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The dissertation is devoted to development and experimental implementation of 1-kHz, coherent
extreme ultraviolet (XUV) radiation source based on high-order harmonic generation of the
femtosecond near-infrared laser pulses generated by the titanium sapphire laser system (35 fs,
1.2 mJ, 810 nm) at the Institute of Physics AS CR, v.v.i./ PALS Centre. The source comprises a low-
density gas cell filled with conversion medium, typically argon. Comprehensive optimization of the
XUV harmonic source was performed with respect to major source parameters such as gas pressure
in the gas cell, gas cell length, position of the focus of the driving laser field with respect to the gas
cell position, size of the driving near-infrared laser beam, chirp of the femtosecond pulse and focal
length of the lens deployed in the experimental setup. Harmonic spectra were recorded using a new
XUV transmission grating spectrometer developed within this thesis. Detailed characterization of
the XUV source has been performed including measurement of the XUV beam profile, M2 parameter
of the harmonic beam, and spatial coherence of the harmonic beam. Energy of the XUV harmonic
source was estimated. The XUV source was successfully utilized in application experiments on
structuring and surface processing of various materials, multilayer XUV optics metrology, and
absolute calibration of XUV-sensitive CMOS camera. Finally, results on development of strong
harmonic source by means of two-color method, and amplification of harmonics in XUV plasma

amplifier are presented.
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Chapter 1. Preface

The discovery of X-rays by Wilhelm Conrad Rontgen @_o_.s_h_”fa.,_“m,,_
in 1895 [1] has been one of the most important driving '
forces to push forward understanding and knowledge in all
kinds of scientific areas. Their applications range from
structure analysis in solid-state as well as atomic physics and

molecular chemistry via imaging applications in medicine !

and life sciences to the discovery of the basic building blocks

of life, in particular the DNA, and more generally, the H*-:gg-f?ﬂ;_m G

LT

structure of proteins and other macromolecules. Having an  Figure 1.1. Ms. Réntgen's

. . hand. First medical imaging
access to the spatial resolution of molecular structure and  \ith x-rays (December 22

electron orbitals is; however, only one side of the coin to be 1895) (2],
explored by X-rays. It took about one century to flip the coin to the other side showing
the temporal resolution of the atomic and molecular motion, making it possible to
monitor the dynamics of molecules and electrons on their natural time scale, which is in
the femtosecond to even attosecond range. However, early X-ray generation devices
and techniques such as X-ray tubes, electrical discharges or the first synchrotron sources
have not been able to deliver X-ray pulses that had duration of less than several
nanoseconds and thus could not be used to gather both types of information: spatial
and temporal simultaneously. An insight into temporal dynamics of quantum systems
was first gained by using probes of much larger wavelength than the one of X-rays:
infrared (IR), visible (VIS) and ultraviolet laser (UV) pulses. Today, the fundamental limit
of ultrashort laser pulses is one single optical cycle, lasting about 1 femtosecond (1 fs =
10" s) in the near UV to several femtoseconds in the IR spectral region [3], [4]. Even
though lasers provide the possibility of monitoring molecular and electronic motion,
they are not able to directly image molecular structure at atomic resolution due to the
large wavelength of the emitted radiation. The solution to this problem is to combine X-
rays and lasers to take advantage of both short wavelength and coherence properties to

create ultrashort pulses of X-ray radiation.
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One possibility of how to obtain ultrashort bursts of coherent extreme ultraviolet
(abbreviated XUV or EUV; wavelength spectral range between 10-100 nm), soft X-ray (1-
10 nm) and/or X-ray radiation (<1 nm) is by High-order Harmonic Generation (HHG)
process. It involves the interaction of laser light at a given frequency during which it is
being converted into integer multiples of this fundamental frequency through a highly
nonlinear interaction with a conversion medium (typically a noble gas) [5]. The laser-
driven HHG uses acceleration of electrons on time-scales that are of the order of an
optical cycle of the laser field. Currently this technique gives rise to the shortest flashes

of light ever generated in a laboratory which are of the order of a few hundreds of
14
attoseconds (1as = 108s) [6]-[8]. When laser field of intensity of about 10 -

