nm and 47.6 nm, respectively, at maximum reflectivity for the
geometry in use. The pairs of mirrors were fixed on a movable platform placed on a
linear rod equipped with a vacuum compatible motor that is externally controlled
with sub-millimeter accuracy. Thus, the two pairs of multilayer mirrors could be
exchanged at will during the measurement. In addition, the fine alignment of the
pairs of mirrors was also done externally by vacuum compatible piezoelectric devices

attached to the mounts of the mirrors.
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Figure 3.24

Stage C of the experimental setup. AL: aluminum filter on a movable base. The large
breadboard movable base hosts thee interchangeable optical paths, i.e. BL1, BL2, and
BL3. In BL1 and BL2, there are pairs of multilayer mirrors, delivering the wavelengths of
32.2 and 47.6 nm, respectively. TM1 and TM2 are remote-controlled piezoelectric mounts
to fine control the optical paths. In BL3, the diffraction grating G diffracts the XUV beam
toward the XUV CCD camera (XUV1) for measuring the harmonics image spectra.

As shown in Fig.3.24, the diffraction grating is also mounted on the platform.
The grating can be inserted into the generated XUV beam path to monitor the
XUV spectral image at the XUV CCD camera (XUV1) during the experiment, and

thus perform an online optimization.

3.4.3.1 XUV Transmittance in Al Filter

The use of pairs multilayer mirrors requires the use of annular laser beam and an IR,
filtering by Al foil. For this, below we studied the transmittance of the HHG XUV
radiation through a 400 nm Al foil, estimated in Fig.3.18b. For this the HHG from
Ar, Kr, and Xe gases were measured using the optical setup shown in Fig.3.25.
In particular, the Al metal filter was placed on a special micrometric precision
linear displacer, which allows its movement in and out of the beam of harmonics.
The HHG spectra were recorded using the solid beam and the MCP detector. In
Figs. 3.26,3.27, and 3.28 the measured HHG spectra without the use of the filter
(red line) and with the use of the filter (blue line) are shown for Ar, Kr and Xe,
respectively, at pressure of 60 Torr. Note that in the HHG spectra second order
diffracted harmonics might also appear. For this, the position of the first diffraction
order is denoted by a black solid line, while for the second order by a black dashed

line.
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Figure 3.25
Setup for determining the XUV transmittance of the 400 nm thick Al filter.
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Figure 3.26

HHG spectrum resulting from Ar at 60 Torr without the use of the 400 nm thick Al

filter (red line) and with the use of the filter (blue line). Pink stripes correspond to the
harmonics of interest in this work.
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Figure 3.28
Same as in Fig.3.26 but for Xe.

A more general study employing various gas pressures for the two wavelengths
of interest in this study, i.e. 32.2 nm and 47.6 nm, is presented in Fig. 3.29.
From Fig. 3.29a, corresponding to 32.3 nm (25" harmonic), it is evident that the
preferable gas in use is Ar since the production at pressures larger than 60 Torr
surpasses the production of Kr and Xe by almost an order of magnitude. Similarly,
from Fig.3.29b, corresponding to 47.6 nm (17" harmonic), it is evident that the
preferable gas in use is Kr since the production at pressures larger than 60 Torr

largely surpasses the production of Ar and Xe.
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Figure 3.29
(a) HHG signal for the 32.2 nm (25" harmonic) using the 400 nm thick Al filter as a

function of the pressure for Ar, Kr and Xe gases. (b) Same as in (a) but for the 47.6 nm
(17*" harmonic).

3.4.3.2 Selection of the 17" and 25" harmonics

After generating the XUV radiation and filtering it from the IR radiation, the next
step was to isolate XUV radiation at a specific wavelength from the total spectrum.
This is achieved by employing multilayer mirrors operating as wavelength-selective
filters. The design and ordering of the filters in use in this thesis was determined
from the cutoff limit and maximum production efficiency of the HHG. Thus, we

decided for the next two harmonics and corresponding wavelengths:

e 17" harmonic with a wavelength of 47.6 nm is situated in the plateau region
of the spectrum, dependent on the target gas used. This selection ensures

high resolution and a faster response (attributed to higher XUV efficiency).

e 25" harmonic with a wavelength of 32.2nm. Despite falling within the cutoff

region for Ar, this choice ensures maximum resolution.

Multilayer mirrors (multiple reflective layers) were developed to enhance the
overall reflectivity of a medium. The operation principle of a reflective multilayer
mirror is illustrated in Fig. 3.30. Alternating layers of specific materials create
periodic structures (d), enhancing reflectivity through repeated reflections added
coherently. The one material establishes the required distance, while the other, with
higher molecular weight, induces reflection. Reflectivity calculations are based on
the Fresnel equations [83|. Experimental data supported that the most suitable
combination of materials for the wavelengths of interest is SiC/Mg on a Si

substrate [84]. Based on all the above, the multilayer mirrors that were ordered
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and implemented in the setup have the specifications presented in Table 3.1. In
Fig.3.31, the multilayer mirror pairs reflectivities for 32.2 nm and for 47.6 nm, given

by the manufacturer, are presented.
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period (d)——

substrate ———

Figure 3.30

Reflective multi-layer mirror operation principle. Alternating layers of specific materials
create periodic structures (d), enhancing reflectivity through repeated reflections added
coherently.

Table 3.1
Specifications for the two pairs of multilayer mirrors (NTT Advanced Technology
Corporation [85]).

Selection central wavelength \ (nm) 47.6 32.2
Incident angle 8° 8°
Substrate diameter (inch) 1 1
Thickness (mm) 6.35 6.35
Radius of curvature (mm) 1000 1000
Material SiC/Mg SiC/Mg
Period length (nm) 26.6 (£1.5%) 16.8 (£1.5%)
Calculated reflectivity 35% 46%
Guaranteed reflectivity > 28% > 38%
Spectral range (FWHM) (nm) 3.8 1.4
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Figure 3.31
Multilayer mirror pairs reflectivities: (a) for 32.2nm, (b) for 47.6 nm.

Although the pairs of XUV multilayer mirrors were specially designed for the
geometry of our setup and for the wavelengths of 32.2 nm and 47.6 nm, their
transmittance was additionally tested in realistic experimental conditions. For this,
an optical setup in the chamber of stage C was developed, so that the generated
XUV beam is first filtered by the 400 nm Al foil, then propagates through the pair
of multilayer mirrors and finally is spectrally analyzed by the flat field grating,
as shown in Fig.3.32. The recording of the XUV spectrum was done via the
MCP scanning mode in order to obtain the full spectrum. The results of these

measurements for both pairs of multilayer mirrors are presented in Fig. 3.33.

It can be seen that the pair of low value wavelength mirrors transmits at a
central wavelength of 32.2 nm with a FWHM of 2.5 nm, while the pair of the
high value wavelength mirrors transmits at a central wavelength of 47.6 nm with
a FWHM of 1.5 nm. The appearance of peaks at lower value wavelengths in both
spectra are due to the second order of diffraction, as can be inferred from their
twice in magnitude wavelength value. Finally, it should be noted that for the 32.2
nm Ar gas was used, while for the 47.6 Kr gas was used, as resulted from the study

presented in subsection 3.4.3.1.
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Figure 3.32

Setup for selection and characterization of harmonics using multilayer mirrors and
the characterization of their spectral transmittance (reflectivity) curve. Harmonics are
detected using the MCP detector.
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Figure 3.33

Overall transmission spectra of the generated XUV radiation obtained for both pairs of
multilayer mirrors. (a) Pair for the 32.2 nm. (b) Pair for the 46.7 nm. The peaks at ~65
nm in (a) and ~95 nm in (b) correspond to the second order of diffraction.

3.5 Coherent Diffraction Imaging (CDI)

The coherent XUV radiation with the selected wavelength from the pairs of

multilayer mirrors is directed to the next stage D of the experimental setup.

55



There, the target is placed between the focus of the XUV radiation and the XUV
CCD camera chip. The target is mounted on an XYZ# translation/rotation stage
system, for precise control of the target positioning, as shown in Fig. 3.34a. The
XY7Z translation stage utilizes the XLS-1 stage for the horizontal (X and Y) axes,
featuring a holding and driving force of 1 N and a travel range of 40 mm. The
vertical (Z) axis employs the XLS-3 stage, having a sub-micron precision and ability
to support the weight of the horizontal stage components. The rotational stage
atop linear stages enables precise angular adjustments for sample alignment with
the incident laser beam, a critical requirement [86]. After the XUV beam is aligned
and focused on the target area, the coherent diffraction image is recorded by the
XUV CCD camera which is similar to the one used for measuring the image spectra
(XUV CCD1) but with a square sensor of 1024 x 1024 pixels (13.8 x 13.8 mm) (see
Appendix D for operation details). The CDI data are later on analyzed resulting

in the reconstruction of the target pattern, as will be described in Chapter 6.

In addition to the positioning and alignment stages, a lateral camera serves
as a real-time visual feedback tool, helping to ensure the accurate pre-alignment
of the laser beam with the sample before XUV irradiation, adding an extra level
of precision to the alignment process. Alongside the camera, a LED light source

illuminate the chamber, aiding the preliminary target positioning.

XuvC
CCD 2

(b)

Figure 3.34

Stage D. Setup for target positioning and coherent diffraction imaging. (a) VP: Lateral
view-port, M: Mirror for lateral CCD2 camera, T: Target, S: XYZ# positioning stages,
XUV CCD2 camera chip. (b) XUV CCDI1 camera for measuring the XUV spectra, CCD2:
Lateral camera for alignment purposes, C: XUV CCD2 camera for coherent diffraction
imaging.
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Chapter 4

Optimization of the HHG XUV

Source

The optimization of the generated XUV radiation is a multiparameter laborious
task. In this chapter, the experimental results of the optimum conditions for HHG
in gases with respect primary to the conversion efficiency but also to the spectral
and divergence characteristics are presented. For this, key parameters including
laser beam diameter, laser beam focus position, gas pressure and species, as well as
laser chirp were examined. Especially, the study includes optical layouts that use

a solid laser beams as well as annular laser beams.

The experimental results presented in this chapter serve as a resource for the
upcoming chapters, facilitating discussions on theoretical frameworks and practical
applications. By isolating and showcasing the empirical outcomes, this chapter lays
the groundwork for a comprehensive understanding of the optimization process in

HHG, ensuring a seamless transition to subsequent discussions and analyses.

4.1 Solid Laser Beam

The optimization studies presented here relate to the investigations that use the
solid laser beam, presented in Chapter 6. For this, the optical geometry shown in
Fig. 3.22, that involves the filtering of the IR radiation with the pair of Si wafers,
and the diffraction of the XUV beam by the grating towards the MCP detector,

operating in stepping mode, to record the total XUV spectrum was employed.

o7



4.1.1 Laser Beam Diameter

The laser beam diameter is a pivotal parameter in HHG experiments, exerting a
multifaceted influence on key processes. Truncating the beam diameter impacts
both single-atom HHG, volume effects, and phase matching. Notably, reducing the
aperture diameter can significantly boost harmonic flux and conversion efficiency,
with improvements by factors up to 10. Remarkably, this trend holds consistently
across different experimental conditions, including gas species and harmonic orders,

underscoring the laser parameters’ robustness.

The adjustments in beam diameter trigger a cascade of effects. They lead to a
reduction in focused intensity, affecting ionization rates and consequently altering
the gas’s refractive index. Simultaneously, they shape the amplitude and phase
of the induced harmonic dipole. Moreover, varying the aperture diameter can
encompass a larger volume for generating a specific harmonic order and change
the Gouy phase shift gradient due to altered focal geometry. It’s imperative to
account for laser diffraction by the circular aperture and its implications for the

Strehl! ratio when selecting the central part of the beam |70, 72].
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Figure 4.1

Results from a series of XUV spectra measurements obtained after varying the laser beam
diameter. The laser pulse duration was 26 fs FTL, while the gas in use was argon at a
pressure of 40 Torr.

The HHG measurements were done with the solid laser beam being truncated
by an iris prior to its entry to the semi-infinite gas cell. The iris diameter was varied

from a minimum value of 4 mm to a maximum value of 11 mm, with a step of 1 mm,

I The Strehl ratio, serves as a quantitative measure of optical system performance. It is defined as the ratio
of the peak intensity of the actual optical system’s point spread function to the peak intensity of an ideal
diffraction-limited system. A Strehl ratio of 1 indicates optimal, diffraction-limited performance, while lower values
signify increased aberrations and reduced imaging quality [87].
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where the HHG signal was barely measurable. The laser pulse duration was kept
at its F'TL value, i.e. 26 fs FTL, and the laser focus was placed at the laser-drilled
exit aperture of the semi-infinite cell. The gas in use was argon at a pressure of 40
Torr. The MCP stepping method (see subsection 3.4.2.2) was applied to obtain the
total HHG spectra.

The results are summarized in Fig. 4.1 where the HHG spectra are presented as a
function of the beam truncated diameter and the corresponding laser pulse energy.
It should be noted that the laser beam diameter before the iris (untruncated) was
about 1.8 cm with a pulse energy of 5 mJ. From Fig. 4.1 it is evident that the
overall maximum harmonic yield is realized when the iris aperture is set between
5.5 and 7.5 mm in diameter. For higher diameter values the harmonic yield is
reduced due to the ground state depletion resulting from the enhancement of the
ionization competing process. These findings underscore the subtle effect of the
truncated laser beam geometry, affecting the pulse energy and intensity, the depth
of focus, the medium’s ionization and corresponding phase matching conditions for
the efficient HHG.

For the rest of the study in this Chapter the value of 7 mm for the iris diameter
was adopted as the optimum for the most efficient HHG. Small variations around
this value, while the other parameters were studied, showed minimum variations. In
some cases, a small variation of the iris diameter around this value was implemented

for fine optimizations.

4.1.2 Laser Focus Position and Pressure

The next step of the investigation was to vary the laser focus position at the exit of
the semi-infinite cell along with the argon gas pressure dependence. We combined
these two parameters as both affect substantially the phase matching conditions of
the HHG, while the laser intensity was maintained at a constant value as previously
determined by the diameter of the iris set at 7 mm. The laser focus position, i.e.
focal point, was determined from the distance of the focusing lens from the copper

terminal plate at the exit of the semi-infinite cell.

The results are presented in Fig. 4.2, where a discernible impact of increasing
pressure on the performance of harmonics is evident. Notably, this influence
varies across different harmonics, indicating a nuanced response to changing
pressure conditions. Furthermore, variations in pressure induce shifts in the spectral
characteristics of the harmonics. This intricate relationship between pressure
adjustments and the laser focus position significantly influences the efficiency,

spectral broadening, and central wavelength of specific harmonics. The non-uniform
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effect on various harmonics emphasizes the complexity of the interplay between
pressure variations and focus position in the HHG process. These findings hold
practical significance for the imaging stage, as they serve as tools for determining
optimal harmonics with respect to efficiency, spectral characteristics, and central

wavelength.
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Figure 4.2

HHG measurements as a function of argon pressure. The laser pulse energy was kept at
1mJ (7 mm iris diameter), with the focal spot corresponding to the position of the copper
thin foil of the semi-infinite cell.

4.1.3 Gases and Gas-mixtures

In this section, we extend our study on the investigation of HHG production by
utilizing various gas targets as well as gas mixtures of them as the non-linear

medium. The part of study referring to the use of various gases has been presented
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in subsection 3.4.3, and only indicative results will be included and commented

here.

In Fig.4.3, the comparative HHG spectra obtained for Ar, Kr and Xe gases
are presented. All spectra were obtained at pressures of 70 Torr and identical laser
focusing conditions. An overall higher HHG efficiency is evident for Kr and Xe gases
compared to Ar. This is due to their lower ionization potential (15.76 eV, 13.99 eV
and 12.13 eV for Ar, Kr and Xe, respectively) which, however, affects their spectral
cutoff. Especially, Xe is known to have a maximum cutoff at laser peak intensities
close to 8 x 10'* W /ecm? which corresponds to a cutoff of 43 nm in accordance with
our measurements. For the laser pulse energy of 1 mJ in use, the Ar and Kr cutoffs
result in 30 and 32 nm, respectively, in accordance with our measurements. Thus,
from this comparative study it becomes evident that for the wavelengths supported
from multilayer mirrors, i.e. 47.6 nm and 32.2 nm, respectively, the use of Kr and

Ar gases, respectively, is mandatory.
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Figure 4.3

XUV HHG spectra obtained for the Ar, Kr, and Xe HHG gases. All spectra were obtained
at pressures of 70 Torr and identical laser focusing conditions. Dashed lines indicate the
wavelengths of interest. (from Ref.[88])

Next, we investigated the HHG production by introducing into the semi-infinite
cell mixture of gases. We used mixtures of Ar gas, used as the generating medium,

with small percentages of Ne or He gases in the mixture. The introduction of Ne
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and He gases into the Ar medium, maintains the HHG production from the Ar
medium but modifies the refractive index of the gas, leading to changes in the
wave propagation characteristics. Ne and He gases do not contribute to the HHG
due to their high ionization potential compared to that of Ar. Thus, the main effect
is the modification of the index of refraction which is encapsulated in the phase
matching term Ak in Eq.(2.50).

In Fig. 4.4, HHG spectra from gas Ar-Ne and Ar-He mixtures, and from pure Ar
gas are presented. In all cases the Ar pressure in the mixture was kept at the same
value as the corresponding one in the pure Ar case, so that the HHG production
from Ar remains the same. Each figure showcases two spectra, one for pure Ar gas
and one for the corresponding mixture. From these it is evident that the Ar-Ne
mixture, with 20 % Ne, and Ar pressures up to 50 Torr resulted in noticeable
efficiency enhancement for the higher harmonics compared to pure Ar as seen in
Figs.4.4(a,b). However, for higher Ar pressures this enhancement is reduced as
evident from Fig.4.4(c).

Similarly, for the mixture of Ar-He, with 10 % He, an HHG enhancement for
the higher harmonics is evident in agreement with the Ar-Ne case (see Fig.4.4(d)).
The latter was expected since Ne and He have close in value ionization potentials.
However, it should be emphasized that the overall HHG production is much lower
than that for Ar-Ne mixtures, since we had to operate the MCP at 1800 volts
instead of 1500 for the Ar-Ne cases.

Similar results have been reported in the literature, where efforts have been
made to elucidate this effect [46, 87, 89-95|. Aside from the use of He or Ne as
a phase-matching agent, it has been reported in the literature that in a Xe-He
mixture, with a Xe/He ratio of 0.04, the harmonics originating from Xe serve as
a booster for those produced by He [96]. Moreover, in the literature it has been
proposed that in a Ne-He mixture, with a ratio of Ne/He of 35%, HHG enhancement
is the result of the interference between harmonics produced by each gas agent
separately [97|. However, these mechanisms are not applicable in our case since the
HHG intensities from Ne or He are approximately 16 times weaker than these from
Ar. Finally, it should noted that approaches following the principle of refractive
index compensation for HHG enhancement, using multi-jets gas targets have also
been reported [95, 98, 99|

4.1.4 Chirp of Laser Pulses

In this section we examine the role of the laser chirp in the HHG. Since we will

investigate these effects in detail in Chaptet 5, only an overall approach will be
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Figure 4.4
Comparison of Ar gas mixtures. All spectra originate from argon gas, with mixtures
displaying enhanced radiation, especially at shorter wavelengths.

presented here. When varying the chirp of a laser pulse, the pulse’s duration is
increased while its intensity decreases accordingly, thus affecting the HHG and
corresponding phase matching conditions. The laser chirp was varied by adjusting
the spacing of the compressor diffraction gratings while the laser pulse duration

was measured at the experimental setup using the Bonsai autocorrelator.

In Fig. 4.5 we present a series of HHG spectra generated in Ar gas for various
pressures, while all the other experimental parameters, are kept identical. The
right vertical y-axis is the duration of the pulse, while the left y-axis denotes
the position of the compressors’ diffraction gratings. The y-axis increases from
positive to FTL and to negatively chirped pulses. It is evident that the maximum
efficiency is achieved when the diffraction grating position is about 26.2 mm with
a corresponding pulse duration of 60fs, the chirp being negative. Thus, the chirp
of a laser pulse seems to play an crucial role in HHG, and for this reason it is

investigated in detail in Chapter 5.
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Figure 4.5
Series of HHG spectral measurements by varying the chirp of the laser pulse though
the variation of the spacing of the compressor’s diffraction gratings. The left y-axis
increases from positive to FTL and to negatively chirped pulses. Argon gas was used

as the generating medium with pressure of (a) 20 Torr, (b) 30 Torr, (¢) 40 Torr, while the
pulse energy was kept constant at 0.8 mJ
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4.2 Annular Laser Beam

The additional optimization studies presented here relate to the investigations that
use the annular laser beam, presented in Section 3.4. For this, the optical geometry
shown in Fig.4.6, that involves the filtering of the IR radiation with the Al filter,
and the diffraction of the XUV beam by the grating towards the XUV CCD1

camera, to simultaneously record part of the total XUV spectrum, was employed.

Figure 4.6
Experimental optical setup for studies with annular laser beam.

4.2.1 Laser Pulse Energy

In Fig.4.7b, the study of HHG production as a function of the energy of the IR
pulse for Ar and Kr gases is presented. For all the measurements the annular beam
block diameter was 7 mm while the outer beam was varied at will. Based on these,
it becomes evident that for optimal overall harmonic production the most suitable

energy is that of 1.0 mJ.
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Figure 4.7

Plateau harmonic production for various IR pulse energies. The block diameter of the
annular laser beam was kept at 7 mm. (a) Kr gas at 90 Torr pressure (b) Ar gas at 70
Torr pressure.

4.2.2 Laser Beam Diameter

Fig. 4.8 shows the study of HHG spectra as a function of the diameter of the block
ball while simultaneously varying the outer diameter of the IR beam, so that the
energy remains constant at 1.0 mJ, according to the previous study. It is found

that the optimum diameter of the cutoff barrier is that of 7 mm.
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Figure 4.8
Plateau harmonics for various laser beam block diameter forming annular IR beams. The
laser pulse intensity was maintained at 1.0 mJ.

4.2.3 Gases and Gas Pressure

In Fig. 4.9a, the study of the production of harmonics with respect to the gas species
and gas pressure is shown. According to the above studies, the block diameter of
the annular laser beam was kept at 7 mm, while the energy of the laser pulse was
maintained at 1.0 mJ. In Fig.4.9a, the pressure dependence of the HHG spectra
for the Ar gas are presented, while in Fig.4.9b the corresponding spectra for Kr
gas are shown. Based on these results, it becomes evident that optimal harmonic
production is achieved for Ar for pressures around 80 Torr, while for Kr a bit higher
at 90 Torr.
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Figure 4.9
Plateau harmonic production for various gas pressures, using an annular laser beam with

block diameter of 7 mm and energy 1.0 mJ. (a) Ar. (b) Kr.

68



Chapter 5

Electron quantum path control in

HHG via chirp variation

5.1 Introduction

As it has been explained in Section 2.2, there is an infinite number of quantum
paths for the recolliding electron. However, for the same electron return energy,
there are only two surviving paths that lead to a recollision with the parent ion
for which ionization and recombination times are different. The path with the
shortest travel time 7 is termed short trajectory while the path with the longer
travel time is termed long trajectory, respectively. Typically, the short trajectory
duration is shorter than 0.657", where T is the laser pulse period, while the long
trajectory duration is longer than 0.657. The quasi-classical action of the electron
that determines the phase of the trajectory [9] depends on the travel time 7
while it also depends linearly on the intensity of the driving laser pulse [100].
The total quantum phase of the ¢”-order harmonic is ¢(q) = a.l(t) + a1(t),
where I(t) is the cycle-averaged laser pulse time-dependent intensity, while the
parameters ag and a;, with a, < q;, correspond to the short and long trajectories,
respectively. The ¢'"-order harmonic signal results from the coherent summation
of the aforementioned quantum paths and corresponds to an energy of £ = qhwyp,

where wy, is the laser central frequency.

The temporal characteristics of the plateau harmonics depend on the phase
difference between the long and short trajectories. As the cutoff region is
approached, the duration of the two quantum paths becomes comparable, and
at the cutoff the two quantum paths become degenerate with as ~ a;. Thus, cutoff
harmonics are favorable in coherent summation applications. Indeed, the initial

attempts for generation of attosecond beatings were largely oriented in the cutoff
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region [101-103]. However, a significant obstacle was the inherent low efficiency of

the cutoff harmonics.

From the above discussion it becomes evident that controlling the relevant
contribution of long and short trajectories of the plateau harmonics is of fundamental
significance. Not only it helps to the detailed understanding of the HHG process,
but it also facilitates applications such as attosecond pulses generation |16,
20] and coherent diffraction imaging [28-31], where the geometrical and phase
characteristics of the harmonics beam play a major role. The main geometrical
distinctive footprint of the two trajectories in the harmonics imaging spectra is
the difference in their divergence. The long trajectory has a larger divergence
than the short, since the electron travels longer distances in the partially ionized
medium during the recollision process [41]. In addition, for laser intensities causing
a relatively high ionization of the medium, the central wavelength of the two
trajectories is slightly different. This is attributed to the different time dependence
of the two trajectory phases, which leads to coherent summation for each trajectory
at different wavelengths (double-peaking) [104].

The origin of divergence of the two paths in HHG has been investigated in a
number of publications [9, 14, 100, 105, 106], while attempts to separate and control
the two trajectories have also been reported. Bellini et al. [107] used interferometric
methods to demonstrate the different divergence distribution of the two trajectories
(see Fig.5.1). Their results were soon adopted by the attoscience community to filter
the long trajectory and achieve high quality attosecond pulse trains [20]. Willner et
al. used a multi-jet arrangement of two gases showing a clear spectral separation of
the two trajectories |98, 99]. Ishii et al. used phase-locked two-colour (w —2w) laser
fields to demonstrate the control of the electron trajectories near the cutoff region,
through the relative phase between fundamental and second-harmonic fields [108].
Brugnera et al. varied the phase of a two-colour driving field and demonstrated
near complete control over the long trajectory, which was easily separated spatially
from the short [109]. Recently, Abbing et al. used tailored laser pulses consisting
of the fundamental and its intense orthogonally polarised second harmonic in a
two-colour HHG scheme [32]. They showed the suppression and enhancement of
long and short electron trajectories, respectively, by controlling the relative delay
between the two fields.

This chapter presents a novel method for the coherent control of the two quantum
paths in plateau harmonics generated in a noble gas, based on the chirp of the laser
pulse, i.e. the temporal rearrangement of the spectral content (time-dependent
frequency) of the high intensity laser pulses. This control over the chirp of the

high intensity laser pulses, allows for the control of the time-dependent slope of
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Figure 5.1
Temporal coherence measurement of the 15! harmonic generated in Xe, as reported by
Bellini et al. [107]

the cycle-averaged laser intensity, the temporal evolution of the ionization degree
of the medium within the laser pulse, and the SPM of the laser pulse inside the
partially ionized medium. Since the temporal phase of each trajectory depends
on all the above factors, the variation of the chirp of the laser pulse is expected
to allow for an accurate control on them and the subsequent trajectories. Below
the detailed study of the HHG, emphasizing on the generation efficiency and
trajectories separation, from chirped high intensity laser pulses is presented. It
is shown that HHG efficiency can be accurately controlled when varying the chirp,
while for certain chirp values the two trajectories were clearly resolved in the
HHG spectra. Moreover, experimental conditions were found under which the only
surviving trajectory was the short one. Finally, a phenomenological model has
been developed, which takes into account the aforementioned physical processes,

that supports the experimental results.

5.1.1 Experimental Layout

The HHG experiments utilized the experimental setup presented in Chapter 3, the
optical layout of which is illustrated in Fig.5.2. The laser pulses were focused at the
exit pinhole of an Ar gas filled semi-infinite cell, generating high order harmonic
that propagate along with the laser to stage C of the setup as described in Section
3.2. For the measurements of this chapter the pair of silicon wafers was used to
filter the laser IR beam, as described in Subsection 3.4.1.1. The filtered XUV comb
of high harmonics was then diffracted by the grazing-incidence flat-field diffraction
grating (see Subsection 3.4.2.1) towards the XUV CCD1 camera. Detection of the
XUV light occurred at the focal plane of the harmonics of interest (15w —23w). The
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XUV grating and detector contributed to a relatively high spectroscopic resolution
of 80 to 100 pixels per 1 nm on the XUV CCD for the presented spectral region,

offering adequate experimental precision.
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Figure 5.2

Schematic layout of HHG experiments. The laser pulses were chirped by varying the
spacing between the compressor gratings (CG). Laser high harmonics were generated after
focusing the chirped laser pulses on a semi-infinite Ar gas cell. High harmonic spectra were
measured by an XUV CCD camera after IR filtering by silicon wafers (Si-W) and XUV
dispersion by a flat-field concave grating (FFG). Inset (a): HHG E-fields for three cases
of chirped laser pulses having the same energy; (al) FTL pulses; (a2) Low negatively
chirped pulses; (a3) High negatively chirped pulses. Inset (b): [Bottom| Schematic of
electron trajectories within an E-field laser period leading to the recollision with the parent
nucleus. [Top] HHG spectral images from long and short electron trajectories exhibiting
different spectral and geometrical characteristics. D: Adjustable grating distance; M: Low
dispersion fs mirror; L: Low dispersion thin focusing lens. (from Ref.[110])

Control over the chirp of the laser pulses was achieved by tuning the compressor
gratings of the laser amplifier relative to the position delivering F'TL laser pulses
of 26 fs duration. Positive chirp values caused lower frequencies to appear at the
leading edge of the laser pulse, while negative chirp values shifted them to the
trailing edge (see Fig. 5.2a). The linear chirp value was experimentally measured
on a shot-to-shot basis using a femtosecond single-shot intensity autocorrelator (see
Section 3.1) just before the interaction cell. The distance between the gratings in
the laser compressor could be adjusted according to the measured pulse durations,

providing full control over the laser pulse chirp during the experiments.
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5.2 Results & Discussion

5.2.1 Electron Trajectory Control

A systematic investigation of HHG has been performed by measuring the high
harmonic spectrum as a function of the laser pulse chirp. Typical plateau harmonic
spectra generated in 60 Torr Ar filled semi-infinite cell for various laser pulse
chirp values are presented in Fig. 5.4(a). All the measurements were performed
maintaining a constant laser pulse energy at 1.0 mJ as well as the same focusing
conditions, i.e. focal length f = 38 c¢cm, beam diameter 7 mm, and focus at the
exit pinhole of the semi-infinite cell. The laser peak intensity for the FTL pulse
of 26 fs was experimentally assessed to be 2.3 + 0.5 x 10 WW/cm?. The pulse
durations indicated in the spectral images in Fig. 5.4(a) were measured using the
Bonsai autocorrelator, while the plus and minus signs correspond to the positive

and negative chirp values, respectively.

As can be inferred from Fig. 5.4(a), the spectral locations of the harmonics are
spectrally blue shifted with respect to their positions estimated according to the
setup optical geometry. This is a known behavior in the literature [104, 111, 112]

and it has been identified as the result of mainly two mechanisms [113].

The first mechanism is the propagation effects of the laser pulse in the ionized
medium. The partial ionization of the generating medium during the laser pulse
induces a variation of the refractive index ony(r, z,t) [114]

2me?
ong(r,z,t) = ——=N,(r, 2, 1), 5.1
b2 0) = TN 2 (1)
where N(r, z,t) describes the electron density. This leads to a blue spectral shift

of the laser field [115]
Ne? dN,

2rmecd dt

oAy = — (5.2)

where L is the propagation length. The spectral blue shift of the harmonics results

from both the change in the refractive index at the frequency qw, i.e.
I, = dAL/q, (5.3)

as well as the spectral shift of the fundamental, i.e.

3,2
SAg = _u/af e dNe SAL/ . (5.4)

2mmec®  dt

The second mechanism is the nonadiabatic response of the electronic dipole of
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the generating medium to the rapid change of laser fields. Since the laser intensity
is rising in the leading edge of the pulse, the recolliding electrons gain more energy
with each successive laser field cycle. Therefore, the HHG at the leading edge of
the laser pulse induces a positive chirp in HHG, thus leading to a blue spectral
shift in HHG [116]. It should be emphasized here that blue shift is observed for
high intensity laser pulses where the process of HHG occurs at the leading edge of
the pulses, as in this study. When HHG occur at lower intensities, i.e. at the peak

of the laser pulses, blue shift is absent in HHG spectra.

From Fig. 5.4(a) it is also evident that the 17" and 15" low order harmonics
are seen to be strongly suppressed in the spectral images. This is due to their
strong absorption by the Ar gas as can be inferred from Fig. 5.3, where the XUV

transmission in Ar gas at pressure of 60 Torr and a length of 5 mm is estimated
[75].

Ar pressure: 60 Torr, Path: 5 mm
T T T T T T T
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0 20 40 60 80 100

Wavelength (nm)

Figure 5.3

XUV transmission in Ar gas at pressure of 60 Torr and a length of 5 mm (calculated
using the tools provided at the The Center for X-Ray Optics, Lawrence Berkeley National
Lab, https://henke.1bl.gov/optical_constants/gastrn2.html, accessed August 13,
2023.).

In accordance with the above interpretations, it is seen in Fig. 5.4(a) that the
harmonics generated by negatively chirped laser pulses exhibit an overall stronger
blue shift that increases with increasing the negatively chirped laser pulse duration.
Additionally, for certain chirp values, the blue shift is not the same for the short and
long trajectories, the latter identified by their larger divergence. This is evident for

the cases of laser pulse duration -43 fs and -30 fs, as well as the F'TL case of 26 fs. For
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these cases, the long trajectories, exhibit a stronger blue shifting, most possibly due
to the fact that the long trajectory travels longer distances in the partially ionized
medium. Thus, this clear separation of the long and short trajectory is realized in
our method by simply varying the laser pulse chirp values in high intensity laser

pulses that promote HHG at the leading edge of the pulse.

;J\ fLA JLA_”AUL

o

XUV Harmonic Radiation Relative Intensity (arb. units)

XUV CCD Pixel Number

Figure 5.4

(a) Representative measurements of XUV harmonic spectral images for various laser pulse
durations controlled by the imposed chirp. The harmonics spectral locations are noted
at the bottom of the figure. Negative and positive signs of the laser pulses durations
correspond to negatively and positively chirped laser pulses, respectively. The the short
and long trajectories, indicated by the letters “¢” and “s”, respectively, are spectrally
separated for certain chirp values. (b) XUV harmonic spectra obtained with our model
calculations corresponding to the experimental conditions of their counterpart XUV
harmonic spectral images in (a). Both short and long trajectory contributions, as well
as their coherent addition, are presented. It is seen that the calculations fairly reproduce
the main qualitative characteristics of the measured spectral images. Note that the 17"
and 15" order harmonics are seen to be strongly suppressed in the experimental spectral
images due to their strong absorption by the Ar gas, a condition not included in the
simulations. (from Ref.[110])

The most significant finding of this study is that at a positive chirp value
corresponding to the laser pulse duration of +33 fs, the long trajectories are severely
suppressed, thus leaving only the short trajectories in the spectral image. This
suppression is fully within the dynamic range of our XUV CCD camera and it
is not a matter of color scale choice. This behavior is of exceptional importance
not only for fundamental Physics but also for applications in coherent diffraction

imaging as well as in attoscience.

Indeed, for high quality imaging applications the presence of both trajectories

introduces chromatic aberrations [32, 117]. For a q'"-order harmonic, the different
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contributions of the short and the long trajectories result in different virtual
generation positions. Thus, when the harmonic is refocused, the images of the long
and short trajectories will not be fully overlapped at the focal area, thus leading to
an overall smearing of the image profile. In addition, larger divergent beams reduce
the numerical aperture of an optical system. Similarly, in attoscience, the presence
of both trajectories largely degrades the quality of the formation of attosecond pulse
trains and their corresponding use. From all the above it becomes clear that the
understanding of the underlying physical mechanisms is of fundamental importance
for the control of this behavior. For this model calculations, presented below, have

been developed in an effort to understand and interpret this phenomenon.

5.2.2 HHG Spectral Calculations
The Model

A model for HHG spectral calculations has been developed based on the

phenomenological model introduced by Carlstrom et al. [41]. The model treats the
problem as single atom response only temporally, omitting the spatial contributions
like spatial phase matching, laser focusing, and SPM outside of the laser k-vector.
Our model is an extension of the Carlstrom model, the extension related to the
addition of the temporal dependence of the Ar gas ionization and of the laser
propagation in the generating medium that induces spectral variations owed to
SPM induced by the optical Kerr effect and by the plasma. This extension is
indispensable for our HHG conditions since the laser peak intensity is in most
of the cases higher than the intensity inducing considerable Ar gas ionization, and
thus the higher order harmonics are generated at the different temporal intervals

of the leading edge of the laser pulse as seen in Fig. 5.5.

The electric field of the ¢ order XUV harmonic radiation, corresponding to the
short and long trajectories, symbolized with the subscripts s and 1, respectively,
can be written as |41]

. n . qb(T) 2 | Pl
Eyn(t) = Csnl>(t) exp |iqwr(t) + th +iag I(t) +idg) |, (5.5)
where I(t) is given by the Eq.(2.22), b(7) is given by Eq.(2.26). wy is the
instantaneous laser frequency, including SPM modifications by Kerr-effect in the

atoms and by the plasma

wL(t) = Wwro + wSpM(t) —+ b(T)t, (56)
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where wrg is the central laser frequency, and wgpys is given by Eq.(2.28). C
are weights for each of the short and long trajectories while n is a non-linearity
parameter for the HHG conversion. a,,, are the dipole phase constants [106, 118]
and (I)S,/l is a phase offset depending on the atomic properties. In our extended
model, the time dependent laser angular frequency wgpys accounts for the SPM

effects caused by the laser propagation in the non-linear medium.

The HHG spectral intensity is calculated as the absolute square of the Fourier
transform of the coherent summation of the FE-fields over the participating
harmonics. For each harmonic the E-field of the short and long trajectory is

considered. Thus, the spectral intensity equation reads

2

(5.7)

I(w) = 'f{Z[EE(t) + E?(t)]}

q

In the model, we explicitly include the ionization of the medium, since it is the
primary competing process for the laser intensities used in this work. For this we
use the ADK model, appropriate for tunneling ionization that prevails for the laser
intensity conditions used here. The generated electric field of the q'* order XUV
harmonic radiation obtained in Eq. (5.7) is multiplied by the probability that the

atoms of the generating medium have not been ionized by tunneling ionization, i.e.
Eg/z@)om =[1- P(mEg/z(t)v (5.8)

where P(t) is the tunneling ionization probability up to the moment ¢, described
by the Eq.(2.33). Calculation details can be found in Appendix E.

Calculations

Using Eq. (5.7), we simulated the experimental conditions and calculated the
spectral intensity of the high harmonics in the region of interest. The aim of these
model simulations was to qualitatively reproduce their main features and behavior
of the experimental HHG spectra. The following values for the parameters were
used in the model which result form experimental measurements or adopted from

the literature:

e Laser pulse.

— Laser wavelength A = 807 nm.
— FTL laser pulse duration, 7pr; = 26 fs.

— Peak intensity for the FTL pulse In(7prr) = 2.3 x 10'® W /em?.
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e Argon generating medium.

Refractive index ng = 1.0000 for 60 Torr pressure.

Nonlinear index coefficient ny = 1 x 1072 cm?/W for 60 Torr pressure
[118].

2p, the distance of the laser beam propagating in the plasma, was
estimated from the plasma luminescence images of the generating
medium taken during measurements. Typical values are in the range

of 1-2.5 mm depending on the chirped pulse duration.

— 2,4, the propagation length of the laser beam in the Ar medium before

the HHG region, estimated as the Rayleigh length minus the plasma

length experimentally measured for each laser chirp.

p(t), the temporal function of the electron plasma density at the HHG
area. The measured plasma luminescence varies along the the laser
propagation axis, being strongest at the area closest to the exit pinhole of
the semi-infinite cell, where HHG is efficient. By integrating the plasma
luminescence along the plasma channel, a single plasma luminescence
value is extracted at each laser chirp. By corresponding the maximum
luminescence value to the maximum electron plasma density that can be
reached for a singly ionized 60 Torr Ar gas density (1.5 x 10'®cm™3), an
average electron plasma density, that the laser beam experiences along
its propagation inside the plasma channel, is extracted. The temporal
function of the electron plasma density at the HHG area, p(t), described
by Eq. (2.28), is estimated by multiplying the previously extracted
average plasma density with the temporal ADK ionization probability,
described by Eq. (2.33).

e HHG phase parameters ay and «; for the short and long trajectories,

respectively [41].

as = 0.5 x 107 em?/W.
ap =13 x 107 em?/W.

These values were kept at the same values for the five plateau harmonics
of the simulated spectral region since this is an acceptable approximation
for close neighboring plateau harmonics. We emphasize that small
variations in the above values did not seem to appreciably alter the
final results, maintaining the constraint that a; >> g, which is well
established in the literature |41].
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In addition to the above, the high harmonic phase offset (I)(s)/z was set to zero,
since it only corresponds to an offset in the harmonic E-field interference. Finally,
it is a common observation in our HHG spectra, for the conditions where the high
harmonics generated by the short and long trajectories are spectrally separated,
that short trajectory high harmonic exhibit a higher signal than the long trajectory
high harmonic. We experimentally estimate an overall acceptable ratio of C;/C ~

0.6, and thus this value was adopted in our simulations.