1015 W/cm2 is applied to the gas, a plateau of equally intense harmonics of very high
order can be observed. In fact, the atom is ionized when the absolute electric field of the
laser is close to its crest during an optical cycle and is pulled away from the parent ion.
Since the laser electric field changes its sign about a quarter of a period later, the
electron will slow down, stop at a position far from the ion and start to accelerate back
towards it [10]. When it returns to the ion, it can possess a significant amount of kinetic
energy, much larger than the photon energy but being its multiple. This energy plus the
ionization potential is transferred into photon energy as soon as the electron
recombines with its parent ion, which gives rise to very high harmonic orders observed
in experiments [11]. Thus HHG represents a practical source of coherent X-rays bursts of
ultrashort time duration. Additionally, the HHG source features spectral tunability from

UV to hard X-rays. Moreover, advantage of particular importance is a very high

... H31H29 H27 H25 H23 H21 ...

Figure 1.2. Typical spectrum of high-order harmonic XUV source developed at loP/PALS (conversion
medium: argon).
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repetition rate of HHG which is given by the repetition rate of the driving laser only and

can be easily as much as few kHz [8] up to MHz!

It has been shown that high-order harmonic pulse comprises train of attosecond
pulses [12]. As a great advantage this constituted a stimulus for further development of
high-order harmonic sources, especially of the techniques leading to generation of single

attosecond pulses. Nowadays, well explored and most frequently deployed are:

e usage of very short IR laser pulses ( < 5 fs) [13]-[14],

e atechnique called polarization gating [15].

The details of the afore mentioned techniques will not be discussed in detail
here; however, it is worth noting that the intension of improvement of high-order
harmonic sources has become a boost for laser technology progress leading to
development of laser systems emitting laser pulses with duration in the range of single
optical cycle (~ 3.3 fs at “810 nm central wavelength) and shifting the laser pulse central
wavelength to the mid-infrared spectral range (MIR) in around 2-3 um. Besides, the
lasers repetition rates have been significantly increased to few kHz (and energy ~m)J per
pulse; e.g. [8]). Another recent achievement of particular interest is carrier-envelope

absolute phase stabilization (CEP).

State-of-the-art HHG sources require not only development of the high-harmonic
source itself but also sophisticated metrology techniques and methods for

measurements of femtosecond and attosecond XUV/X-ray pulses [16]-[21].

Due to unusual combination of all properties that high-order harmonics posses
they immediately found vast number of unprecedented applications. For example, a
number of experimental results have been recently published related to time-resolved
investigation of atomic processes. For example manipulation of drift energy of
photoelectron wave packets (so called "steering of wave packets") and imaging of
electron wave packets (e.g. [22]), measurement of relaxation and lifetime dynamics in
an atom by the direct measurement in time domain with attosecond resolution (e.g.

[14], [18]; in contrary to thus far frequency-domain measurements of transition
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linewidths [23]), spectroscopy of bound electron dynamics in atoms and molecules [24],
observation of interference of coherent electron wave packets [25], probing molecular

dynamics [26] and real-time tomography of molecular orbitals [27].

Moreover, novel and very promising schemes for HHG have been recently
demonstrated, e.g., generation of harmonics during reflection of super intense
ultrashort IR laser pulses (I > 10" W/cm?) from plasma mirror oscillating at relativistic
velocities on the surface of a solid state target [28], or generation of HHG from

interaction of IR femtosecond laser pulses with molecules (N,, H*) [29].

The first objective of the doctoral thesis was to build, optimize and characterize
the high-order harmonic source based on interaction of near-infrared femtosecond laser
pulses with a conversion medium contained in a gas cell. The results on the source
implementation, optimization and characterization are presented in Chapter 3 and
Chapter 4 after comprehensive discussion in Chapter 2 on the physical mechanisms
involved in the process of high-order harmonic generation as well as the possible

experimental arrangements of this type of source of coherent XUV radiation.

Secondly, the thesis covers the first applications of the HHG sources (Chapter 5).
The source was successfully applied to structuring of the surface of the materials,
multilayer X-ray optics metrology and absolute calibration of XUV-sensitive CMOS

camera.