In Fig. 5.4(b) the spectral model calculations based on Eq. (5.7) are presented
for the conditions that simulate the corresponding experimental spectral images
in Fig. 5.4(a), as described above. It is evident seen that the model calculations
reproduce fairly well the main qualitative characteristics of the measured spectral

images as they predict:

e The spectral separation of the HHG for the long and short trajectories at the

corresponding experimental pulse durations.

e The coherent mixing of the two quantum paths when they are not appreciably

spectrally separated (e.g. for the 26 fs case).

e An increase in the ratio between short and long trajectory contributions
for the case of the optimal pulse chirp (+33 fs), as compared to the severe
suppression of the long trajectory observed in the corresponding experimental
data. We attribute this to the fact that our model treats the problem as single

atom response.

Note that in the spectral model the self-absorption of the high harmonic in argon
medium was not included in the simulations. This explains the presence of high
harmonic intensity in the spectral region of the 15" - 17*" harmonics, as opposed

to the experimental spectral images.

To further investigate the above behavior, the temporal variation of the plateau
harmonics E-field, corresponding to the spectra of Fig. 5.4(b), is presented in
Fig. 5.5 (red line, Eq. (5.5)). In the same figure, the laser intensity (black line,
Eq. (2.22)), the laser angular frequency (blue line, Eq. (2.29)) and the medium
ionization probability (green line, Eq. (2.33)) are also presented as a function of
time in the same temporal window for direct comparison. Calculation details can
be found in Appendix E. From these it evident that HHG takes place during the
leading edge of the laser pulse at an intensity interval determined by laser pulse
duration the medium ionization around its half-maximum value. For higher laser

pulse intensities, medium ionization prevails and HHG is diminished.
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From Fig. 5.5 it is also evident that, for high laser pulse intensities, i.e. for small
chirp values, the laser angular frequency is strongly modulated due to SPM effects.
This strong modulation along with the temporal variation of the laser intensity
within the HHG intensity interval are fundamentally responsible for the structure
of the spectral images, as seen from Eq. (5.5). Thus, SPM effects play a major
role in the generation of high quality harmonics corresponding essentially to short

trajectories.

It should be noted that similar additional measurements were performed where
the Ar gas pressure was varied. These showed that the suppression of the HHG
from the long trajectory routinely appeared for small positive chirp values and
corresponding laser pulse durations in the range of +30 to +40 fs. This is fully
supported by our spectral model calculations since small variations in the values

of the physical parameters of the model do not appreciably alter the findings.
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Figure 5.5

Details of our model calculations corresponding to the cases presented in Fig. 5.4. Black
line: Laser intensity; Blue line: Laser angular frequency accounting for the linear laser
chirp and SPM effects in the non-linear Ar medium and the plasma; Green line: ionization
probability of Ar according to the ADK model; Red line: Generated XUV radiation E-field,
arbitrarily scaled along the y-axis in each graph for presentation purposes. (from Ref.[110])
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5.3 Conclusions

Our experimental results and model calculations clearly show that the chirp of the
laser pulses is a crucial parameter for the control of the electron quantum paths
in the HHG. This control affects the HHG spectra (a) by spectrally separating
the short and long trajectories in the plateau harmonics, and (b) by significantly
affecting their relative generation efficiency. In this work, it is demonstrated that
the HHG efficiency of the long trajectory is dramatically reduced compared to
that of the short trajectory, simply by adjusting the frequency chirp of the driving
laser pulse to an appropriate value. This effect is attributed to the interplay of the
inherent quantum phases for each quantum path, controlled by the fine adjustment
of the HHG temporal window within the laser pulse envelope, the slope of the
temporal intensity at this window, and the chirp of the laser pulse. The above
conditions are met for laser intensities that cause a significant degree of ionization

in the generating medium, that defines the temporal window for HHG.

The key feature of our method compared to the previously reported ones |14,
32, 98, 99, 107-109], is the simplicity. The only parameters that requires is the
appropriate selection of (a) the intensity of a single driving laser field, (b) the
atomic target, and (c) the accurately controlled laser frequency chirp. In addition,
since our method utilizes a semi-infinite cell, the generating medium can be easily
kept at the same conditions throughout the measurements, further supporting the
experimental repeatability. Thus, our method is easily applicable with an enhanced
potentiality for applications such as the new generation high average power MHz
amplified fs laser systems, which is the new trend for high averaged power XUV
high harmonic sources, favorable for imaging applications and for basic research in

storage ring accelerators.

Finally, our finding that, under certain experimental conditions, plateau
harmonics are fully attributed to the short electron trajectory is emphasized. The
geometrical characteristics of such coherent harmonic radiation significantly favors
coherent diffraction imaging applications in the scale of few-tenths of nanometers
[32]. Furthermore, high efficiency plateau harmonics generated by only the short
trajectory, could be used in the attosecond pulse formation, since the produced
attosecond pulses exhibit single sign frequency chirp, and thus could be compressed
to their FTL value.
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Chapter 6

Spectral and Divergence
Characteristics of HHG

6.1 Introduction

In Chapter 5, it was shown that the HHG spectral and divergence characteristics
manifest the quality of the coherent XUV source. These depend on the dynamic
response of the generation process both at the atomic level as well as at a

macroscopic level.

At the atomic level, the dynamics is governed from the two surviving quantum
paths that result in a recollision with the parent ion, i.e. the short and long
trajectories, respectively. The temporal characteristics of the plateau harmonics
depend strongly on the phase difference between the long and short trajectories.
At the macroscopic level, the dynamics is governed by the coherent addition of the
generated harmonics in each laser half-cycle. This coherent addition is affected by

propagation effects detailed in Subsection 2.2.3.

Moreover, in conditions of strong laser pulses, the laser field may suffer variations
with respect to the temporal arrangement of its spectral content (chirp), and
consequently to its pulse duration and temporal intensity due to SPM effects
discussed in Subsection 5.2.2. SPM effects, depending on their strength, may result
in spectral lines shifting and broadening that significantly affect the HHG spectra
and their divergence [110].

From the above it becomes evident that the quality of the HHG source, in
terms of the geometrical and phase characteristics of the harmonics beam, depends
strongly on the temporal characteristics of the long and short trajectories as well

as on the SPM effects. Thus, developing methods for controlling the relevant
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contribution of long and short trajectories of the plateau harmonics, and the role

of the SPM effects is of fundamental significance.

This chapter presents a systematic study on the spectral and divergence
characteristics of plateau harmonics within an Ar-filled semi-infinite gas cell.
Various gas pressures and laser beam focal conditions are explored against the
chirp imposed on the laser pulses. The evolution of plateau HHG spectra and their
divergence from positive to negative chirp values with increasing gas pressures is
monitored. The study clealy indicates that, under high laser intensity conditions,
the maximum HHG signal occurs with negatively chirped pulses close to the FTL
value of the laser pulses, even at low gas pressures. For higher pressures, additional
and broader lines emerge in the HHG spectra, resembling a quasi-continuum
spectrum. This feature holds significance as the secondary coherent HHG source can
be easily tuned to denser spaced wavelengths. Moreover, the contribution of long
and short trajectories to HHG spectra, evident in their divergence, is tracked with
the smooth variation of chirp. Unlike existing literature reports such as [119, 120],
this work records both HHG spectra and HH divergence simultaneously, providing
a finer tool for investigating the delicate dynamics behind HHG and the role of
short and long trajectories. Finally, calculations based on the phenomenological

model presented in Subsection 5.2.2 accompany the experimental findings.

6.2 Results

The data were collected with the geometry of the experimental setup presented
in Chapter 5, the optical layout of which is presented in Fig.5.2. The findings
of our study are summarized in Figs. 6.1 and 6.2, where the spectral images of
the plateau harmonics, 15wo—23wr, accompanied by their corresponding plasma
formation images, are systematically recorded as a function of the laser pulse chirp
for Ar gas pressures ranging form 30 to 90 Torr. In Fig. 6.1 the focus of the laser
beam is at the exit pinhole of the semi-infinite cell, while in Fig. 6.2 it is 3 mm
before the exit pinhole. Both sets of measurements were performed maintaining a
constant laser pulse energy of 1.0 mJ as well as the same focusing conditions. The
laser peak intensity for the FTL pulse of 26 fs was experimentally estimated to
be 2.3 + 0.5 x 10 W/cm?, which is far above the ionization saturation intensity
for Ar. The pulse durations, indicated in the spectral images in Figs. 6.1 and 6.2
with plus and minus signs, correspond to the positive and negative chirp values,
respectively. The color code scale in Figs. 6.1 and 6.2 was kept identical for both
XUV spectral as well as plasma images for comparison purposes. The main features

that are readily observed in the images are the following:
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Figure 6.1

XUV harmonic spectral images (left) and corresponding plasma formation images (right)
measured for various laser pulse durations and Ar gas pressures. The focus of the laser
beam is at the exit pinhole of the semi-infinite cell. The negative/positive sign of the laser
pulse durations correspond to the negatively/positively laser pulses, respectively. The
nominal spectral locations of the harmonics order are noted at the bottom of the XUV
spectral images for each gas pressure. The color intensity of the XUV spectral images
corresponding to the pressures of 40 and 50 Torr was multiplied by a factor of two for
better visibility. (from Ref.[121])

Line broadening and quasi-continuum spectra

For low negative chirp values (< -50 fs), the plateau HHG signal experiences a
remarkable enhancement, even at Ar gas pressures as low as 30 Torr. Simultaneously,
the harmonic lines undergo considerable spectral broadening. At high gas pressures
(90 Torr in Fig. 6.1 and above 60 Torr in Fig. 6.2), additional spectral bands
emerge between the locations of the plateau harmonics, resulting in a spectrum
resembling quasi-continuum. This spectral behavior is related to the increased
degree of ionization in the generating medium, as indicated by corresponding
plasma luminescence images. Notably, this feature is absent for lower negative
chirps (< -85 fs) or any positively chirped laser pulses, where the degree of ionization

is significantly smaller.

To quantify this behavior, the relative enhancement of the integrated measured
XUV emission in the spectral bands between harmonic locations was assessed.
Specifically, attention was directed to the case of -43 fs laser pulse duration in
Fig. 6.2, where the overall XUV emission is observed to be maximized. The spectral
bands considered have bandwidths, A\, of (38.5-41.3), (42.4-45.4), (48.4-50.5), and
(53.7-56.0) nm, as determined from the 30 Torr pressure XUV image.
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Figure 6.2
Same as in Fig. 6.1, except that the focus of the laser beam is 3 mm before the exit
pinhole of the semi-infinite cell. (from Ref.[121])

The enhancement of XUV emission for each band was determined as the ratio
of integrated XUV emission for each pressure to that of 30 Torr, the latter being
close to the detection limits of our system. The relative enhancement of XUV
band emission is presented as a function of generating gas pressure in Fig. 6.3.
Results clearly indicate an overall relative enhancement factor between 5 and 6
for the bands of (38.5-41.3), (42.4-45.4), and (48.4-50.5) nm. However, the band
of (53.7-56.0) nm exhibits enhancement for pressures up to 60 Torr, followed by a
reduction for higher pressures. This is attributed to wavelength absorption at high

Ar density values, as inferred from [75].

Harmonics divergence and quantum paths separation

A notable characteristic of the spectral images is the variation in the divergence
of plateau harmonics as the laser chirp varies from positive to negative values.
This feature is clearly evident in Fig. 6.1, whereas it is less pronounced in Fig. 6.2,
where higher and broader XUV emission obscures the divergence characteristics.
Upon closer inspection in Fig. 6.1 of the spectral area for each harmonic, two
components, attributed to the long and short electron trajectories, are identified.
Their identification is based on their distinct divergences, with the long trajectory
exhibiting higher divergence as it was explained in Subsection 5.2.1. Moreover,
their spectral splitting is due to their spectral blue shift, with the long trajectory
experiencing a more pronounced shift, appearing at shorter wavelengths [41].

Specifically, the divergence of the 215 harmonic’s short and long trajectories, as a
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Figure 6.3

Relative enhancement of the measured XUV band emission for the spectral areas between
the harmonics as a function of the generating gas pressure. The data correspond to those
of Fig. 6.2 for the pulse duration of 7=-43 fs. Relative XUV band emission error bars are
estimated lower than 1% and are within the data symbols. (from Ref.[121])

function of the chirped laser pulse duration for the case of 90 Torr Ar gas pressure

in Fig. 6.1, is presented in Fig. 6.4.

Spectral shift

The plateau harmonics undergo an overall spectral shift as the chirp of the laser
pulse varies from positive to negative values. From Fig. 6.1, where the short and
long trajectories are more distinctly spectrally separated, it is evident that the long
trajectory is more blue-shifted as opposed to the short trajectory. This behavior

has been reported in the literature [104, 111-113], aligning with our measurements.

An intriguing characteristic, observed in both Figs. 6.1 and 6.2, is the rapid
change of the spectral blue shift around the area of low-value negatively chirped
laser pulses (< -43 fs). This behavior is closely related to the intense plasma
formation under these conditions. To quantify this effect, the overall spectral shift
of the high-order harmonics 17", 19" and 21*' is presented in Fig. 6.5 as a function

of the laser chirp for an Ar gas pressure of 80 Torr.

Wavelength tunability

Building upon the aforementioned observations, HHG can be regarded as a

secondary coherent XUV source with tunable wavelength. The tunability is based
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Figure 6.4

Experimentally determined divergence of the 215" harmonic short (black solid circle) and
long (red solid square) trajectories as a function of the chirped laser pulse duration for
the case of 90 Torr Ar gas pressure of Fig. 6.1. Indicative error bars for the short and long
trajectories are shown. (from Ref.[121])

upon: (a) The blue shift of a harmonic as the chirp varies from positive to negative
values. (b) The broadening of HHG lines and the emergence of XUV spectral bands

between harmonics, forming quasi-continuum spectra.

6.3 Discussion

The above presented qualitative features of XUV spectral images necessitate a
thorough understanding and interpretation. An effort towards this goal will be

given here.

For an intense laser pulse, where the HHG process is not confined at the peak
of the pulse envelope, the change in its chirp corresponds to a variation in the
temporal window of the laser pulse during which HHG occurs. In more detail, for
negatively chirped pulses, HHG primarily occurs at the leading edge of the pulse.
This is because at higher intensities, the competing process of ionization takes over,
as seen in the intense plasma formation images in Figs. 6.1 and 6.2. Therefore, HHG
conditions are significantly influenced by the slope of the temporal intensity and
frequency of the laser pulse in this temporal window [110]. On the other hand, for

positively chirped pulses, plasma formation is marginal. Hence, HHG is expected
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Figure 6.5

Experimentally determined spectral shifts of the high order harmonics 17" (black solid
square), 19" (red solid cirlce), and 21%¢ (green solid triangle) as a function of the chirped
laser pulse duration for the pressure of 80 Torr of Fig. 6.2. Dashed horizontal lines
correspond the unshifted harmonic peak positions. Estimated error bars are within the
data symbols. (from Ref.[121])

to occur over a broader temporal window of the laser pulse, which, for high positive

chirp values, includes the envelope peak area.

The spectral shift of harmonic peaks, quantified in Fig. 6.5, is attributed to the
nonadiabatic response of the electronic dipole to the rapid change in the laser field
and the propagation effects of the laser pulse in the partially ionized medium, as
described in Section 5.2.1. In more detail, laser pulses with large positive chirp
values show barely measurable ionization, as seen in the plasma luminescence
images in Figs. 6.1 and 6.2. Consequently, the absence of considerable plasma
formation, coupled with intense laser peak values, results in an overall red shift
for the generated harmonics (see Eq. (2.28)). As the positive chirp values decrease,
SPM effects in the gas medium become more pronounced, causing a further red
shift in the generated harmonics. This behavior changes rapidly as the laser pulse
approaches positive chirp values close to the FTL duration. At this point, due
to the higher laser pulse intensity, SPM effects of both the gas medium and the
emerging plasma become significant, leading to the appearance of blue shifts as the
chirp vary from positive to negative values. For lower negative chirp values (< -85
fs), the harmonics still exhibit a blue shift, consistent with the considerable degree

of ionization seen in the corresponding plasma images at these high chirp values.

It is noteworthy that higher plasma production is not observed for FTL

pulses but rather for negatively chirped pulses with a duration of around -40 fs
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due to the aforementioned SPM effects. Under these conditions, the medium is
entirely depleted even before reaching the laser peak intensity, distorting the XUV

spatiotemporal characteristics, as observed experimentally.

As discussed in Chapter 5, the spectral separation of the long and short
trajectory contributions is evident from the divergence of each harmonic. Long
trajectories exhibit larger divergence than the short ones, attributed to the fact
that recolliding electrons travel longer paths in the generating medium [41]. This
phenomenon is heightened when the generating medium is partially ionized, as is
the case for negatively chirped pulses in our study. Moreover, for laser intensities
inducing a relatively high degree of ionization in the generating medium, the
central wavelength of the two trajectories is slightly different. This leads to
coherent summation for each trajectory at different wavelengths, resulting in a
double-peaking phenomenon [104]. The divergence of the two paths in HHG has
been investigated in various early publications [9, 14, 100, 105, 106|. Experimental
methods involving interferometric methods [107], multi-jet arrangements of two
gases [98, 99|, and phase-locked two-color (w — 2w) laser fields [32, 108, 109] have

been developed to separate and selectively control the two trajectories.

Specifically, the spectral separation of the long and short trajectories is evident
in Fig. 6.1 for positively chirped pulses. The long trajectory displays a narrower
bandwidth and larger divergence compared to the short trajectory, which has a
broader bandwidth and much lower divergence. Additionally, the long trajectory
is blue-shifted to smaller wavelengths than the short one, facilitating their clear
identification. For negatively chirped pulses with durations close to the FTL
value (< -50 fs), the spectral separation of the long and short trajectories is still
noticeable, though not as pronounced as in the case of positively chirped pulses.
Both trajectories undergo a considerable blue shift, leading to partial spectral
overlap. At even larger negative chirp values, the blue shift of the long and short
trajectories results in complete spectral overlap. However, the large divergence of
the long trajectory and the higher intensity of the short trajectory are retained.
Overall, it is evident that the signal of the short harmonic surpasses that of the
long one. Particularly, for the +33 fs pulse duration and 60 Torr Ar gas pressure in
Fig. 6.1, only the short trajectory survives in the HHG spectra. As an additional
remark it is worth noting that HHG production at high positively chirped pulses is
significantly increased in the case of Fig. 6.2 compared to Fig. 6.1. HHG production
peaks for Ar gas pressures between 50 and 70 Torr, while it significantly drops for

lower and higher pressure values, respectively.

Finally, considering the case of Fig. 6.2, where the spectral broadening effects

are more pronounced, the observed blue shifts, line broadenings, and additional
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spectral band appearance for small duration negatively chirped pulses (< -50 fs) are
primarily due to enhanced SPM effects of the generating gas and plasma formation.
This is supported by the corresponding plasma images in Fig. 6.2, where the highest

plasma production occurs for low-value negative chirps and high-value pressures.

For a more in-depth investigation, the HHG model presented in Chapter 5
was utilized, adjusting its parameters according to representative HHG conditions
studied here, i.e. for chirped laser pulses of -150 fs, -43 fs, and 150 fs at an Ar gas
pressure of 60 Torr, where the spectral and divergence characteristics are reasonably
distinctive. The results of the model calculations are presented in comparison to
their corresponding spectral images in Fig. 6.6. It is seen that the calculations fairly
reproduce the main qualitative characteristics of the measured spectral images as
they predict: (a) The marginal but evident spectral separation of the long and short
trajectories for laser pulses with a duration of -150 fs. (b) The broader spectral lines
and the spectral overlap between the short and long trajectories for laser pulses with
a duration of +150 fs. (¢) The line broadening and the appearance of additional
spectral bands in between the harmonic spectral locations for laser pulses with a

duration of -43 fs, thus resembling a quasi-continuum spectrum.
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Figure 6.6

Qualitative comparison between measured XUV harmonic spectral images for chirped
laser pulse durations of -150 fs, -43 fs and +150 fs, corresponding to those presented in
Fig.6.2, and XUV harmonic spectra obtained with our model calculations, corresponding
to the experimental conditions of their counterpart XUV harmonic spectral images. Long
and short trajectory contributions are included separately. (from Ref.[121])
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6.4 Conclusions

Based on the preceding analysis and discussion, it is evident that the frequency
chirp of femtosecond laser pulses is a convenient and practical parameter for
controlling the spatiotemporal properties of HHG spectra. This control can be easily
and accurately achieved by detuning the ultrafast laser compressor gratings. Such
control over HHG conditions and subsequent spatiotemporal characteristics of HHG
spectra is crucial for a reliable and versatile coherent XUV source. Moreover, the
utilization of a semi-infinite cell as the generating medium for the secondary HHG
source aligns with the aforementioned conditions. Gas pressure is kept constant
and can be adjusted at will, while the geometry of the generating gas medium
can be managed according to laser beam focusing conditions, influencing plasma
formation geometry and subsequent phase matching conditions. The method,
initially presented in [110], contributes to previously reported methods [14, 32,
98, 99, 107-109] in the literature. It introduces novel features such as controlled
wavelength tunability, based on the effects of blue shift and quasi-continuum
generation, as well as the separation of short and long trajectories. Such a coherent
XUV source significantly benefits coherent diffractive imaging applications [32], of

interest in this dissertation.
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Chapter 7

Coherent XUV Multispectral

Diffraction Imaging

7.1 Introduction

This chapter presents our efforts towards the implementation of multispectral XUV
CDI in transmission and reflection mode, based on the HHG setup described so
far. Multispectral imaging in the visible part of the EM spectrum and longer
wavelengths up to thermal infrared are well-documented in the literature, as
different object details become discernible across spectral ranges [35-37, 122]. For
example, the visible part of the EM spectrum is used for imaging of atmospheric
pollutants, water, vegetation, soil, and biological tissues. The IR part is used
for imaging of forest fires, geological features, clays, mapping terrain, and night
studies. The extension of this technique in the XUV and soft x-ray wavelengths
is of increased interest for the imaging community and currently under intense

studies, as was emphasized by Nobel Laureate A. L’Huillier in her Nobel talk.