Finally, further development of harmonic sources by means of two-color scheme
as well as by amplification of harmonics in laser plasma amplifiers is discussed and the

relevant experimental results are presented in Chapter 6.
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Chapter 2. Physical mechanisms of high-

order harmonic generation

2.1 Background to nonlinear optics in the strong field

regime

When material is subjected to a strong electric field nonlinear polarization of the
material is induced. The magnitude of the arisen polarization strongly depends on the
intensity of the incident radiation. At moderate and low intensity values the external
electric field does not influence significantly the electronic structure of the irradiated
atoms. The potential barriers can be just slightly modified and Stark effect can be
observed. To great probability the atoms remain in its ground state and extension of
their ground state wave function is of the order of Bohr radius (5.2917 -10™ m). All
nonlinear phenomena taking place in this regime are well described by the perturbation
theory. Thus it is referred as the perturbative regime of nonlinear optics. Comprehensive
discussion on phenomena and related theory in the perturbative regime can be found

e.g. in Ref. [30]. Some of nonlinear optical phenomena in this regime are:

e harmonics generation (second, third, etc.),
e optical parametric amplification,

e optical rectification,

e stimulated Raman scattering,

e self-phase modulation,

e self-focusing.

However, when the electric field strength of the incident radiation is comparable
to (or higher than) atomic electric field strength (5.142-10" V/m [5]), the potential
barriers are strongly modified. With high probability the electrons from the most-outer
atomic shells may be liberated either through the tunnel ionization or the above barrier
ionization (depending on the external field strength; see Figure 2.1 and Figure 2.2).

Subsequently, if the field is linearly polarized electron wave packets will start oscillatory



8. Krzysztof Jakubczak
A A
\ v v
N e- > —t—6—o—>e >
c_
\ / E-field / &
E-field

Figure 2.1. Tunnel ionization. The atomic potential
affected by the external electric field which the field
strength is comparable to the atomic fields. It is
plausible that the electrons from the most-outer
atomic shell will be unbound. This transition is often

Figure 2.2. In this case, the applied electric field is
even higher than the atomic field strength. The
atomic potential barrier is suppressed and
electrons from most-outer shells are liberated
through above barrier ionization.

referred as Optical Field lonization (OFI).

motion. The amplitude of oscillations exceeds Bohr radius and cycle-averaged kinetic

energy of electron wave packet surpasses binding energy [5].

Range of intensities implying these phenomena defines the strong field nonlinear
optics regime. In contrary to the perturbative regime, here, the nonlinear response of
the polarization of the medium is affected by the ionization process. The nonlinear
treatment can be only applied to an electron which is in very close vicinity of a parent
ion. As soon as it is released by optical field, its respond is linear to the electric field and

may be treated by classical laws of motion [9]-[10].

Very interesting phenomena are present in the intermediate range of
parameters, in the so called intermediate regime, i.e. between the perturbative and the
strong field regimes. They include long-distance self-channeling when nonlinear Kerr
effect causes beam focusing, on the one hand, and free electrons cause its defocusing,
on the other. This interplay leads to the channeling of the propagating intense pulse

(even at distances as long as a few meters).

Another interesting phenomenon in this regime is multiphoton ionization, where

the total amount of absorbed energy exceeds the ionization potential (Figure 2.3).

When electric field strengths are even higher the nonlinearities become stronger.

Electric field is able to optically liberate electrons from inner shells of the atom and the
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wiggling energy of an electron is comparable with its rest energy mc2. This is a launch of

relativistic regime.

N .

£
f n-hv
)

Y

Figure 2.3. Multiphoton ionization process: n-photons
is absorbed. The total energy of absorbed photons
(n*hv; n - number of absorbed photons, h - Planck's
constant, v - light frequency) exceeds ionization
potential.

Publications of crucial importance related to the intermediate to strong-field
nonlinear optics regimes were made by Keldysh [31] and Ammonsov, Delone and
Krainov [32]. Keldysh defined a parameter, named later after him, which allows to
determine whether tunneling or multiphoton process is dominant for particular

experimental conditions. It reads:

©

N
c

Eqg. 2.1
Where:
I, - is ionization potential of a nonlinear medium,

Uy - is ponderomotive potential, which is cycle-averaged quivering energy of an electron

in the external laser field. It is defined as:

B 62-E02

Uy="—>
4m, - @

p

Eq. 2.2
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Where:

e - stands for charge of electron,

Me - is mass of electron,

Eo - external field amplitude oscillating at frequency .
Substitution of the constants leads to simplified relation:

U,lev]= 0.97-10°1[W /cn?® 122 [um]

The laser field amplitude can be estimated from relation:

2
e,V Jom] = 1L
2%

Where:
| - is laser intensity [V/cm?],

Z, - is vacuum impedance.