XUV CDI is a lensless microscopy technique, based on coherent XUV, soft
x-ray or hard x-rays, first experimentally demonstrated in 1999 by Miao et al.
[33]. Conventional XUV CDI involves an isolated sample that is simultaneously
illuminated over its entire surface with spatial coherence to ensure that the intensity
of the diffraction pattern from the sample is correctly captured by a camera,
while the phase information is numerically recovered using iterative algorithms
[123-127|. Furthermore, a scanning type of CDI method is ptychography [128-132],
where the sample is scanned trough a focused beam of coherent radiation for
well-overlapping multiple positions and the corresponding diffraction patterns are
recorded. Although suitable XUV /soft x-ray sources were previously only available

in large-scale facilities such as synchrotrons [133] and free-electron lasers [134], with
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the advancement of ultrafast laser technology, XUV sources based on HHG allowed
for table-top high spatial resolution CDI of fixed targets in transmission [135-140]
and reflective modes [128, 129, 131], including femtosecond x-ray holography [141].
Indeed, as first demonstrated by Seaberg et al. |28], imaging of a sample with
~200 nm resolution was achieved using a single harmonic order at a wavelength
of 29 nm. Over the past decade, rapid progress in understanding the dynamics
and development of HHG sources [142] has resulted in a consequent increase of

resolution at sub-wavelength values [143].

Here, our work on the development and proof-of-principe operation of a
multispectral XUV CDI experimental setup is presented. The setup has been
described in the previous chapters of this thesis, except for the operation of the
last stage D, where the CDI measurements of solid targets in transmission and
reflection mode are taken. Our system offers automated, in-vacuum selection of
specific harmonics while preserving their coherence and pulse duration for CDI
applications. Consequently, our system extends the multispectral paradigm to the
XUV region of the EM spectrum. Detailed analyses of XUV CDI applications in
transmission and reflection modes will be provided, demonstrating its efficacy in
different experimental scenarios. A discussion regarding the implications of the

findings and their potential for future discoveries will conclude the chapter.

7.2 HHG XUV Radiation Coherence

Laser beam coherence ensures the stability of wavefronts, a fundamental prerequisite
for coherent interference phenomena. In CDI, the reliability of phase relationships
among scattered waves hinges on the coherence of the laser beam. This coherence,
both spatial and temporal, directly influences the clarity and precision of the
interference patterns, laying the foundation for accurate structural reconstructions
[144, 145].

The overall coherence of the XUV radiation produced was initially assessed
by capturing diffraction images generated through the illumination of a copper
grid. This grid, featuring a density of 70 lines per inch and wires with a thickness
of 5 pm, was positioned at the entrance of stage C. Diffraction images were
then acquired using the XUV CCD2 camera. Fig. 7.1b depicts the corresponding
diffraction and reconstructed images, respectively. Due to the absence of spectral
filtering during the acquisition of the diffraction image across the complete XUV
spectrum, precise calculation of the characteristic lattice dimension from the
reconstructed image proved challenging. However, leveraging the optical geometry

arrangement and assuming an average XUV wavelength of 50 nm, the characteristic
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grating dimension was approximated, closely aligning with the manufacturer’s
specifications. The results presented here are in agreement with what is reported

in the literature [146].

Verification of the coherence of the filtered XUV radiation was subsequently
undertaken, employing the pair of multilayer mirrors for the wavelength of 47.6 nm.
To confirm the accuracy of the selected wavelength beam, a precision pinhole with a
50 um diameter (Thorlabs, model P15C) was positioned in part D, as illustrated in
Fig. 7.1c. There, the expected diffraction image (Airy disc) is shown, unequivocally

confirming the agreement with the wavelength in use.
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(a) The copper mesh with a density of 70 lines per inch. (a)
Positioned on its base of support. (b) The copper mesh.
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(b) Coherence measurements of the generated XUV radiation. (a)
Diffraction image obtained by illuminating the copper mesh with the
entire XUV spectrum. (b) Reconstructed image of the copper mesh.
Axes in (a,b) are in pixel.

(¢) (a) The 50 ym diameter precision pinhole, positioned on its
base in the target section. (b) Diffraction image of the pinhole,
represented as an Airy disk, captured utilizing the 47.6 nm filtered
XUV beam.

Figure 7.1
XUV radiation coherence tests.
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7.3 The XUV CDI Experimental Layout

The XUV experimental setup was described in detail in Section 3.5. However, the
CDI layout of the entire setup, shown Fig. 7.2, will be presented here, including
some more necessary details. The setup consists of four stages depicted with letters
A, B, C, and D. Stage A is the semi-infinite cell filled with the gas target, where
the XUV radiation is produced. Stage B is the differentially pumped chamber,
that separates the high-pressure stage A from the low-pressure stages C and D.
Stage C hosts all the necessary optical and optomechanical components for the
optimization, filtering and selection of the XUV wavelengths, and propagation of

the resulting XUV beam to the target area at stage D.

Figure 7.2

The XUV CDI experimental setup shown in a CAD design (top) and in the IPPL
laboratory with zoom pictures for the stages of A, C and D (middle and bottom). A: The
first stage hosting the semi-infinite gas cell. B: The second stage hosting differentially
pumped region. C: The third stage hosting the XUV filtering, diagnostics and wavelength
selection. D: The fourth stage hosting the target and the recording of the CDI result.
L: Lens. AL-F: aluminum filter. M1, M3: Multilayer mirrors. M2, M4: Concave mirrors.
FFG: Flat field Grating. T: Target. (from Ref.|88])
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The mixed XUV and IR beam, upon entering stage C, is filtered from the IR
laser residual beam using the 400 nm thick Al filter (see Subsection 3.4.1.2, while at
the same time the XUV radiation spectrum of interest (i.e. 30 nm to 50 nm) suffers
only an overall reduction in intensity. The selection of the wavelengths is done via
two pairs of multilayer mirrors (See Subsection 3.5) that can be interchanged during
the measurements. An optical layout of this feature is shown in Fig. 7.3. Each pair
consists of a flat mirror and a spherical concave mirror, placed in opposite direction
as shown in Fig. 7.2. The pair of multilayer mirrors reflects only a narrow band (~2
nm) around a central wavelength, while the spherical mirror focuses the selected
XUV beam onto the target at the fourth stage of the setup. Both sets of multilayer
mirrors were specially manufactured to deliver the central wavelengths of 32.2 nm

and 47.6 nm, respectively, at maximum reflectivity for the geometry in use.

Figure 7.3

The optical layout of the XUV CDI experimental setup operating in reflection mode. L:
Lens. C: Semi-infinite gas cell. AL-F: Aluminum filter. M1, M3: Flat multilayer mirrors.
M2, M4: Concave spherical multilayer mirrors. O: Object. Two pairs of multilayer mirrors
(M1, M2) and (M3, M4) can be interchanged allowing for the selection of the XUV
wavelengths of 47.6 nm and 32.2 nm, respectively.

The fourth stage D hosts the target (object) that is mounted on a variable in the
three dimensions XYZ base as well as in the polar rotation angle © (See Section
3.5). Vacuum compatible steppers for the four degrees of freedom are externally
controlled and set with micrometer accuracy. Thus, the position of the target with
respect to the laser focal area is accurately controlled. The monochromatic coherent
XUV radiation diffracted by the target is recorded at the second vacuum compatible
XUV CCD2 camera.

The software interface for controlling the initial XUV filtering, the selection of
recording the XUV spectrum, the selection of the pair of mirrors for selecting the
wavelength and the XYZO position control of the target is presented in Appendix
F. The positions of the optomechanical devices can be calibrated independently

and stored for future use or self-calibrated during the experiments.
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7.4 Image Reconstruction

7.4.1 Fourier Theory

If a coherent plane wave light illuminates an object of density f(r), the diffraction
pattern in the far field is the Fourier transform of the function f(r) [147]

F(f(r) = F(k) = |[F(k)|exp(iy(k)), (7.1)

where r and k are spatial and frequency coordinates in real and inverse space,
respectively, and F is the Fourier transform operator. Thus, the Fourier transform
of F(k) can be written as amplitude and phase factors. In the experiment, only
the intensity distribution of F'(k) , i.e. |[F'(k)|* , can be recorded by the detector
while losing phase information due to the high frequency (9.4 x 10'® Hz for 32.2nm
and 6.4 x 10" Hz for 47 nm). Therefore, in order to fully recover the density of the
object, the phase of the function F'(k) given by (k) must be determined. Then,

using the inverse Fourier transform we obtain [123]

fr) = FH(|F(k)] exp (i (k) ), (7.2)
where F~! denotes the inverse Fourier transform operator.

The problem of phase retrieval from the diffraction pattern has been extensively
studied in x-ray crystallography and can be solved using the oversampling method
[123]. ! Since the experiments use cameras with a certain number of pixels, Eq.(7.1)
takes the following form

|F(k)| = , (7.3)

Z_ f(r)exp(—ik - )

where N is the number of pixels on the sensor side. In Eq. (7.3) the factor f(r)
contains the number of unknown equations. The degree of oversampling o is given
by the relation [123]

I total pixel number (7.4)

unknown-valued pixel number’

where pixels refer to the object space. Eq.(7.3) is solvable for a 2D object if o, > 2
[123).

In CDI there is no reference wave and phase retrieval is not straightforward.

1Oversaumpling refers to the process of padding the density distribution function of an object with known
values to increase the sampling rate of the signal spectrum in the Fourier domain.
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Instead, the object distribution is obtained from the diffraction pattern through
a process of iterations based on the Gerchberg-Saxton (GS) algorithm [148]. The
main variants of the GS algorithm are the Error Reduction (ER) algorithm, the
Hybridic Input - Output (HIO), and the reduced support algorithm Shrink - Wrap
(SW) [125]. Algorithms have also been developed which try to deal with the
problem of noisy and incomplete data. This category includes relaxed averaged
alternating reflection (RAAR) [149, 150] with its variations and combinations with
other algorithms [151]. It is worth noting that in recent years with the rapid increase
in computing power and progress in the field of artificial intelligence, methods are
being developed where the recovery of the phase, after the corresponding “training”

of the respective model, is done almost in real time [152-155].

A work flow diagram for the above algorithms is presented in Fig. 7.4. Initially,
the magnitude | F| is obtained from the experimental CDI picture as the square root
of the signal intensity for each pixel. Additionally, a starting guess for the phase of
each pixel is given, along with |F'|, as an input to the algorithm, thus forming the
diffraction function G’ = |F|e™* in inverse space at the detector plane. Then, by
applying an inverse Fourier transformation, F !, the object density distribution
function, ¢’, is obtained in real space at the object plane. In the next step, certain
geometrical and methodological constraints, which depend on the algorithm in use,
are applied, thus resulting in a new object density distribution function, g, at the
object plane. The latter is then subject to a Fourier transformation, F, resulting
in a new diffraction function, G = |G|e™*, in inverse space at the detector plane.
The retrieved phase, ¢, from this function, G, is inserted into the initial diffraction
function G’ = |F|e~ ", which has the experimentally measured magnitude |F| as
the input, thus initiating the next iteration step. The calculation is repeated for
a predetermined iteration number of steps, which result in the final reconstructed

image of the object.

Qutput
Input \ ( Detector plane ) IYES Object plane )
: No Termination
G=|Gle™ ~—— F — Criterion | g
] t
@ Object domain
] constraints
CDI Measurement: ‘ > T
Magnitude |F| , ] i
G'=|Fle™'¥ F g
Initial (guess) phase | >
Figure 7.4

CDI reconstruction algorithm flow diagram. (from Ref.[88])
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As a first step, a support area at the object domain, S(x,y), usually is defined as
follows: Initially, a Gaussian filter with a unity amplitude and standard deviation o
is applied to ¢’. Then, by defining a threshold value 6, the value at the (x,y) point
of the support area S(z,y) is set to zero or one for the ¢’ filtered values below or

above the threshold value of 6, respectively, i.e.,

)1 gzy =0
S(x,y) = { 0 Jley) <8 (7.5)

The object domain constraint for ER is [125]

gz, y) (x,y)es & g.(r,y) >0
0 (x7y) é S or gk(xuy) < O
which for HIO, it is [125]
gp(x,y xry)esS & g (r,y) >0
Gk (7, y) = k(.9) ) (@,9) f< ) , (7.7)
gz, y) — Bap(z,y) (x,y) ¢S or gy lz,y) <0
while for RAAR, it is [149]
g.(z,y) (z,y) € S & gi(2,y) >0
Geai(z,y) =" ) (7.8)

Bar(z,y) + (1 = 28)g(z,y) (x,y) & S or gi(z,y) <0.

where k is the k' iteration.

Regarding the spatial constraints of the object, the density function within
the support region is equivalent to the Fourier transformation outcome. However,
outside the support region, the resultant value depends on the specific algorithm
employed as it is expressed with above equations. In the case of the ER algorithm,
it is zero. For the HIO algorithm, it corresponds to the disparity between the
results obtained in the current and preceding iterations, which has been scaled by
the (3 factor. As for the RAAR algorithm, it also involves the disparity between
the previous and current iterations, but in this case, the derivative is additionally
weighted by the [ factor, while the current iteration is weighted by a factor of
1 —25. In the HIO algorithm, 8 € [0, 1]. A smaller § value enhances the stability
of the convergence process, whereas a larger § value prevents the occurrence
of error entrapment within local minima (see Fig. 7.5). For RAAR algorithm
p € [0.5,1]. RAAR is noise-resistant if the 5 < 1 and stable against stagnation
when [ ~ 1. Determining a beta value is an trial-and-error process that relies

on the experimental data and striking a balance between resistance to noise and
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avoidance of stagnation [156]. In the implementation of phase retrieval, a common
approach is to employ a combination of algorithms. Typically, the initial algorithms
chosen are robust against noise and resistant to getting trapped in local minima.

Subsequently, algorithms like EP are utilized to enhance resolution|149].
057

0.4

0.3

0.2
Error Reduction

RMS ERROR Ej

0.1 Hybrid Input-Output

0 20 40 60
ITERATION k

Figure 7.5

RMS error versus the number of iterations. The ER algorithm appears to be trapped in
a local minimum. Adapted from Ref.[125].

The updating of the support area S can occur after a sa certain number of
iterations, a method known as the shrink-wrap algorithm (technique). This is
performed by applying a Gaussian filter with smaller o, so that the object support
S approaches the shape of the object distribution {127, 157].

The convergence of the retrieval process is monitored through error calculation.
In the case of the ER algorithm, this error denotes the disparity between the

computed diffraction pattern and the measured as [125]

s 9y 1/2
EW&Z{N zkqu<k>|—|F<k>1} | 79)

> [F(R)[?
For HIO, RAAR, and SW the error concerns whether the constraints are satisfied
in real space and is given by [33, 123, 126]

e, lge@)
Errory, = § ————— . 7.
- {zwmm)ﬁ} o
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7.4.2 Implementation

The ratio AA/A should be below 10% [158, 159]. According to the manufacturer’s
specifications (Table 3.1), AX/A is 4.3% and 8.0% for 32.2nm and 47.35nm
respectively, so this condition is fulfilled. In Addition, the Fraunhofer criterion
should be satisfied which corresponds to plane wave imaging, i.e. the target object
should be at a distance z from the camera sensor such that

D2

— 11
Z>>)\, (7 )

where D is the diameter of the object and A is the wavelength of the radiation. The

oversample value can be calculated from the experimental data by the relation [160]
ZA

o = 7.12

7= (712)

where p the pixel size of the camera which according to the manufacturer was

13um x 13um. So we see from Eq.(7.4) and Eq.(7.12) that z should satisfy the

inequality

V2Dp

> 7.13
2> (7.13)
The camera pixel size in a reconstructed image is
ZA
= a—— 7.14
r=ag, (714)

where o = 1.22 according to the Rayleigh criterion and N the number of pixels in
a camera with a NV x N sensor [158]. Therefore according to (7.14) the pixel size
of the reconstructed image is proportional to the distance z between object and
sensor. Thus, in order to increase the resolution, the distance z of the object from

the camera should be decreased.

In order to enable the operation of the recovery algorithms, the necessary
pre-processing had to be done on the obtained diffraction images of the XUV
radiation. The basic processings were (a) denoising, (b) replacing saturated
pixels with pixels of images with shorter exposure time by modifying the values
appropriately, and (¢) moving the center of symmetry of the diffraction pattern to

the center of the image.

Denoising removed clusters of bright or dark pixels with a diameter much smaller
than the diffraction pattern structures, in practice about two to three pixels. Also,
background images had been captured and subtracted from raw data images. The
images were taken with different exposure times with a minimum of five minutes

and a maximum of thirty. The saturated pixels of the long times which are located
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in the center of the pattern, i.e. the low frequencies, were replaced with the
corresponding unsaturated ones of shorter times, proportionally increasing their
values so that the transition is smooth. This replacement, in addition to recovering

the low frequency information, also increased the dynamic range of the reception.

A typical example of the above process is depicted in Fig.7.6.

(a) Raw image. (b) Denoised. (c) After  background
subtraction, in a logarithmic
scale.

Figure 7.6

Typical diffraction pattern processing.

7.5 XUV CDI in Transmission Mode

The object used for the CDI studies was a hole drilled by our tightly focused laser
beam on a 13 pm thin aluminum foil. It was selected among a series of objects,
imaged by scanning electron microscope, based on (i) the sharpness of its edges and
(ii) its contour details to be less than 1 pm. In Fig. 7.7 a SEM image of the object
is shown. The maximum dimension of the hole was 45um, thus, from Eq. (7.11),
the minimum distance z should be 6.1 cm and 4.3 cm for radiation with 32.2nm

and 47.6 nm, respectively.

From Eq. (7.13) results that the minimum Z for 32.2nm has to be 25.7 mm while
for 47.6 nm has to be 17.5mm.

Considering the above, the object was placed at a distance of 9cm from the
sensor. Thus, according to Eq.(7.14) each pixel corresponds to an object dimension
of 531 nm and 781 nm for radiation 32.2nm and 47.35nm, respectively. In this
position o, takes the values o, [47.35nm| = 7.2 and 0, [32.2nm] = 4.9 which satisfy

the requirement of o, > 2.

The object was illuminated by the XUV beam just before its focus in order
to cover as large area as possible of the object. Since the ROC of the spherical

multilayer mirror is 1000 mm this choice is not expected to affect the XUV phase
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Figure 7.7
SEM image of the object, i.e. a whole drilled by our tightly focused laser beam on a 13
pm thin aluminum foil.

front. Our automated system allowed the acquisition of a series of CDI images by

moving the object in the plane perpendicular to the k-vector of the XUV beam.
In Figs.7.8c and 7.8e the CDI images for the wavelengths of 47.6 nm and 32.2 nm,

respectively, are shown. These CDI images were selected in order to demonstrate
the imaging capabilities of sub-micrometer details. In Fig.7.8b, the ideal calculated
CDI image of the object is shown. Comparing the experimental CDI images for
these two wavelengths it is clearly shown that the smaller the wavelength the finer

the details of interference modulation in the k-space of the CDI image, as expected.

In Figs.7.8d and 7.8f, the reconstructed images in real space are shown, for
the wavelengths of 47.6 nm and 32.2 nm, respectively, as calculated using the
reconstruction algorithm presented in Appendix II. In brief, the reconstruction
process initiates using the SW algorithm with a starting value of o = 7.5, reduced
to 0 = 0.8 during 120,000 iterations, while changing the support S every 20
iterations. The values of # and 3 were empirically set to 0.15 and 0.9 , respectively, in
accordance with the values from the literature [26]. Finally, using the ER algorithm,

200 additional iterations were applied to obtain the final result [156].

From the reconstructed images it is evident that using the shorter wavelength,
the reconstructed image has higher resolution, resolving the details with a higher
number of pixels. Moreover, the reconstructed image size of the object is ~ 1.5
times larger for the wavelength of 32.2 nm as compared to 47.6 nm, reflecting the

inverse ratio of the wavelengths.
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Figure 7.8

(a) The object under ultrafast CDI study. (b) The ideal CDI result corresponding to
the object shown in (a). (¢) CDI result for the object shown in (a) using the central
wavelength of 47 nm. (d) Reconstruction of the object shown in (a) using the CDI result
of (¢). (f) CDI result for the object shown in (a) using the central wavelength of 32 nm. (f)
Reconstruction of the object shown in (a) using the CDI result of (e). The white contour
shown in (d) and (f) corresponds to the shape of the object shown in (a) and were placed
to guide the eye. The image size of (b)-(f) is 512x512 pixels. (from Ref.[88])

7.6 XUV CDI in Reflection Mode

Since XUV wavelengths possess a minimal penetration depth, CDI in reflection
mode becomes imperative for characterizing micro- and nano-structures developed
on surfaces as well as for dense plasma diagnostics, not previously applied. Apart
from offering high spatiotemporal resolution, XUV CDI systems provide a spectrum
of wavelengths suitable for multispectral imaging. CDI in reflection mode introduces
additional complexity as the XUV radiation must be incident onto the sample at

grazing angles to ensure sufficient reflected diffraction energy.

Here, multispectral XUV CDI in reflection mode of the honeycomb structure of a
commercially available MCP is presented, showcasing the ability to resolve features
on the order of a few hundred nanometers. Imaging results for three different
wavelengths, i.e. 807 nm, 46.7 nm, and 32.2 nm, are compared. While the 807 nm
wavelength fails to accurately resolve the honeycomb structure features, the 32.2

nm wavelength exhibits higher resolution compared to the 46.7 nm wavelength.

Initially, simulations were employed to derive the expected diffraction pattern
based on the optical geometry of our XUV CDI in reflection mode setup, illustrated
in Fig.7.3. Thus, an artificial honeycomb structure, similar to that of the MCP
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in use, was utilized and rotated by 76.1° with respect to the honeycomb surface
normal. The rotation of the object resulted in geometrical shortening along the
illumination direction, as depicted in Fig. 7.9a. The simulated diffraction pattern is
presented in Fig. 7.9b. Fig. 7.9c shows the reconstructed object, taking into account
the 76.1° rotation. Additionally, in the same figure, the honeycomb structure is
overlapped with the reconstructed object for comparison. This analysis clearly
indicates that the reconstructed object comprises bright spots located at the center
of the honeycomb MCP channels. Therefore, the reconstruction of the real object
in our experiments using the two XUV wavelengths is expected to follow a similar

pattern.

-0.3 0.0 .
K, lum’] K, [um’]

Figure 7.9

(a) Schematic of a MCP honeycomb object rotated by 76.1° to match the experimental
viewing angle by the illuminating XUV beam. (b) The simulated diffraction pattern of (a).
(c) The geometry-corrected reconstruction overlapped with the original MCP honeycomb
object. (d) Experimentally recorded CDI image from the real MCP honeycomb object for
a wavelength of 807 nm. (e) Same as in (d) but for a wavelength of 47.6 nm.

In Fig. 7.9d the measured diffraction image obtained using the fundamental
laser beam with a wavelength of 807 nm is shown. Only three diffraction spots
are recorded on the 1024 x 1024 pixel CCD camera sensor, contained inside a red
triangle that corresponds to the red triangle of the diffraction pattern of Fig. 7.9b.
This clearly shows that the use of the fundamental laser beam has additional
intrinsic problems, other than the long wavelength that limits the resolution, related
to the size of the diffraction image that way exceeds the limits of a typical CCD
camera sensor. In Fig. 7.9e, a typical XUV diffraction pattern using the 47.6 nm
wavelength is shown. Within the XUV CCD sensor, a high order diffraction pattern

is recorded similar to that of the simulation in Fig. 7.9b. For the current optical
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layout and for the wavelength of 47.6 nm, the 1024 x 1024 pixels can cover a k-vector
range up to approximately +15um™'. In contrast, with a wavelength of 807 nm, the
corresponding k-vector range reaches only about +0.9 um™". The diffracted orders

extend up to approximately 10um™! for the 47.6 nm wavelength.

In Figs.7.10a and 7.10b, the geometry-corrected reconstruction of the real
MCP honeycomb object is displayed for 47.6 nm and 32.2 nm, respectively. The
reconstructions were generated using the RAAR algorithm. A honeycomb pattern
with equivalent area to the object, scaled to the actual MCP channel dimensions,
is overlaid onto the reconstructed images for visualization. It should be noted
that in Figs.7.10a and 7.10b,, each pixel corresponds to 200 nm and 140 nm,
respectively, based on the analysis outlined in Refs. [158, 161]. Similar to the
artificial honeycomb structure, the reconstruction of the real MCP object exhibits
bright spots positioned at the centers of the MCP channels. A comparison of
the reconstructions in Figs.7.10a and 7.10b indicates that the object appears 1.5
times larger for 32.2 nm compared to 47.6 nm, reflecting the inverse ratio of the
wavelengths. Moreover, employing the shorter wavelength of 32.2 nm enables the
resolution of object features with finer detail since a higher pixel count corresponds

to the same bright spot areas.
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Figure 7.10

(a) Geometry-corrected reconstruction of the honeycomb MCP object using the XUV
beam with a wavelength of 47.6 nm. (b) Same as in (a) but for a wavelength of 32.2 nm.
The overlapped honeycomb pattern is a guide to the eye and corresponds to the actual
MCP channel dimensions. Image size of (a) and (b) is 1024 x 1024 pixels.

7.7 Discussion and Conclusions

The current advances in nanotechnology require the development of multispectral

imaging systems, using wavelengths in the XUV and soft x-ray region. Towards
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this, the approach in this work offers a comb of coherent XUV wavelengths which
can be preferentially filtered in an automated way, without altering their optical
spatiotemporal characteristics. Specifically, an automated system for ultrafast
multispectral CDI has been presented, demonstrating its capabilities at two
different XUV wavelengths, namely 32.2 nm and 47.6 nm. Results clearly show that
the imaging capabilities and the structural details that can be resolved depend on

the wavelength in use.

While in this work the shortest wavelength in use was 32.2 nm, future prospects
of coherent multispectral XUV CDI will be its extension in the soft x-ray spectral
region utilizing appropriate phase-matching conditions [98, 99]. Using such small
wavelengths will allow to assess unexplored areas of science, such as imaging of
chemicals at their absorption edges, combined with fs time-resolved measurements.
In accordance to the above goal, our XUV CDI setup can support a larger number
of XUV wavelengths by adding more pairs of multilayer XUV mirrors. These pairs
can be placed in the same platform, automatically set to the different pair positions,
thus selecting the desired wavelength without altering the XUV beam path towards
the object. Moreover, the use of semi-infinite gas cell for the high harmonic
XUV generation, aside from the stability of HHG conditions that it offers, it can
support laser systems with MHz repetition rates, which are commercially available,
providing laser pulse intensities appropriate for HHG. Such high repetition rates are
highly desirable in, for example, 3D tomographic imaging due to the large number

of the images required.

Especially, XUV and soft x-ray CDI devices operating in reflection mode is
critical for nanoscale microscopy in many areas, such as material science, biology,
and medical sciences. Due to the physical principles of XUV and soft x-ray optics,
reflection CDI at grazing incidence is the only efficient way for nanoscale imaging of
such systems. Moreover, it could be useful for cell surface engineering or molecule
development on surfaces, since it offers both high spatiotemporal resolution and
the necessary wavelength selection due to different absorption edges in the XUV.
This could allow for spatial identification of different chemical substances on the

diffractive surface.

Going one step further, multispectral reflection XUV CDI combined with the
ultrafast duration of high harmonic XUV pulses, could be proven a powerful method
to investigate the real time dynamic behavior of chemical systems on surfaces after
photoexcitation. This is due to the absorption spectra of numerous chemicals lie in
the XUV and soft x-ray spectral regions, that cover the entire water window from
carbon K-edge up to oxygen K-edge absorption edges [162-164|. The approach

is highly suitable for dynamic imaging of photoexcited chemicals on surfaces, in
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integration with pump-probe techniques, where the XUV probe beam is used for
the ultrafast multispectral selective nanoimaging, thus opening unexplored areas

of the nanoscience.

Finally, multispectral XUV CDI in reflection mode could also be proven a
powerful tool for spatiotemporal imaging of the evolution of the critical plasma
density front, especially for the case where a high power laser illuminates a solid
surface. Oscillating high critical density plasma surfaces are the mechanism for the
relativistic high harmonic generation [165]. In this framework, ultrafast and high
spatial resolution imaging of the critical plasma density evolution could be a unique

tool for understanding the underlying physical mechanisms.
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Chapter 8
Summary & Conclusions

This thesis explores the dynamics of HHG using ultra-short intense laser pulses
by systematically studying the effects of the experimental parameters, such as gas
species, gas pressure, focusing conditions and chirp of the laser pulse, in the HHG
process. The purpose of the study is to investigate the deeper quantum mechanical
behavior of the generating mechanisms in conditions that depart from the typical
HHG conditions reported in the literature. For this, intense laser pulses were
employed forcing the generation process to take place at the leading edge of the
laser pulse giving rise to highly non-linear phenomena, such as SPM, that largely
affect the HHG process. The final goal of this part of the study is to control the
HHG characteristics through these conditions. Furthermore, this thesis focuses on
exploiting the HHG source in a setup that can select multiple wavelengths and
perform XUV CDI measurements for reconstructing objects in the nanoscale. The

results of the study are presenting below, listed by the corresponding chapters.

In Chapter 4, the optimization of the HHG XUV source by exploring the effects
of parameters such as laser beam diameter, focus position, gas pressure, and laser
pulses chirp is conducted. Specifically, it was found that for a Gaussian (solid)
beam, the optimum laser beam diameter for generating an overall good quality
plateau harmonics was 7mm. In addition, the HHG production was studied as a
function of the laser beam focus position and generating Ar gas pressure, showing
that the optimum conditions were for focusing at the neighbor of the laser-drilled
exit opening of the semi-infinite cell for relatively high gas pressures (50-70 Torr).
Furthermore, an investigation of HHG production utilizing various gas targets and
gas mixtures showed that Ar had higher efficiency for 32.2 nm, while Kr was optimal
for 47.6 nm, i.e. the wavelengths of interest here. Finally, an annular beam was
implemented and the HHG production was optimized for this case. The study

showed that the optimum HHG conditions were achieved for a central block of
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7 mm diameter and energy of 1 mJ. With these conditions, optimal harmonic
production was obtained for Ar at pressures around 80 Torr, while for Kr it was
slightly higher at 90 Torr.

In Chapter 5 the investigation of the control of the electron trajectories (quantum
paths) through the variation of the chirp of the ultrafast, high-intensity laser pulses
is presented. It was shown that for low positive chirp values and relatively high Ar
gas pressure, the suppression of the long trajectory, is evident in the HHG image
spectra. This was justified by model calculations as well, and it was attributed to
the intense laser pulses causing HHG dynamics to happen at a temporal window
in the leading edge of the laser pulse. Thus, effects such as the enhanced ionization
and self-phase modulation largely affect the phase matching conditions for the two
quantum paths of the HHG.

In Chapter 6, a more detailed study of the spectral and divergence characteristics
of plateau high-order harmonics is conducted. The systematic variations of the Ar
gas pressure in combination with the chirp of the laser pulses were employed in the
investigation. Specifically, the main features observed in the image spectra were:
(a) Line broadening at low negative chirp values (< —50 fs) and quasi-continuum
spectra at high pressure (90 Torr). (b) Harmonics divergence and quantum path
separation as the laser chirp is varied from positive to negative values. (c¢) Spectral
shift for the plateau harmonics as the chirp of the laser pulse varies. (d) Wavelength
tunability based on the blue shift of a harmonic as the chirp varies from positive
to negative values, as well as the broadening of the HHG lines and the appearance

of XUV spectral bands between the harmonics.

In Chapter 7 the proof-of-principle of a novel approach for extending the
technique of coherent XUV CDI to coherent multispectral XUV CDI is presented.
The experimental implementation includes both transmission and reflection CDI
modes. In transmission mode a laser-drilled hole in a thin aluminum foil with
submicrometric details was reconstructed. In the reflection mode, the honeycomb
structure of an MCP was also reconstructed in its fine details. Two different XUV
wavelengths, namely 32.2 nm and 47.6 nm, were used, demonstrating that the
imaging capabilities and the structural details that can be resolved depend on the
wavelength in use. Our multispectral XUV CDI approach has potential applications
in nanoscale microscopy in many areas, such as material science, biology, medical
sciences as well as in real time dynamic behavior of chemical systems on surfaces

and in spatiotemporal imaging of the evolution of the critical plasma density front.

110



Future Perspectives

Our XUV CDI method and experimental setup would largely be benefited from

the following advancements:

e Transfer of the setup to the 1 kHz repetition fs laser installation, currently

operating in IPPL.

e Include another pair of multilayer mirrors in the platform to reach the soft

X-ray region.

e Include a second laser beam in Mach-Zehnder optical layout, where the HHG
beam will be the one arm and the IR beam will be the other arm, to initiate

XUV CDI dynamic imaging through the pump-probe technique.
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Appendix A

45 TW Laser System Oscillator’s

Specifications

Table A.1
SYNERGYT™ PRO oscillator specifications

Description value

Pulse duration < 10 fs

Spectral width (FWHM) @ 800 nm > 100 nm

Mode-locked output power (average) 150 - 500 mW

Output energy @ 75 MHz 2-6.5nd

Peak power @ 75 MHz 200 - 650 kW
Beam divergence < 2 mrad

Spatial mode TEMO00 (M? < 1.3)
Polarization > 100:1 (horiz.)
Noise < 0.05% rms
Power stability + 1%
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Appendix B

Microchannel Plates

As illustrated in Figure B.1, the fundamental structure of an MCP comprises
a series of closely spaced channels, akin to microscopic tubes, aligned in a
two-dimensional array. Each channel’s inner walls are coated with the
electron-emissive material, forming the active surface responsible for signal amplification.
When an incident photon or particle enters one of the channels, it strikes the
channel wall with sufficient energy to dislodge secondary electrons from the
material. These liberated electrons undergo a cascading process due to the strong
electric fields maintained within the channels. Consequently, a single incident
particle can trigger the release of a multitude of electrons, resulting in an
exponential amplification of the original signal. The cascading process is contingent
upon maintaining a high electric field along the channel walls. This is accomplished

by applying a voltage potential across the MCP.
The two-stage MCP F1552-11 of company HAMAMATSU PHOTONICS was

used, which is a sensor consisting of a glass plates 0.48 mm thick in which there are

holes with a diameter of 12ym every 15um [166].

129



CHANNEL
DIAMETER: d

0 @@@3@ LENGTH: L

CHANNEL OUTPUT SIDE

WALL ELECTRODE
INCIDENT /
SIGNAL N i OUTPUT
ELECTRONS
INPUT SIDE STRIP
ELECTRODE CURRENT
F-al

Vb

Figure B.1
Schematic structure of MCP. Reprinted from [166]
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Figure B.2

Voltage-Dependent Signal Characteristics in Multichannel Plates: A graphical
representation showcasing the correlation between signal intensity and applied voltage
across the multichannel plates utilized in the experimental setup.
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Appendix C

Data Acquisition for HHG Spectra
with MCP

The data acquisition for the HHG spectra with MCP was done in the environment
of the commercial software LabVIEW of the company National Instruments, in a
fully automated way. Part of the program developed by our colleague Dr. Ioannis

Orphanos, is shown below.

Hl Moving_v12&TEK_mm.lvproj - Project Explorer

File Edit View Project Operate Tools Window Help

IR BRI I
Fies

e

S Wprg
Moving vI2&TEK mm
Jdtronix_used
i) Default Instrument Setup_yann.vi

Figure C.1
Virtual tools (VI) of the LabVIEW software used to automate the HHG measurement.
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Appendix D

XUV CCD cameras

Two Raptor Photonics XUV CCD cameras were used for the experiments. The
model was Eagle V 4240 with the one had a square chip with dimensions 1024 x 1024
pixels which was used for diffraction imaging, while the other had a rectangle chip
with dimensions 2048 x 512 pixels which was used for XUV image spectra. The
pixel size was 13.5 x 13.5 ym for both chips. The camera has an open front-end -
flange CF152 ((6//)) for direct interface with vacuum chambers, and simultaneously
uses a TEC-type thermoelectric heatsink for a constant temperature at 20 °C while
also having a liquid cooling system to minimize dark current. Its optimal operation
is in a vacuum state, specifically in conditions below 5 x 1075 mbar (< 3.75 x
107° Torr) |167]. The specifications of the XUV CCD camera are given in Table

D.1, while its quantum efficiency is given in Fig.D.1.
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Table D.1

XUV CCD camera specifications (model Eagle V 4240, Raptor Photonics).

Sensor

E2V 4240
Back Illuminated, AIMO?

E2V 4210
Back Illuminated, AIMO?

Active Pixel Array Size

2048 x 2048 pixels 2048 x 512 pixels

Pixel Size

13.5um x 13.5um

Active Area

27.65mm X
(28.45mm diagonal)

27.65mm X 27.65mm
(39.10mm diagonal)

6.9mm

Binning Programmable, up to 64x64 pixels
Full Well Capacity 100,000 e/p
Non-Linearity < 1%

Readout Noise

@ 75kHz pixel readout rate, 2.3 e/p
@ 2MHz pixel readout rate, 9.0 e- rms

Binned Read Noise

@75kHz pixel readout rate, 16 x16 binning < 5.0 e- rms

Peak Quantum Effi (QE)

=~ 90%

Spectral Response

1.2eV to 20KeV

Dark Current @
(typical)

-75°C

0.0004 e-/pixel /second

Cooling Active

AT > 100°C, -75°C air cooled / -80°C water cooler

Cooling Method

Air / Liquid

Flange

CF152 (6”) 2

Synchronization

Trigger IN and OUT — TTL compatible

Digital Output

16-bit

Data Interface

Cameralink (base)

Power Supply

12V DC £10%

Total Power Consumption

TEC OFF < 9W TEC ON < 100W

Operating Temperature -20°C to +55°C

Range

Storage Temperature -40°C to +70°C

Range

Dimensions 14Tmm x 133mm x 110mm

Weight (excluding lens)

5.0kg [111b]

155
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Figure D.1

Eagle V 4240 Scientific CCD Camera quantum efficiency. (Reprinted from [167])
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Appendix E

Code Calculations for Chapter 5
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ClearAll["Global™ %x"]
ClearAll[" *"];

Clear["Global™ x"]

(*Remove ["Global™ %x"] %)

(*Quit[]*)

SetDirectory [NotebookDirectory[]];

(*<<RootSearch.m
Needs [ "CUDALink™ "] ;%)

Needs [ "NumericalCalculus™ "]

Quit[]

(*Experimantal parameters and constantsx)
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IOFL = Quantity[23 - 1'%, "Watts" / (“Centimeter‘s")z];
fs = Quantity[107'°, "Seconds"];
tauFL = 26 ;

€0 = Quantity["ElectricConstant"];

ElectronCharge = Quantity["ElementaryCharge"];
ElectronRadius = Quantity[2.82 x 16~ -15, "Meters"];
me = Quantity["ElectronMass"];

L[x_] := Quantity[x /1000, "Meters"];

P[x_] := Quantity[x, "Torr"];

lamda[x_] := Quantity[x 107, "Meters"| (xnm«)

LaserWavlength = 807;
2 Quantity["SpeedOfLight"] .

omegal =
lamda[LaserWavlength]

21 Quantity["SpeedOfLight"]

omegaq[order_] := H
lamda[LaserWavlength / order]

h = Quantity["ReducedPlanckConstant"];

PO [PulseEnergyInm]d_, FWHMinfs_] :=

4Log[2] Quantity [PulseEnergyInm] /1000, "Joules"
*

N L,

I Quantity[FWHMinfs 16-'5, "Seconds"|

LaserIntensity[rinmm_, t_, PulseEnergyInmJ_, FWHMinfs_, winpm_] :=
2Po[PulseEnergyInml, FWHMinfs] —.o(_tm )* ) 000 (
e

winpum/1000

2
UnitConvert | v > "W/cm~2"] ;5

nQuantity [winum, "Micrometers"]?