Z, =+ e, =377V 1 A]

Where:

Ho - is vacuum permeability, u, = 1.26 -10° [H/m] ,

€0 - is vacuum permittivity, ¢, = 8.85 -10** [F/m] .

Eq.2.3

Eq.2.4

Eq. 2.5
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If ¥ >>1, multiphoton ionization dominates. However, if y <<1, tunneling

ionization takes over. By these simple formulas it is possible to divide regimes of

nonlinear optics in intensity domain as depicted in the Figure 2.4.

Regimes of nonlinear optics

Perturbative regime | Strong field regime

< ' >
>1 <

2" order nonlinear phenomena: | v 17 1
- second harmonic generation Multiphoton & | . 2

. : ; High-order harmonic
- opt!ca: para_frrletr_ic generation above threshold ge?]eraﬁon Relativistic
- optical rectification ionization | regime
3" order nonlinear phenomena: | Lssaratiotion | Sub-fs x-ray and electron V. ~¢
- third harmonic generation I pulses | Hard X-rays
- Stimulated Raman ing : i-
- self-phase modulation | Long-distance self- | Self-defocusing Muiti- MeV electrons
- seltfocusing channeling Self-focusing and

| [ | channeling
{ } + + } } >
10" 10" 10" 10" 10" 10" 10" 10" 10"

Laser intensity [W/cm®]
Figure 2.4. Regimes of nonlinear optics.

Of core importance in the interaction of intense laser pulses with matter is the
possibility of estimation of ionization rates. This was done within quastistatic field
approximation. The first approach was proposed by Keldysh. The second was developed
by Ammonsov, Delone and Krainov (also known as ADK theory named after the
acronyms of the names). Additionally, the ionization rate calculation could be performed
by an exact numerical solution of the time-dependent Schrddinger equation. The
Keldysh theory possesses a source of a discrepancy between the other theories which
comes from the fact that it neglects Coulomb potential in an atom. The difference leads
to lower ionization rates compared to other approaches (e.g. in case of He and H by
about 1-2 orders of magnitude) [5]. The discrepancies between theories increase with
the electric field strength. For example, for He there is no difference between ionization
rates obtained from ADK theory and solution of the time-dependent Schrodinger

equation as long as the field strength does not exceed 0.2 atomic unit.
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2.2 High-order harmonic generation in gaseous media

2.2.1 Microscopic analysis

As mentioned in Chapter 1, the high-order harmonic generation process takes
place when linearly polarized ultrashort laser pulses of intensity of a few times
10" W/cm2 to <10% W/cmz, and time duration from picoseconds to a few
femtoseconds [33], are applied to a nonlinear medium (atoms, atom clusters, molecules

and plasmas).

HHG process can be understood using semi-classical three-step model [10]:
Step | - lonization. When an atom is exposed to external electric field the potential of
the atom is modified by a factor of € E(t)? . Then, the resulting potential is equal to:

2 > >
+eE()r

V(r,t)=—4e

€9

Eq. 2.6

5
With increasing strength of the external field E(t)the probability of tunnel-ionization by

the low-frequency laser field of most-outer-shell electrons increases significantly (the

natural potential of atom is being cancelled).

Step Il - Propagation. When an electron wave function undergoes tunnel-ionization
from its parent atom the free electron wave packet is affected primarily by the external
electric field (and not by the field of the parent atom) and is accelerated by this field.
When the laser field reverses its sign the electrons slow down and are re-accelerated
back towards the atom. The free electron motion can be described by laws of classical
physics [33]:

t

v(t) = —%E(t')dt' v, =—E—isin(a)t)+vo

0

Eq. 2.7
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where: v(t) - is instant velocity of an electron, vq - is electron drift velocity.

If we consider an initially bound electron (x=0), with zero drift velocity, its velocity can

be described by [33]:

v(t) :j—%E(t')dt' v, :—ri—i[sin(a)tﬂo)—sin(q))]

0

Eq.2.8

and its position [33]:

E,e
mao*

x(t) = jv(t')dt' = [cos(wt + ) —cos(p)]+sin(p)t

Eq. 2.9

Where: @is phase of electric field at which atom is ionized (often referred as: “electron

is born").

Dependence of the electrons paths as a function of time, where the electric field
phase is a parameter, reveals that just a fraction of the electrons are probable to return
to the parent ion and re-collide (contributing to emission of radiation). The problem is
addressed in more detail in Ref. [33]. This is the reason of the optimization of the

electric field phase.