(*ADK modelx)
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FOAr = 1.24665;
nStarAr = 0.92915;
CnlAr = 4.11564;
GlmAr = 3;

IpAr = 15.759 /27.21;
FONe = 1.99547;
nStarNe = 9.7943;
CnlNe = 4.24355;
GlmNe = 3;

IpNe = 21.564 /27.21;

intensity

F[intensity_] := 8
3.55 « 101°

Exp|[

. . 2 FOAr ATEER G & - 2 FOAr
WADKAr [intensity_] := CnlAr GlmAr IpAr ( )

F[intensity] 3:F[intensity] ’

Exp[ — ]

) . 2 FoNe ANEERT & - 2 FONe
wADKNe [intensity_] := CnlNe GlmNe IpNe ( )
3:F[intensity]

F[intensity]

(*FWHM=40000/24.2; (+in atomic units timex)x)
PLAr[intensity_, tau_] :=

1- Exp[_1.14 M 32nStarar- 1 [

24.2

3 F[intensity]

2.41
) WADKAr [intensity] | ;
2 FOAr

PLNe[intensity , tau_] :=

1- EXp[—1.14 tau 1000 32 nStarNe- 1 [
24.2

3 F[intensity]

2.41
) wADKNe [intensity] | ;
2 FoNe

(xFa field amplitudex)

tauFL fs . .
IOo[tau_] := IOFL ——— ; (xLaser peak intensityx)
Abs [tau] fs

. 4log[2] , . . . .
Idrive[t_, tau_] := I@[tau] Exp[- ——t |5 (#Driving field intensitysx)
tau

4 Log[2] tau 2
(taufs)? \ tauFL?

b[ tau_] := Piecewise[{{N[- -1], tau<e},

4Log[2] tau ?
(taufs)? \ tauFL?

-1], tau>@}}]; (+Chirps)

omega[t_, tau_] := omegal+ b[tau] tfs; (xt, tau in fs, omega chirped pulsex)
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n[q_] = Piecewise[{{6, q == 13}, {6, q == 15}, {6, q == 17},
{6, q ==19}, {7, q =21}, {10, q = 23}, {10, q = 25}, {13, q = 27}}];

Cs
Cl

1;
1;

Phios = 0;
Phiol = 0;

plasmaLuminesanceData =
{{150, 1.51652 - 10°}, {100, 1.55677 - 10°}, {90, 1.5624 - 16®}, {80, 1.58293 - 10°},
{65, 1.60398 - 16®}, {55, 1.62324 - 1@%}, {45, 1.71434 - 10°}, {40, 1.75582 - 10°},
{33, 1.90378 - 16®}, {28, 2.6165 - 10°}, {26, 4.60131 - 10°}, {-28, 6.78022 - 10°},
{-30, 6.85161 - 10%}, {-43, 8.35979 - 10°}, {-50, 8.4103 -10°}, {-85, 5.71103 - 16%},
{-100, 2.85818 - 10°}, {-140, 2.2162 - 16%}, {-150, 2.01814 - 16%}};

(xPlasma luminesance (data from plasma images)*)

interpolatedPlasmalLuminesance =
Interpolation[plasmaLuminesanceData, Method - "Spline" , InterpolationOrder - 1];

ListLinePlot [Labeled[#, #] & /@ plasmaLuminesanceData]

90

100 150

Lo PR S S R
-150 -100 -50 50 100 150

plasmalLuminesance[tau_] = interpolatedPlasmalLuminesance[tau];

plasmaAbsorption = NonlinearModelFit [
{{1.62324 - 1%, 1}, { 4.60131 - 10°, 8/12}, {8.35979 < 10%, 0.4}}, a+c Vx , {a, c}, x];

plasmaAbsorption["ParameterTable"]

Estimate Standard Error t-Statistic P-Value

a | 1.46996 0.016017 91.775 0.00693647
c | -0.000037132 7.26436x107 -51.1153 0.012453
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FindFormula[{{1, 57.95}, {2048, 35.14}}, x]

57.9611 - 0.0111431 x

plasmaAbsorption[interpolatedPlasmaLuminesance[-43] ]

0.245983

ionizPropAr[t_, tau_] = Piecewise[{{@., -3 Abs[ tau] > t},

{Quiet [1 _ e—NIntegrate [WADKAr [QuantityMagnitude [Idrive[x,tau]] ], {x,-3 Abs[tau],t},AccuracyGoal-50] ] ,

t> -3Abs[taul}}];

Plot[ionizPropAr[t, -43], {t, -100, 100}, PlotPoints - 20,

PlotRange - All, Frame - True, FrameLabel - {"fs", "Ionization Propability"}]

1.0+ 1

0.6 8

04+ 1

lonization Propability

0.0 1
] L L L L L L L L L L L L L L L L L d
-100 -50 0 50 100

ClearAll[Envelope];

Envelope[t_, tau_] :=
N[Re[ (1-ionizPropAr[t, tau]) Quantity[QuantityMagnitude [UnitConvert|

2 Idrive[t, tau]
€0 Quantity["SpeedOfLight"]

, "Volts" / "Meters"] ]8 , "Volts" /"Meters" | ]];
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ClearAll[InterpolatedEnvelope];

InterpolatedEnvelope =
Interpolation[Flatten[ParallelTable[{{t, tau}, QuantityMagnitude [Envelope[t, tau]]},

{t, Flatten[{Table[k, {k, -375, -70, 10}], Table[k, {k, -60, 60, 1}],
Table[k, {k, 70, 375, 10}]1}1}, {tau, {26, -30@, -43, -85, 33, 40, -40}}],

1], Method - "Spline" , InterpolationOrder - 2];

Plot[Table[InterpolatedEnvelope[t, tau], {tau, {26, -30, -43, -85, 33, 40}}],
{t, -70, 20}, PlotRange - All,
AxesLabel » {HoldForm[fs], RawBoxes [RowBox [ {"Effective", " ", "Laser", " ", "Intensity",
" ", RowBox[{" (", RowBox[{"a", ".", "u", "."}1, ")"}1}11}, PlotLabel - None]

Effective Laser Intensity (a.u.)
6x10% -
4x10% |

2x 1086

-60 —40 -20 20

(xSelf-face modulation calculations x)

nOAr = 1.00027977,;
60
n2Ar = Quantity[3 107*° « —, ("Centimeters") 2 "Watts"]; (*% 107%%4)
760
2n
ko =

B Quantity[LaserWavlength, "Nanometers"] ’
z[tau_] = Quantity[1, "Millimeters"]

Piecewise[{{3.6, tau == 26}, {4.1, tau == -28}, {4, tau == -30}, {4.1, tau == -43},

{4, tau == -40}, {4.2, tau == -50}, {3.7, tau == -85}, {2.9, tau == -100},
{2.6, tau == -140}, {2.6, tau == -150}, {2.8, tau == 28}, {2.5, tau == 33},
{2.3, tau == 40}, {2.1, tau == 45}, {2.3, tau == 55}, {0, tau == 65},

{0, tau == 80}, {9, tau == 90}, {0, tau == 100}, {0, tau == 150} }];
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noAr .
n2Ar ko I0[tau] ’

LNL[tau_] :=

Rayleigh = 5;

spmGas[t_, tau_] :=

—N[((omegal (»z[tau] %) (Quantity[Rayleigh, "Millimeters"] - z[t—au]JJ/Quantity[
2

ND[Idrive[x, tau], x, t]
fs

“SpeedOfLight“]) n2Ar |5 (+Neutral gas induced SPM«)

no = 1;
Pc = Quantity[1.7 - 1%, "Centimeters"~*];

Po = Quantity[N[ @.25 210" 60 /760], "Centimeters"~];

(»for ionization propability = 1 times 1,33 for mbarx)

ionizPropabilityInterpolated =
Interpolation[Flatten[ParallelTable[{{t, tau}, ionizPropAr[t, tau]},

{t, -200, 200, 2}, {tau, {26, -30, -43, -85, 33, 40, -40}}], 1],
Method - "Spline" , InterpolationOrder - 3];

spmPlasma[t_, tau_] :=
omegal H%l

N *
Quantity["SpeedOfLight"] 2<1Pc fs

(*Plasma induced SPMx)

PlasmaFactorFromLuminesance[tau_] :=

—— Piecewise [ { {15, tau == -85}, {25, tau == -43}, {22, tau == -40},
(*25%) 100

{19, tau == -30}, {11, tau = 26}, {3, tau == 33}, {2.7, tau ==40}1}]|;

(»from plasma imagesx)

spm[t_, tau_] := PlasmaFactorFromLuminesance[tau] < spmPlasma[t, tau] + spmGas[t, tau];

1 ND[ionizPropabilityInterpolated[x, tau], x, t] -

| 7
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Clear[InterpolatedSPMmagnitude];

InterpolatedSPMmagnitude =
Interpolation[Flatten[ParallelTable[{{t, tau}, QuantityMagnitude[spm[t, tau]]},

{t, -200, 200, 2}, {tau, {26, -30, -43, -85, 33, 40, -40}}], 1],
Method - "Spline" , InterpolationOrder - 2];
Show[Plot[{InterpolatedSPMmagnitude[t, 26], InterpolatedSPMmagnitude[t, -30],
InterpolatedSPMmagnitude[t, -43], InterpolatedSPMmagnitude[t, -85],
InterpolatedSPMmagnitude[t, 33], InterpolatedSPMmagnitude[t, 40]
(*,-spmGas[t,26]*)}, {t, -150, 150}, PlotRange - All,

PlotLegends - {"26", "-3@", "-43", "-85", "33", "40" (%,"spmGas [t,26]"*) },

PlotStyle » {Thick}, PlotLabel » {"Po ", Po/ (2 10" .60 /760), "Rayleigh ", Rayleigh}]]

{Po ., 0.25/cm?, Rayleigh , 5}

-30

— -85
— 33
— 40

L
-150

al[q_] =
Piecewise[{{1, q == 7}, {1, q == 9}, {1, q == 11}, {1, q == 13}, {1, q == 15}, {1, q == 17},

{1, q == 19}, {1, q =21}, {1, q = 23}}] ~Quantity[10~'*, "Centimeters"? /"Watts"];

as[q_] = Piecewise[{{1, q =7}, {1, q ==9}, {1, q==11}, {1, q == 13}, {1, q == 15},

{1, q==17}, {1, q == 19}, {1, q = 21}, {1, q = 23} (*,{2,q==25}, {2,9==27}+) }]
Quantity[107'*, "Centimeters"? /"Watts"];

PhioLong[q_] = Piecewise[{{2*2, q == 13}, {2%2, q == 15}, {2%2, q == 17},

{2%2.4,q==19}, {2%4, q=21}, {2%4, q =23}, {2%4, q==25}, {2+4, q=27}}];
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omegalLaser[t_, tau_] := QuantityMagnitude[

UnitConvert[((omegal + Quantity [InterpolatedSPMmagnitude[t, tau], 1 /"Seconds"])

tfs+ b[tau] (t -Fs)z)/ (tfs), "Hertz"]];

(»Short trajectory E-fieldx)

Clear[Es];

Es[t_, tau_, q_, alphaPreFactor_, phiSort_] =
N[Cs InterpolatedEnvelope[t, tau] Re[ Exp[i | q (omegal + Quantity|

gqb[ tau]

InterpolatedSPMmagnitude[t, tau], 1/"Seconds"]) tfs + (t -Fs)2 +

alphaPreFactor as[q] - Idrive[t, tau] +phiSort(x+ Phi@s«)|]]];

(*Long trajectory E-fieldx)

Clear[El];

El[t_, tau_, q_, alphaPreFactor_, cLong_, alphaPreFactorLong_, philong ] =
N[cLong InterpolatedEnvelope[t, tau]

Re[ Exp[i | q (omegal +Quantity[InterpolatedSPMmagnitude[t, tau], 1/"Seconds"])

b[ tau
t fs + abltau] (t fs)2 + (*T0 0.5 yla va £xouv
2
Ta alpha ouykpiolpeg T1PEG ME TA MPOLYOUHEVA runx)

alphaPreFactorLong al[q] ~ Idrive[t, tau] + phiLong(*-f +3-§*) 1115

(*Grating correctionx)

nmSpectrumTommChip = {{34.6, ©.016}, {35, 0.561}, {36, 1.914}, {37, 3.25}, {38, 4.57},
{39, 5.878}, {40, 7.17}, {41, 8.448}, {42, 9.712}, {43, 10.964}, {44, 12.203},
{45, 13.431}, {46, 14.646}, {47, 15.85}, {48, 17.042}, {49, 18.225}, {50, 19.396},
{51, 20.558}, {52, 21.709}, {53, 22.851}, {54, 23.984}, {55, 25.107},
{56, 26.222}, {57, 27.328}, {57.3, 27.658}}; (*ATtav autd oto apxlko filex)

interpolatednmSpectrumTommChip =
Interpolation[nmSpectrumTommChip, Method - "Spline" , InterpolationOrder - 1];

AbsoluteTiming|

Block|
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from,

to,

segments ,
calculationArea,
calculationArealength,
xAxis

}s

{

Table|[{
from := -1.5 Abs[tau];,

to :=1.5Abs[tau];,

213
segments := Round[ — (to - from), 2];,
100

calculationArea := to - from;,
calculationArealLength := Length[

Abs [Fourier[ParallelTable[Total[Table[Es[t, 26, 15, @, @], {q, {(*7,%)9, 11, 13,

15, 17, 19, 21, 23, 25}}11, {t, from, to, calculationArea /segments}]]]];,
xAxis := Table[interpolatednmSpectrumTommChip[299.79/-Fr'equenscy] » {frequenscy, o,

(segments / calculationArea) - (segments /calculationArea) /calculationAreaLength,
(segments / calculationArea) /calculationArealength}];,

all =
ListLinePlot [Transpose|{xAxis, Abs|[Fourier[ParallelTable|Total[Table[El[t, tau, q,

alphaPreFactor, cLong, alphaPreFactorLong, phiLong] + Es[t, tau,
q, alphaPreFactor, phiSort], {q, {(*7,%)9, 11, 13, 15, 17, 19,

21, 23, 25}}11, {t, from, to, calculationArea /segments}]] ]2}] ,
PlotRange - {{interpolatednmSpectrumTommChip[34.7],

interpolatednmSpectrumTommChip[57.03]}, {©, All}},

PlotLabel - {"E1+Es[t", tau, " as= ", alphaPreFactor, " al= ", alphaPreFactorLong,
"1 ", N[IOFL] , plasmaAbsorption[interpolatedPlasmaLuminesance[tau]] « N[IOFL] ,
"Cl=", cLong, " phiLong ", phiLong, "phiSort ", phiSort,

"Po ", Po/ (210" .60 /760), "Rayleigh ", Rayleigh},

AxesLabel -» {"mm on chip"”, "a.u."}, ImageSize -» {800, 500},

Epilog » { (*add vertical linesx)

InfiniteLine[{interpolatednmSpectrumTommChip[LaserWavlength /11], @}, {0, 1}],
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InfiniteLine[{interpolatednmSpectrumTommChip[LaserWavlength /13], e}, {e,
InfiniteLine[{interpolatednmSpectrumTommChip[LaserNavlength/lS] , 8}, {o,
InfiniteLine[{interpolatednmSpectrumTommChip[LaserWavlength/17] , 0}, {0,
InfiniteLine[{interpolatednmSpectrumTommChip[LaserWavlength /19], e}, {e,
InfiniteLine[{interpolatednmSpectrumTommChip[LaserWavlength /21], e}, {e,
InfiniteLine[{interpolatednmSpectrumTommChip[LaserWavlength /23], e}, {e,
InfiniteLine[{interpolatednmSpectrumTommChip[LaserWavlength /25], e}, {e,
InfiniteLine|

{interpolatednmSpectrumTommChip[LaserWavlength /27], @}, {@, 1}]}];,
sort = ListLinePlot [Transpose[{xAxis, Abs[Fourier|[ParallelTable [Total[

1}],
1}],
1}],
1}],
1}],
1}],

1}],

Table[Es[t, tau, q, alphaPreFactor, phiSort], {q, {(*7,*)9, 11, 13, 15,
17, 19, 21, 23, 25}}11, {t, from, to, calculationArea/segments}]]]2}],

PlotRange - {{interpolatednmSpectrumTommChip[34.7],
interpolatednmSpectrumTommChip[57.03]}, {©, All}},

PlotLabel » {"Total q Es[t", tau, alphaPreFactor, "] ", N[IOFL] ,

plasmaAbsorption[interpolatedPlasmaLuminesance[tau]] < N[IOFL] , "Cl=", cLong},

AxesLabel -» {"mm on chip", "a.u."}, ImageSize -» {800, 500},

PlotStyle - Red, Epilog - { (vadd vertical linesx)
InfiniteLine[{interpolatednmSpectr‘umTommChip[LaserWavlength/ll] , 0}, {0,
InfiniteLine[{interpolatednmSpectrumTommChip[LaserWavlength /13], e}, {e,
InfiniteLine[{interpolatednmSpectrumTommChip[LaserWavlength /15], e}, {e,
InfiniteLine[{interpolatednmSpectrumTommChip[LaserWavlength /17], e}, {e,
InfiniteLine[{interpolatednmSpectrumTommChip[LaserWavlength /19], e}, {e,
InfiniteLine[{interpolatednmSpectrumTommChip[LaserWavlength /21], e}, {e,
InfiniteLine[{interpolatednmSpectrumTommChip[LaserWavlength /23], e}, {e,
InfiniteLine[{interpolatednmSpectrumTommChip [LaserWavlength /25], @}, {e,

InfiniteLine[{interpolatednmSpectrumTommChip[LaserWavlength /27], o},

1}],
1}],
1}],
1}],
1}],
1}],
1}],

1}],

| 11



12 | Electron Quantum Path Control.nb

{0, 1}]}];, long = ListLinePlot[Transpose|

{xAxis, Abs|[Fourier[ParallelTable|Total[Table[El[t, tau, q, alphaPreFactor,
cLong, alphaPreFactorLong, phiLong], {q, { (*7,%)9, 11, 13, 15, 17,
19, 21, 23, 25}}1], {t, from, to, calculationAr‘ea/segments}]]]2}],
PlotRange » {{interpolatednmSpectrumTommChip[34.7],

interpolatednmSpectrumTommChip[57.03]}, {©, All}},
PlotLabel - {"Total q E1[t", tau, alphaPreFactor, " ", alphaPreFactorLong,

"1 ", N[IOFL] , plasmaAbsorption[interpolatedPlasmaLuminesance[tau]] «N[IOFL] ,

"Cl=", cLong, phiLong ", phiLong (%," ALL alpha factor ",
alphaPreFactor alphaPreFactorLong al[lQ]Idrive[—tau/Z,tau] + Phiel,"al",

al[19] /Quantity[10-'%, "Centimeters"” /"Watts"],"al[19]Idrive[-tau/2,tau]",

N[al[19]Idrive[—tau/2,tau]] »*) }, AxesLabel » {"mm on chip”, "a.u."},
ImageSize » {800, 500}, PlotStyle - Green, Epilog - {(*add vertical linesx)
InfiniteLine[{interpolatednmSpectrumTommChip[LaserWavlength /11], @}, {@, 1}],
InfiniteLine[{interpolatednmSpectrumTommChip[LaserWavlength /13], @}, {0, 1}],
InfiniteLine[{interpolatednmSpectrumTommChip[LaserWavlength /15], @}, {0, 1}],
InfiniteLine[{interpolatednmSpectrumTommChip[LaserWavlength /17], @}, {0, 1}],
InfiniteLine[{interpolatednmSpectrumTommChip [LaserWavlength /19], @}, {e, 1}],
In-FiniteLine[{interpolatednmSpectrumTommChip[LaserWavlength/Zl] , 0}, {0, 1}] ,
InfiniteLine[{interpolatednmSpectrumTommChip[LaserWavlength/23] » 0}, {0, 1}],
InfiniteLine[{interpolatednmSpectrumTommChip[LaserWavlength /25], @}, {0, 1}],
InfiniteLine[{interpolatednmSpectrumTommChip[LaserWavlength /27], @},
{0, 1}]}];, Show[all, sort, long], Now}
, {tau, {-40, 40 (%26,-28,-30,-43,-50,-85,-100,-140,-150, 28, 33,40,45,55,65,80,
90,100,150%+) }}, {alphaPreFactor, {0.5}}, {cLong, {0.6}}, {alphaPreFactorLong, {13}},

{phiLong, {0}}, {phiSort, {0}}] (*,calculationArea,calculationAreaLength,
N[calculationAreaLength/calculationArea] ), EmitSound[Sound[SoundNote[]]]}
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al=, 184, 2.3x 10"° W/cm?, 1.33994 x 10" W/ecm?, Cl=, 0.6, phiLong , 0, phiSort , 0, Pc
3x 107 d

5x 10173 -

1x 101 |

3x 1017 |-
2x 10173 L

1x 10173

0 L mm on

al=, 184, 2.3x 10"° W/em?, 9.11598 x 10" W/cm?, ClI=, 0.6, phiLong , 0, phiSort , 0, P

1x10'74
3x10'7
3x10'7
1x10"?