Step Ill - Recombination. After re-acceleration of the electron wave packet towards the
ion it is plausible that electron will collide with the ion and will recombine. The excess of
kinetic energy is transferred to the momentum of the emitted photon. The electrons
which recombine with ions will emit harmonic radiation with energy of spectral lines

defined as follows:
hv =Ey +1,

Eq. 2.10
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Where Eyi, - is kinetic energy of an electron acquired by absorption of n-photons of
driving field, I, - is ionization potential corresponding to the shell from which the

electron has been ripped off by the field.

There is a limit on the maximum emitted energy. It is given by maximum kinetic
energy that electron has gained during acceleration. It was claimed that the path and
kinetic energy of the electron is controlled by the phase of the electric field (Eq. 2.7 - Eq.
2.9). If phase is ~18° the kinetic energy of electron is maximized and its value is

~3.17-Up [33]%. Thus the energy of the highest harmonic order is given by:
hv =3.170, +1,

Eq.2.11

v (r) V (1)

\ 7 a~E,

r

Step 1: lonization Step 2: Acceleration
3
V()
-7 _// r>
n-hv

Step 3: Recombination

Figure 2.5. Summary of the 3-step model of HHG. The first step is tunnel-ionization of an atom. Next,
an electron is driven away from its parent ion in the external electric field of an intense laser pulse.
When the oscillating laser field reverses its sign the particle is re-accelerated back towards the atom
and, finally, recombines. The last step leads to emission of a photon.

The HHG process can be also explained in the formalism of quantum mechanics

[27]. The returning electron wave packet overlaps remaining portion of initial wave

118°=~314 mrad.
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function. The coherent addition of the two wave functions induces a dipole as
asymmetric displacement of the electron wave packet. The dipole oscillates as
continuum wave function (of free electron packet) propagates. The oscillating dipole is a
source of harmonic radiation and harmonic spectrum is given by Fourier transform of
dipole acceleration. Instantaneous frequency of the dipole is determined by kinetic
energy of the recombining electrons (i.e. electron wave packet and emitted photons are

linked by the energy conservation: v = E,, where the ionization potential is omitted

due to the fact that E; of electrons is seen by bound-state electron wave function,
compare to Eq. 2.11). It is worth noting that the electron wave packet and the emitted

photons are mutually coherent.

It is important to point the influence of tunnel-ionization process on HHG. The
ionization rate increases with the amplitude of the electric field [31], [32] leading to
generation of free electrons what results in their increasingly stronger contribution to
HHG. Most energetic electrons are produced at 18°-phase of the electric field. On the
other hand, multiphoton ionization produces constant number of electrons depending
only on the intensity of the laser pulses and not the field phase. From cut-off law (Eq.
2.11) it is also known that energy of photons may be increased by increasing the
ponderomotive potential U, (when y <<1), thus shifting more into the strong-field

regime.

2.2.2 Macroscopic analysis - phase-matching considerations

In most generic sense HHG process analysis is divided into two logical
constituents: micro- and macroscopic. The three-step model deals only with atomic-
scale phenomena leading to emission of a photon, thus, this part of the process is
assigned to microscopic analysis of HHG. However, there are also macroscopic issues to
be concerned. The crucial problem in this sense for HHG process is a phase-matching of
the two propagating beams: XUV from HHG and of the driving laser. If we consider
mismatch between m™ harmonic order and driving laser field oscillating at fundamental

frequency o the wave vector of the mismatch could be written as [33]:
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Ak =mk(w,;)-k(mo,)
Eq.2.12
In general there are three major components of total Ak that may be written as:

Ak = Aknatural + Ak plasma + Ak

foc

Eq.2.13

1. Refractive index is a function of frequency. Since the phase velocity of radiation
at given wavelength depends on refractive index, in general, radiation of
different wavelengths propagates with different velocities what leads do de-
phasing of particular spectral components. This input to total phase mismatch is
called natural dispersion.

2. Because only little fraction of free electrons that had been generated by the laser
field recombines with parent ion free-electron clouds are created. These free

electrons give raise to additional component of refractive index [5]:

N
nplasma = 1- N :
(@)
Eq.2.14
g,M,w*
N, (@) = e—2
Eq. 2.15

Where:
Ne - is free-electron density,
N - is critical plasma density.