2x10'73

M mm on

20 25

=, 1324 2.3x 10" Wicm?, 1.14541x 10" W/ecm?, Cl=, 0.6, phiLong , 0, phiSort , 0, F

3% 10174
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, 13, 192.3x 10" W/em?, 1.54893 x 10'® W/cm?, Cl=, 0.6, phiLong , 0, phiSort , 0, F

3% 10174
ix 1017

x 10174

}x 10174

al=, 13,

5x 10174

4x10'74

3x10'74

2x10'74

1x10'74

2.3x10"%|v/cm?, 2.20252 x 10" Wiem?,

||

|

AN A

10 15

Cl=, 0.6, phiLong |0, phiSort, 0, Po, 0.25

|

, 13, F:¥2.3x 10" W/em?, 2.24924 x 10'® W/cm?, Cl=, 0.6, phiLong , 0, phiSort , 0, |

Ix 10174

yx 10174

1x 10174

x 10174

. mm or

20

25



Appendix F

XUV CDI Control Interface

12 XMMAS MULTI AXIS CONTROL - X
READ CONFIG
K oo
SAVE CONFIG o P
EXIT
e
17 XUV
1 vize .
Z-FOLD STAGE CONTROL LS2 TARGET POSITION

@ MIRROR SET A CONNECT

——
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Figure F.1

(a) The software interface for controlling all the optomechanical components installed
inside the vacuum stages C and D of the setup. (b) Schematic of the multi-axis control
electronic block diagram.
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Appendix G

XUV CDI Reconstruction Code

Matlab code for reconstruction. It is a modified version of [168] extended to include
the RAAR algorithm.

HER, HIO and RAAR algorithms, with

hsupport shrinkwrap

% "X-ray image reconstruction from a diffraction
“pattern alone"

% Phys. Rev. B 68(14), pages 140101 (2003)

% The error function: J. Miao "Phase retrieval
% from the magnitude of the Fourier transforms
%of nonperiodic objects", J. Opt. Soc. Am.

% A 15(6), 1662 - 1669 (1998)

%D. R. Luke, Relaxed averaged alternating
hreffections for diffraction imaging, Inverse
%Problems, vol. 21, no. 1, pp. 37 50, 2005.

% This code is a modified and extented version
%of: Tatiana Latychevskaia, "Iterative phase
hretrieval in coherent diffractive imaging:
hpractical issues", Applied Optics 57(25),
T7187 - 7197 (2018)

close all

clear all

% Pixel values has to be between 0,00001
%and 1000000

% parameters

algorithm = 1; % 0 for ER,
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%1 for RAAR, everthing else for HIO
beta = 0.8;

Iterations = 2000; %

Reconstructions = 1;

p = 0.01;

Nm = 20; % Every Nm changes sigma
a = 1; % gausse

sigma_start = 8.00;

sigma_end =2.50;

if (Iterations <= Nm)

delta_sigma = O0;

else

delta_sigma = (sigma_start - sigma_end)/...
(Iterations/Nm - 1);

end

treshold = 0.09; % support treshold

% reading diffraction pattern

[file, fpath] = uigetfile('#*.tif');

image = imread(file);
imageO=rescale (image ,0,100) ;

tic

diffractionPattern = double(rot90(rot90...
(rot90 (image0(:,:,1)))));

N = size(diffractionPattern,1) ;
amplitude_experimental =

sqrt (diffractionPattern) ;

% creating initial object support
support = double(zeros(N,N));

supportO= abs (fftshift(fft2(amplitude_...
experimental))) ;

supportO=rescale (support0) ;

support (support0> treshold)=1;
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% recomnstruction

for rr = 1:Reconstructions

h creating initial complex-valued field

hdistribution at detector plane

phase = (2*%rand(N,N) - 1)=*pi;

field_detector_0 = amplitude_experimental...
.* exp(li*phase);

% getting initial object distribution

object_0 = fftshift(ifft2(ifftshift(field_...

detector_0)));

realObject_0 = real(object_0);

% iterative loop

tic

% iterative loop

qq = 0;

field_detector_updated = complex(zeros(N, N));
error = 0;

gkl = zeros(N, N);

for ii = 1:Iterations
hparfor (ii = 1:Iterations)
fprintf ('Reconstruction: %d\n', rr)

fprintf('Iteration: %d\n', ii)

field_detector_updated = fftshift(fft2(...
ifftshift (realObject_0)));

% replacing updated amplitude for measured
% amplitude
field_detector_updated = amplitude_experimental...

.* exp(li*angle(field_detector_updated));

% getting updated object distribution

updatedObjectDistribution = real(fftshift (...
ifft2(ifftshift(field_detector_updated))));
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Y%error Miao

positives =support > O0;
negatives=support <= 0;

error = sqrt(( sum(sum(negatives.x...
updatedObjectDistribution.~2) ,2) )/ ...
( sum(sum(positives .*updatedObject...
Distribution."~2),2)));

% updating support
q = ii - Nm*floor (ii/Nm) ;

if (q == 0)
sigma = sigma_start - qq*delta_sigma;
Gau = zeros (N, N);

[Gx, Gyl=ndgrid (((1:N)-N/2 -1) .72,
((1:N)-N/2 -1).72);

rG= Gx+Gy;

Gau = a.*exp(-(rG)/(2.*sigma."~2));

supportl = abs(fftshift(ifft2(ifftshift...

(fftshift (fft2(ifftshift(Gau))) .x*

fftshift (fft2(ifftshift (reallObject_0)))))));

supportl=rescale (supportl);

support= zeros (N, N);

support (supportli>treshold)=1;

qq = qq + 1;

end

% constraints in the object plane

logicalupdatedObjectDistribution=

updatedObjectDistribution > O0;

logicalsupport= support > 0;

logicalBetter=1logicalupdatedObjectDistribution...
.*¥ logicalsupport;

LogicalWorse=zeros (N, N);

Il
-
~—
Il
[
M

LogicalWorse(logicalBetter”™
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switch algorithm

case O

gkl= (logicalBetter .*updatedObjectDistribution)...
ht(LogicalWorse .*0) ;%ER

case 1

gkl= (logicalBetter .*updatedObjectDistribution)...
+(LogicalWorse.*(beta*realObject_0 - (1-2%xbeta)...
xupdatedObjectDistribution)) ;iRAAR

otherwise

gkl= (logicalBetter .*updatedObjectDistribution)...
+(LogicalWorse.*(realObject_0 - betax*...
updatedObjectDistribution)) ;%HIO

end

realObject_0 = gki;

end Y iterations

toc
[pathstr ,name ,ext] = fileparts(file);
imshow (flipud (rot90(imresize (realObject_0,0.5))).
, [1);
title(strcat('reconstruction from ', name,...
' beta ',num2str(beta), ' iter ',...
num2str (Iterations), ' Nm ',num2str(Nm),...
' sigma start ',num2str(sigma_start),'...
sigma end ',num2str(sigma_end), ' til
", num2str(tl1),' treshold ' ,num2str...
(treshold)))
xlabel ({'x / px'})
ylabel({'y / px'})
axis on
set(gca, 'YDir', 'normal")
colormap ('gray')

colorbar;
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phase = angle(field_detector_updated);
field_detector = sqrt(diffractionPattern)...
.xexp(lixphase);

object= real (fftshift (ifft2(ifftshift...
(field_detector))));

error = errorx*x10~8 + 10°10;

% saving reconstruction as JPG and txt file

object = rot90(object);

filenamel = char(strcat('D:\PHD\CDI\...
object_rec_', int2str(error) ,name, '.jpg'));
imwrite (object, filenamel);

filename2 = char(strcat ('D:\PHD\CDI\...
obj_rec_"', int2str(error) ,name, int2str(...
Iterations),'.txt'));

dlmwrite (filename2 ,object);

filename3 = char(strcat ('D:\PHD\CDI\...
gklobject_rec', int2str(error) ,name, '.jpg'));
imwrite (flipud (rot90 (imresize(...
realObject_0,0.5))), filename3);

filename4 = char(strcat('D:\PHD\CDI...
\gklobj_rec', int2str(error) ,name,
int2str(Iterations),'.txt'));
dlmwrite(filename4 ,flipud(rot90...

(imresize (realObject_0,0.5))));

end

toc
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Extetoapevn 20vodn tng
AvatelB1g

To avtixeluevo tng Tapolcag €peLVaC EIVAL 1) BUVAUIXT] TNG TUEXY WYY TWY AQUOVIXDY
udminc té&ne (high harmonic generation - HHG) xatd v adknieniSpaon toyvpdv
TOAIOV AELER PE GEPLOUG OTOYOUS, 0 EAEYYOC TV YOQUXTNELO TIXMY TOV AQUOVIXWY,
X0l 1) YeHOT TOUC OE eQappoYEg Teptdhaoc Tixrc uxpooxoriog. H épeuva tne Sidaxtopixrc
OltelPric meayMATOTOUNXE OTIC €pYUOTNELXES EYXATUOTACES Tou IvoTitolTou
Puoinrc IThdopartoc xou Aéilep (IPPL) tou EXknvixot Meooyetaxot Iavenio truiou
(EA.ME.ITA.) yenotwonowhvtac 1o obotnua Mlep Yvowotd we “ZEUS”, woylog 45
TW, cuyvotntog enavdindng 10 Hz xaw eAdyiotng didpxetac naapol 26 fs.

IMopoywyh Ydnihe TdEnc Appovixedryv (HHG)

Trnd xatdhiniec ouviixec ectlaone Tng Ofounc oL EVIACES TOU WUTOPOLY Vo
emteLy oLy ebvon e TéEnc Tou 1x 101 W /em? ondte to nhextownd nedio Tou nohuol
Aéwlep yiveton ouyxployo Ye autd Tou atouou. Edv n eotioon yivel oe éva xatdAinio
UECO, UTOEOOY Vo GUULBOUY (QUVOUEVA OTWS LOVIOHOS, ETLTEYLVOT NAEXTEOVIWY,
EMAUVUCUVOETELS NAEXTEOVIY GTO TA YOVIXE TOUG LOVTA, Xl AUTODLAUORPMOT| PAOTC.
MEow auteV TV QuVOPEVELY EVTEAEL TaEdyETAL aXTVOBOAN TNV TEQLOY 1| TOU axpatou
ureptddoug (XUV) pe YOEUXTNELO TIXG YEHOHIA YL EQUPUOYES OTWG TNG TUEOUCUS
€oeuvac. To yopaxtneloTind autd TepthaBavouy xuplwe TNV cuu@via xon To Pdoua
e maporyopevng oxtvoPBollac. H dadixaota mopaywyhc apuovixmy teplypdgetal oand
TO HOVTEAO TGV TRV Brudtny. Xto mp@to B Yivetoaw o loviouds Tou nhexteoviou,
07O OEVTEPO TO NAEXTEOVIO AYETOL amd TO NAEXTEIXO TEDBLO Tou laser opyixd oLl
amb TO LGV TOU Xl ETOTEEPOVING TEMXA OF aUTO, ol OTO TEITO TO NAEXTEOVIO
EMAVAUCUVOEETAL UE TO LOV TOL exmtéunovag axtvoBohio oto XUV. H dduacta auth
ouuPaiver 6V0 Qopéc avd Teplodo Tou Tedlou Tou Aélep €YOVTUSC WG ATOTEAEOUA
TO QAoUd TNG TAPAYOUEVNS oxTvoPollac vo amoteleiton amd meptttd ToAATAdCLYL

e ouyvotntag tou Aélep. Emmhéov to @dopa mopouctdlel TEELS YopoXTNELO TIXES
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TEQLOYEC: TNV TEPLOYT TV YUUNADY OpUOVIXGY 1) omola yapoxtneiletor amd TNy
UTOTOUN TTWOT TG AmédooTg, TNV TEELOYY| OTOU 1| amédooY TaPUHEVEL oTadepn
(plateau) xot téhoc, TNV TEQLOYT| OTIOL 1) AOOOCT) TEPTEL ATOTOUA EWS OTOU UNOEVIO TEL
(cutoff).

Trdpyer évac dnewpog oprdudc xPoviixdy teoytdv (xBovtixd povomdtia) mou
umopel vor axohoudricel To NAEXTEOVIO TELY ENMAVACUVOEVEl UE TO Yovixd 1OV o€
xde nuimeplodo Tou Nhexteixol Tedlou Tou Aélep, wWOTOCO, Y TNV (Blo EVEpYELd
EMOTEOPNS NAEXTEOVIWY, LTdEYoUV ubévo dVo TEToleg Tpoytéc. Ta auteég Tig 6Vo
TEOYLEC, TOCO OL YPOVIXEC GTLYUES LOVIOUOU OGO X0 ETAVICGUVOESTS Efvall BLapORETINES
ue TNV plar var Stopxel MyOTeERo amd TNV GhAY), XAUTE CUVETELX EYOUNE TIC MIKPEQ Xl
MeydAeg tpoyLEc, avtioTolya. To x0plo SloxELTnd aUT®Y TwY U0 TEOYLWY Elval 1

OLopopd oTNV YWVLOXT AmOXALoT XS dLadidovTol.

Kodoe 1 6éoun Aélep D1adldeTon 6TO Un) YROUUIXO UECO Xol ToRdYETOL 1) axTivo[BoAla
XUV oand xde enavacivoeor NAEXTEOVIOU UE TO YOVIXO L0V, TO ENOUEVO {NTOVUEVO
ebvon 1 oVupwvn unépleon authc Tng axtvoforiog (phase matching). YTndpyouv
OLdpopol Tapdyovtee mou ennpedlouy To phase matching ye Baowolc Ty yewueTpla
(qpdon Gouy), TNV TUXVOTNTA TAGOUATOS, OUBETEPWY UTOUMY XAHOC XAl TOU OTOUXOU

olmoiou.

YT rep-Beayeic nalpol Aewlep

‘Onwe avagpépinxe, v tnv dtadwactia HHG yenowonomdnxay uregpayeic mauol
Aélep LPNAOY evidoewy. Evo onuavTind YopaxTNELOTIXG AUTOY TV TUAUGY Yo TNV
ToEO VGO EPELVL ELVOL 1) YPOVIXT XATOVOUY| TOU @oouatixol Tepteyouévou toug (chirp)
UEow Tou omolou €YLVE BuvaTHC 0 EAEYYOC — YEWLOUOC TNg anddoone twv HHG. H

egiowon (1) neprypdpel To nhextexd tediov E(t) evoc yxoouotavol ToALoy
E(t) _ E06—21n2(%)26i(th+bt2)’ (1)

omou Ly 1 tyr Tou nhexteixol mediov yio t = 0, T, elvon To ypovixd €bpog Tou oTo
wod tou peyiotou (FWHM ), wy 1 ywvioxr ouyvotnta, xat b elvon 1 mopduetpog Tou

chirp.

Emmiéov, n uPni) évtoaon tou mohuol AEWep TEOXOAEL U1 YROUUIXE (QOLVOUEVA
omwe To gonvopevo Kerr 6mou o delxtng diddraone Tou pécou arhdlel we amdxpLon
oTn oTiyliado évtaon Tou Tediou Tou diépyeTon and auto. Kadoe 1 évtoon avldveto,
0 N YPUUUXOC 6p0¢ Tou OelxTng SdAcong oAAACEL, 00NYOVTOC O TpoToTolNo
NG QAONG XL, XUTE CUVETELY, TNG CUYVOTNTAS TOU BLAOOUEVOU TUAUOD (self-phase

modulation - SPM). Autd ta gouvépeva, 6mwe Yo Solue mopaxdte, éyouv enidpaon
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otnv HHG.

H Ieipopoatinny Awdtadn

H neopatier didtoln amotekeiton omd téocepa 6Tdolr oL ameixoviovton Ue Ta
yedppata A, B, C xou D 6nwe napouctdletar oty Ewdva 1. To otddio A eivo
TO NUL-ATEWO XEAL TO OTolo TEPLEYEL TOV 0EPLO OTOY O, OTIOU TaPdyeTaL 1) oxTvoBolla
XUV. To otddio B eivon o Vdhapog dropopixric dvthnong, mou dlaywellet To 61ddlo
A udnhrc mleong and ta otddr C xon D younirc nieonc. To otddio C guiolevel
Ohot T amopakTNTA OTTIXG Xou oTTouNyaviXd oTolyela Yoo TN BeATioTonolnon, To
Qrhtpdploua xon TNV ETAOYT TV unxev xouatog XUV xo tnv diddoor tng dEoung
XUV mou mpoxintel oty meployy) 6téyou oto otdoio D. H it déoun XUV
xan IR, xoatd v €loodd tng oto otddo C, guktpdpeton and tnv 6éoun laser IR
yenowonotwvtog To gihteo Al méyoug 400 nm. H emhoyy| twv unxov xOyotog yiveto
UEow 6V0 (EUYMY TOAUC TRPWHUATIXWY XATOTTOWY TOU UTOROVY VO EVUAAICGOVTOL XUTH
N Odpxela Twv YeTprioewy. Kdde {edyog anoteleltan and éva eninedo xdTtomTeo xou
évar ooupxd xotho xdtomtpo, tomovetnuéva o avtivetn xatedduvon. To Lebyog
TWY TOAG TROUATIXOY XUTOTTEWY ovaxhd wévo pa otevh {ovn (~2 nm) ylpw and
€V XEVTPIXO UAXOC XOUATOG, €VO O Cpoupos xadpéptne eoTdlel 6Tov 6ToY0,
oTo TETpTo oTdd Tng Odtadng. Ko tor 800 GET TOAUGTOWUATIXGY XATOTTREGV
AAUTAOUEVAOTNNAY ELOWE YLOL VO ATOBWOOLY Tol XEVTEWS uAxn xouatog 32,2 nm
xon 47,6 nm, avtioTolyo, TN UEYLOTN AVOXAACTIXOTNTA YO T1 YENOWOTOLOVUEVT
vewuetploa. To tétopto oTddlo D agopd oto umd peAétn aviixeipevo mou ebvou
TOTOVETNUEVO OF il EEMTEPXE EAEYYOUEVT [3dOT TEGTUPMY BUCTACEMY (XYZ »ou
neptotpoghc O). H povoypwuotins ouponvn axtvoforio XUV neprdiduevn and tov

0ToY0 xotaypdpetal o xducpa XUV.
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Sxhpe 1

Hewpopotiny owdtagn XUV CDI pe ta otddio Aettovpylag. IIdvew: oyédio CAD. Méon:
Pwtoypaplo, Kdtw: Aentopépeieg yio ta otdda A, C xou D. A: To np®dto otddlo mou
amotehel To NuI-dmelpo xehl agplou. B: To dedtepo otddlo elvon meptoy | Slapoptxnic dvThnong.
C: To tpito otddlo mepauPdver datdles @uitpopiopotog XUV and to IR, dlayvwotixr
oudtoln @douatog xou emAoyy urxoug xopatog. D: To tétapto otddio agopd tov otdy0
xau TNy xotarypay) Tou anoteAécuatog CDIL L: ®axde eotiaong. AL-F: ®iktpo ahouuwviou.
M1, M3: Eninedot tohvo tpwyatixol xadpéptec. M2, M4: Ygaipixol xollol toluo Tpwpatixol
xopéptec. FFG: ®pdypo nepldhaone eninedou nediou. T: Ltdyoc. (and v avagpopd [88])

H Bektiotomnoinon tne nopayouevne oxtivofoliag XUV elvon uior tohumopapetouxn
epyaoia. Eoo mopoucidlovtar evOETIXG TELQUUTIXG ATOTEAECHATA TV BEATIOTODV
ouvinrwv yio HHG og oycon xuplwg ye v anddoon yetatponric ahAd xou UE To
pacuatixd yapoxtnelo Tixd. o to oxond autod eCetdo oy Bactnéc TupdusTEoL OTWS
1 dduetpoc Tne déounc Aélep, 1 Véon eotioone tng 6éoung Aéwlep, N mieon xou To
eldoc tou agplou, xadde xot to chirp tou kol Aéwlep. Evdewtind anoteéopota
mopoucidlovton otor Lyruato 2 xan 3. Iwdtepa, 1 pehétn mepthoufBdvel omTinég
OLUTAEELL TTOU Y ENOWOTOLOUY YXAOUGLUVES ohhd xan BoxTUAloewdEelc 6éoueg Aélep.
Or SoxTUALOELOELG BECPES TAPEYOLY TNV BUVATOTNTA UEPLXTG ATOXOTS TNG XEVTPXAG

0éoung Tou Aélep, TEooTATENOVTOG ETOL Tal EMOUEVO OTTIXG YépT W€ TNG OLdtadng
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Anoteréopota and plo oelpd petproewy goaoudtny XUV mou AMgdnxayv yetofdhovtoag tnyv
dlopéteo g Béounc Aéwlep. H Gudpxeia Tou mahuol Aéwlep Aoy 26 fs, eved to oéplo mou
xenowwonotdnxe Ntav Apyd oe nieon 40 Torr.
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YOyxpion mopoywyhs ue Apyd xou ue petypa Apyod xan dhhwv agplwv. ‘Ol tor pdouota
Tpoépyovton omd pelyuota ep@aviCouy EVIoYUPEVY amOdOGT|, EWIXE O WUXEOTEQO UYXT|
#OUOTOC.

Anoteléocpata tng ‘Egeuvag

‘EAleyyos twv KBavtixov Teoyiowv HAextpoviwy oinv
Moapaywy?n YdniAov Apgpovixedy Méow AANNaydv oTo
Chirp

H xouvotopio og auth) tnv gpyacia elvor 6TL oL melpopatinég ouvirxeg Ntav €tot
xadopiopéveg wote 1 HHG vo hopfdver ydpa 0T0 TpOoTOpeLdUEVO YP0oViXd X0 TOU
ToApol Aélep. Auto eivon eugpavéc oto Lyfuo 4 6mouv Aoyw tng uhmirc évtaong
(Lodpn yYpor)), To péoo mapaywyhc Zexwvder va toviletou (mpdowvn yeauun) xon vo
nparypartonoteiton HHG (xdoavn ypopuun) oto npomopeuduevo dxpo tou ool hélep
PTAVOVTOC OTOV TATRTN LOVIOUO TPV To PEYLOTO Tou. Xto (Blo oyfua etvan eniong

EUPAVES (UTAE Ypouun) OTL UN YEUUUXS QUUVOUEVD, OTKC 1) AUTOBLOPPKOT YUoNC,
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woli pe to chirp emnpedlouy Y yovioxh cuyvOTNTo ToL AELER Yo XATE CUVETEL
v dwdwocio HHG. Eredr| autd aroteholv eréy&iueg meipapatinéc ouvinixeg, auto
onuotver 6Tt tor motoTixd yapaxtneloTixd HHG pmopolv eniong deutepoyevide va

eheyydolv.
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Lxfper 4

Aemtopépelec TV UTOAOYIOU®OY TOU UOVIEAOU TOU OVTIOTOLOOV OTIC TEPITTWOELS TOU
napoucidlovtar oto Xy. 5. Moaden yeouur: ‘Eviaon Aéwlep. Mnhe ypouur: Twviaxd
ouyvotnta Aéwlep mou haufdver umodn to chirp tou moApod Aéwlep xou to SPM oto un
Yoouuxd péoo (Apyd) xar oto mhdopa. Ipdown yeouuh: mdavdtna wvicpol tou aepiou
Apyol cbugwva ye to poviého ADK. Kdxavn ypouur): Hapayduevo nedio E oxtivooliog
XUV, oe audalpetn xhipoxo o xdide ypdpnuo yia 6xonols TapouciaoTg.

Enfong yeAetidnxay tor QuouaTng xoL YwEIXd YUpUXTNELO TIXMY TWY UQUOVIXGOY
(paopoTinée UETOTOTOEIC X0t SUMAAVOVOELS, XL YWVLOXT| OmOXMOY) WS CUVEETNON
TOV TEROUATIXOY TUPAUETEWY Tou eldoug Tou agplou, tng meong Tou agplou xou
Tou chirp Tou maAuwol AWlep, avadeviovtag T PérTioTeg ouvirxeg v to HHG
o€ GUVUNAXES LoYLUE®Y TOAUOY Aélep. ATO TO TEWUUATIXG ATOTEAEOUATA XUl TOUG
xPBorvtounyovixolc uToAoylopols OTwe ameixovilovion oto Lyrua 5 @olveton 6TL TO
chirp Tov nahumy Aéilep ebvor pLor xplotun TUEAPETEOS Yiol TOV EAEYYO TWV XBovVTIXGOY
oladpop®y nhexteoviwy oty HHG. Autéc o éheyyoc emnpedlel to gdopoata HHG
OLory wetlovTog QuouaTnd TIC UXEES XL UEYAOAES TEOYLEC OTIC apUoViXEC Tou plateau

XU EMNEEALOVTOG ONUOVTIXG TN OYETXY| OmOBOGCT, TORUYWYNS TOUC. ME QUTH TNV

165



epyaoio, anodewvietar 6Tt 1 amodoor HHG tng yeyding tpoyide YetveTton dpopotixd
oc oUYXQIOT| UE EXEIV TNG XEHS TEOYLdS, amAd puduilovtag To chirp tou mohuol
Aéwlep.

ITio cuYXEXPWEVA, EVa OTUAVTIXG EVENU AUTAS TNG UEAETNG lvar OTL ot Wiar eTixn
Twr chirp mou avtioToryel ot dudpxela mokuol Aéwlep +33 fs, oL yeydhec Tpoyléc
AATUC TENNOVTAL LOYURE, OPHVOVTUC ETOL UOVO TIC WXEEC TEOYLEC OTY) (QPUOHUOTIXY
ewova. AuTh 1 cupumepLpopd elvon eCaPETIXNC onuaciag Oyl UOVO Yl TN VeUeAiddn
Puoinr) ahhd xon Yl EQUPUOYES OTNY CUUPEYY TEPIAACTIXNY UxpooxoTio BLOTL,
oUupwva ue Ty Biioypoagia To WX0g CUUPOVING TLY UXEMY X(BAVTIXGDY TEOYLOV

elvon UEYUAUTEQO amd oUTO TWY UEYSAWY.
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(a) AVTImpoowneLTIXES EIXOVEC UETPHOEMY QUOUOTOV UPUOVIXMY Yol O18popes SLdpxeLeg
naAgol Aéwlep mou eréyyovioan omd to emPBohhouevo chirp. O goopatixég Véoelg Twv
UQUOVIXOY CNUELOVOVTUL 0TO XdTw pépog tou oyfuatoc. To mpdonuo tng dudpxelag Tou
exdotote ToApoL Aélep avtioTolyel oTo mpoonuo tou chirp. H uuxpr| xau n yeydin tpoyid,
TOU UTOBELXVUOVTOL UE To Ypduuata 47 xou ‘s, avtioTtouya, Ooywellovton Quopatixd yio
optopévee Twée chirp. (b) Ta @dopota XUV towv appovixdv mouv AauBdvovior pe Toug
UTOAOYLOUOUS TOU JOVTEAOL TOU AVTIOTOLYOUV GTIC TELRAUUUTIXES GUVITIXES TWV aVTIo TOLY WY
opuovxmy goouatixey exdvey XUV oto (a). Hoapouoidloviar 1600 oL GUVEICQOpRES Uixphc
600 oL UEYOANG TeoYLds, xadwe xa To dipoloud touc. Elvor govepd ot oL umoloyiouol
AVOTOEAYOUV OEXETE XA TAL XVPLOL TTOLOTLXAL YUQUXTNPIO TIXEL TWY EXOVODY TV QPUOUATIXGDYV
UETENOEWY. LNUELWTEOV OTL Ol TUEELS dpUOVIX®Y 15 xou 17 qalveton Vo xatac TEAROVTAL EVTova
OTIC TELQOUOTIXEG PUOUATIXEG EOVES AOYW TNG LOYUPNS ATMOped@NoHC TOUC and TO OEQLo
ApYo, plor cuviixn mou dev TEPLAAUBAVETAL 0TI TPOCOUOLOOEL.

Y10 Yyfua 6 mopouctdletan 1) CUCTAMATIX OEQELUVNOY TWV QPUOUATOV TWV
OPUOVIX®Y OTNV TEpLoy ) Tou plateau, aviyvedovtag e Tnv XUV xduepa TI¢ apuovixég

omd Ty 156m éEn éwg v 237. Topatneddnxe otic youniéc apvntinée Twéc chirp
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alloonueiwTn evioyuon otnv meployr) Tou plateau oxdun xou oe youUNAEC TECELS.
Emmiéov, umiple onuoavtixr Swmidtuvon Ttoug. Do udniéc méoeic aecpionv xou
opvnTo chirp, véeg gaoupatinég {Ove avadlovTon UETUED dpUOVIXGDY, BNULOVEYOVTOC
éva olovel ouveyég @dopa. Auth 1 cuunepLpopd cUVOEETAL UE AENUEVO LOVIOUS OTO

UECO TORYWYTS, ETBELUWUEVO amtd EXOVES PWTAVYELNS TACHATOC.

30 Torr 40 Torr 50 Torr 60 Torr 70 Torr 80 Torr
>15000

-1501s
200 fi 11250

-1401s 7500

-100fs 7500 3750
-85 fs
-50fs
-a3fs
-30fs
-281s

26 fs (FTL)
+28fs
+33fs
+40 fs
+45 fs
+55 fs
+65fs
+80fs
+90 fs

+100 fs

+150fs

23 19

Lyfpa 6

Ewxévec gaoudtwy apuovixdy (aplotepd) xo avtioTOyES EIXOVES OYNUATIONOU TASOUATOS
(0e€Ld) petpnuévee yio didpopec didpxetec mahuwy AMélep xau téoels aepiou Apyou. H eotioon
e Séopng AMwlep ebvar 3 mm Tty omd T omr) €€660U ToL NUI-AnelpoL xehol. To npdanuo
e didpxelag Tou exdoTtote naApoL Aélep avTioTolyel 6To Tpdomuo Tou chirp. Ol aouatixég
VEOEIC TOV APUOVIXMV CNUELOVOVTOL OTO XATK UEPOS TOLU OYAHATOS Yo xdle Tieon acplou.
H ypouoatinh éviaon twv gaoyatixoy exévey XUV mou avtiotolyolv otig méoelg 40 xou
50 Torr toAamhactdotnxe ent 800 Yiow XAAOTERT ATELXOVION).

H exnounry XUV evtdc tov VEWV @aopatix®y (ovVOY TOCOTIXOTOLEIToL yia
OLUPOPETINEG TUEDELS OTO My AU 7, XaTadeviovTag BeATiwoelg UeTall €mg xou 6
popéc Y Ti¢ meplocotepeg (wvec. Ta evpruata autd delyvouv 0Tl 0 xuTdhAniog

eheyyog tou chirp umopel va emnpedoel ta yopoxtneio tixd extounric XUV.
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Eyxfpe 7

Yyetnt| evioyvon tne petpnieicac exmounhc axtivoBoriag XUV yia Ti¢ gaouatixéc teployéc
UETAE) TWV OPUOVIXWY W CLVAETNOY NS Tieong tou mapaywyol acpiou. Ta dedopéva
avTioTolyoly oe exclva Tou Lyuatog 6 yior T Owdpxeta toApol T = -43 fs. Ta o@diyota
e oyeuxic exnounhc Lodvne XUV extipdvton younhotepa and 1%.

Hopatneidnxe dloxbuovoT TG YWOVIOXNG ATOXAIONS TWY dEUoVIX®)V Tou plataeu
xado¢ petoforrotay to chirp tou moAuod Aélep. Avayvoplotnxay 800 GUVGTMGOES
YOV ATOXALOTG, TTOU ATOBIBOVTOL OTIG ULXEES Xo UEYSAES TEOYIES NAEXTEOVIWY.
H avoryvopior) toug Baoileton oTic Slaxpités YwVIaxég amoxAoES TOUG, UE TN UEYAAN
Tpoytd vou mopovoldlel Ty UeyaAUTeen. EmmAov, 1 QuouaTIX?] amoudxeuvon TeV
UEYOAWY omd TIC UXEEC TEOYIEC OQElAETOL OTYN QUOUUTIXY UETATOTLOY TOUG TEOG
TOL UXEOTEPA AN XOPATOC, UE TN MEYSAN Teoytd vo ugloTatar TNV UEYOAUTERN
UeTaToTIoN, 1N omolo eugoavileton o UXEOTEPA WX XOPATOS. MUYXEXQWEVA, N
YOVIOXT ATOXMGCT]) TWV UXEOV XUl PEYSAWY TROYIMY TNG apuovixrc 21, TapovotdleTto
oto Lyfua 8, w¢ cuvdptnon tng dudpxetag Tahuol Aélep yio TNV epinTwon nieong
agptou 90 Torr Ar.
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Efpor 8

Hewpopatind TEocdLOPIOHEVY YWVIAXT] ATOXALOT) TV TROYLWY TNS 21Ng aprovixic, TNS Wxeng
Toytdc (Hodpot xUXAOL) xou TNG UEYEANG TpoyLdc (xdxxivar TETEdYwVX), ¢ CUVAETNOTN TNS
Odpxetac Tou kol tou Aélep pe chirp gdoua, yio v mepintwon acplov Apyol miéong
90 Torr. Ameixovilovton EVOEXTIXG GPIAUTA UETEHOEWY.

Hapatneinxe 611 oL apuovixég tou plateau vpicTtavton Ui GUVONXT QUCUTIXN
uetatomion xodwe uetaBolrotay to chirp tou maiuol Adlep. M tocotixomoinon
TOU PatvolUEVoU, Tapouctdleton 6To Ly ua 9 OTou QaivovTal Ol GUVONXES PUCUATIXES
UETUTOTIOELS TwV appovixny 177, 197, xau 21" cuvaptroet Tou chirp Tou nakuot Aélep

yio tieon ogptou Ar 80 Torr.
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Figure 9

Pocpatinég HETATOTIOELS OTWE TEOXVTTOLY UG TA TELUHUATING ATOTEAECUATA TWV UPUOVIXODV
udmiAc téEne 177 (adpo teTpdywvo), 197 (xdxxvoc xixhoc) xou 21" (npdotvo Tplywvo)
w¢ ouvdptnon e dudpxetag ToAgod Aéwlep Y tnv mieon 80 Torr tou Myruatog 6. Ot
OLUUEXOUUEVES 0pLLOVTIES YROUMES AVTLOTOLYOUY OTIC U1 UETUTOTLOUEVES VETELS OPUOVIXMY.

20upwvn IoAvgacuatixr| Ilegtdlaoctinry Mixpooxonia

H mopolou Satpl3) BIEpeuVE xal TNV IXAVOTNTA ETEXTACTC TNE TEYVIXAC TNS SOUPWYNG
nepthhac e anexovione oto oxpato umeptddec (XUV CDI) oe moluvgoouatixy
XUV CDI péow tng mMEQopaTiXfic TG TEOYUATOTOMoNG Xat TG amédeldng oy g
Aertovpylog.

H vhomnoinon éywve oe Aettoupyla duddoorg axtivoollag peoo amd to delyua xou
avéxhaong, e Bdon ta mpoavageplévTa eupruata TN Topolous epyacioc. To XUV
CDI etvon o teyvixr} pixpooxotiog ywelc TopeUBoAT) OTTIXGY EEUQTNUATOY OTOV
OTTIXG BpOUO UETAEY TOU UTO EEETAOT] AVTIXELEVOU XAl OLCUNTARY TNG XAUEQRUS Ol
Baotleton otny cuugwvia tne oxtivoBoiiac XUV. Mtnv xduepa xotaypdgeton 1 etxdva
nepldhaong, n onola avamaplotd To @doua Loy bog Tou petacynotiopol Fourier tou
OVTIXEWEVOU, 0AAG amouatdlouv oL TANEoQoplec @dong oL omoieg ebvar avoryxoleg yia
TNV AVOUXUTACKELT] TNG aRyIXAC EOVOC Tou avTixetuévou. Ilpoxeevou va yivel 1

avaXTNON NG PAoNS Yenoylomotinxay enavaAnTTixol alydpriyotL.

Y1ic ewoveg 10c xon 10e ameixoviCovton Ajderg CDI yuor tar pixn xOuotog 47.6 nm
xon 32.2 nm, avtiotorya. Ov ouyxexpéveg exoveg CDI emhéydnxay yio va
emOeilouv TIC BUVATOTNTES AMELXOVIONG AETTOUERELDY XYTwW TOU UWXPOUETPOU. LTNV
exova 10b mopouctdleton to mpocoyolwuévo YotiBo mepitiaone Tou avTixetuévou.

Yuyxpivovtag Tig mepapatiés exoveg CDI yua autd tor 600 urnn xyotog, elvor
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EUPAVES OTL OGO UXEOTERO Efval TO PAXOC XVPATOS, TOCO TEPLOCOTEQES AEMTOUEQELES
umopolv vo tepuhaBdvovton. XTig Ewdveg 10d xon 10f amewcoviCovton ot avoxato-

OXEVAOUEVES EXOVES, Yoo Tor uixrn xOuatog 47.6 nm xou 32.2 nm avtioToryo. Amo
TIC AVOXUTOOXEVAUOUEVES EIXOVEC Efval EUPAVEC OTL YPNOUWOTOLOVINS TO UXPOTEQO
UAXOC XOPOTOC, 1) AVOXATAOXEVAOUEVT] EIXOVOL EYEL LYNAOTERT, avdhuGT), avahloVTog
TIC AEMTOUERELEC e PEYahOTERO aptdud pixels. Emimiéoy, to péyedoc tne avoxotooxe-
VOOUEVNC EXOVOS TOU avTIXeEWévou ebvar ~ 1.5 @opéc UeyaAlTERO Yl TO UAXOC
x0uatog 32.2 nm oe obyxplon ye to 47.6 nm, unodniovoviag TNy avtioTtpogn

avoAO Yo TWV UNXOY XOPATOG.

O R N WA G

Yxnhpo 10

(a) To und yerétn avtixelyevo. (b)To mpocopouwpévo potifo nepldraonc Tou avtixeévou.
(c) Mewopatind anotéheopo CDI avuxeéVou YENOYOTOUIVTIS XEVTPIXG PAXOS XOPOTOC
twv 47.6 nm. (d) Avaxoatooxeur tou oavuxeévou yenowomowsvtog o (¢). (f)
Avoxataoxeur; tou avuxeévou yenowonowviac 1o (e). To Aeuxd meplypoyya mou
epgovileton oo (d) xou o (f) avtiotoryel oo oyAua Tou avuxelpévou ov epgavileton 6To
(a) xou mpootédnxe Yo vo Bondioer otnv ontixonoinon. To péyedoc exdvac twv (b)-(d)
elvon 512 x 512 pixels.

Téhoc, otnv nopoloa epyactia vhototinxe XUV CDI oe hertovpyla avdxhaong,
CwTig onuaciog Yol TOV YUpaXTNEIOUO UXEO- XAl VOVO- BOUMY X0l Loy VOO TIXNG
uTépmUXVOU TAdopatog. ‘Eyive moAugaouating anewdvion g xupehoetdols doprng
evoc MCP, emonuaivovtag Ti¢ Slaopéc avdAuone PETAC) TWV UNxoy XOPATog
(oyhuortor 11 xon 12). Ot TpOCOUOIDGELS X0l TOL TELOUUATIXS, ATOTEAEGUATA XATUBELXVIOUY
OUVATOTNTEG ATELXOVLOTG X0 OVUAUCELS OE BLUPORETIXG. U X1 XVUUTOS, UE ETUTTWOOELS
OTN VOVOTEYVOAOYLaL, T1) UXEOOXOTLN VUVOXALUAXOG XAk T DUVOLXT Y TULXT| ATELXOVLOT)
oe empdveieg. Emmiéov, diepeuviinxe 1 duvatdtnta tou XUV CDI yio T perétn tng
OLVOIXAC TOU TAAOUATOS, TOVILOVTUC T1) GNUCIO TOU GTNV XATAVONOT| OYETIXLO TIXOVY

UNYAVICUOY Aoy wYHS VPNAGDY dpuovixmy.
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(a) Lynuotixr anewdvion avuxeévou xupéne (MCP) nepiotpepdpevo xatd 76.1° yua
va touptdger pe T ywvio 9éoone tou mewpduotoc amd v axtvoPorio (XUV) mou to
pwtilet. (b) To mpocopowwpévo potifo mepidraone tou (a). (c) H Sopdouévn we mpoc
N YEWUETPIO OVAXATAOXELY| EMXOAOTTETOL PE TO opyxd aviixelpevo xudéine MCP. (d)
Hewpopotind xatoryeypopuévn exédva CDI and to npaypatind avtxeluevo xupéing MCP yia
wixoc xopotog 807 (nm). (e) Iowo pe to (d) ohhd yia pixog xOpotog 47.6 mn.
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ExAua 12

(a) Tewpetpd Sopdwuévn avoxataoxeury e xuéine MCP  yenowonowdsvtog tnv
oxtivoPBolia prixoug xuotog 47.6 nm. (b) Tdwo pe 1o (a) odAd yia axtvoBorior uixoug
xouotog 32.2 nm. To emxoluntopevo potifo xuéine npootédnxe yia vo fondoer otnv
onTxonolnon xo avtioTolyel oTig TpayUaTiXée dlacTdoelg Tou xavahiold MCP. Méyedog
eovoc tov (a) xou (b) eivon 1024 x 1024 pixels.
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