This leads to phase mismatch wave vector component [33]:
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®,*(L-m?)

Ak plasma = mkplasma (a)f ) - kplasma(ma)f ) = Zma
f

Eq.2.16

3. HHG requires peak intensities in range of 10" - 10'® W/cm? In order to obtain
such high intensities one has to focus driving laser beam. However, focusing
involves phase-shift of the driving field along beam propagation direction 'z' (so

called Gouy phase shift) [34]:

Pyeo (2) == arctan(%)

Eq.2.17

Where "b" is confocal parameter defined as follows [34]:
b 27a°
A

Eq.2.18
Where "a" is beam radius in the focal spot.
Gouy phase shift leads to the phase mismatch wave vector component [33]:

A = M () ks (e, ) = 202
Eq.2.19

If the HHG process takes place in hollow fiber the Ak, component is replaced by:

2 2
U, c(d—-m?)
Akcap = mkcap (a)f ) — kcap (ma)f ) = W

Eq. 2.20

Where:

. 1th .
un - is I™" zero of Bessel function, and
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d - is capillary inner radius.

There is also a component to phase mismatch originating from the fact that
when the driving field pulse propagates in a gas it is defocused by the free electrons
density gradient what leads to drop of intensity. Since the dipole moment is roughly

linearly proportional to o« -U /@ with propagation resulting in de-phasing. However,

this contribution is negligible compared to the de-phasing due to focusing and free-

electrons generated index of refraction.
Phase-matching condition can be fulfilled by:

e tuning gas density (modification of gas density leads to modification of the index
of refraction),

e changing position of the focus with respect to the gas resulting in minimization of
Gouy phase-shift influence (gradient of function defined by Eq. 2.17 is highest at
the beam waist),

e in the hollow-fiber geometry modification of the fiber parameters can develop
perfect phase-matching,

e free electron density may be controlled by intensity and time duration of laser

pulses.

2.2.3 Generic properties of high-order harmonics spectrum

An important feature of the harmonic spectrum is its universal shape. As already
mentioned there is a spectral region of roughly equally intense spectral lines, so called
plateau. The plateau is preceded by increase of spectral lines intensity in longer
wavelengths which is subsequently followed by abrupt intensity drop-off. The short-
wavelength part of spectrum extends to the limit defined by cut-off law. From this
formula (Eq. 2.11) one can infer how to extend the wavelength range of HHG, e.g., by
increasing ionization potential (proper choose of conversion medium or by working with
ions for subsequent shells have higher ionization potential). Another way of doing so is
by raising intensity or increasing wavelength of driving laser field (revoke Eq. 2.2 or Eq.

2.3).
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It has been shown that intensity of intensity of m™ harmonic order is
proportional to square of phase-matching factor (m™ oc|Fq|?) [34]. This factor rapidly
decreases with m leading to drop of intensity of spectral lines in the long-wavelength

part of harmonic spectrum.
Additionally, in the plateau region the scaling law has been observed [34]:

| ocb® At

m

Eq.2.21

Where, I, - is intensity of m™ harmonic order, b is confocal parameter, At is driving laser
pulse duration. The dependence from b® comes from the fact that total number of
photons is spatially integrated. The dependence from duration of the pulse comes from

temporal integration of the HHG process.

In most common scheme of HHG when only one-wavelength driving laser field is
used (in gaseous media) the HHG spectra contain only odd harmonic orders. This could
be understood by formalism presented, e.g., in Ref. [30]. This approach originates from

perturbative theory of description of nonlinear optical phenomena and is followed here.

When low-strength external field E(t) (<< ~10° W/cm?) interacts with matter the

N
material polarization P(t) (or dipole moment per unit volume) is responding to

excitation in linear fashion to the applied field. This relation is linked by linear

susceptibility and reads:

P(t)= 7Y E(t)
Eq.2.22

However, if the field increases the nonlinear response of the harmonic oscillator

appears. If the field is not too strong (for intensities smaller than ~10™* W/cm?) P(t) can

be expanded in Taylor series:
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3

- - -2 - 4
PO=x"EM)+27?E )+ E O+2“E (t)+..
Eq. 2.23

If any arbitrary medium features e.g. third order nonlinearity (;((3)does not
vanish) the medium polarization is capable of being a source of nonlinearities of the
third order (e.g. third-harmonic generation, nonlinear index of refraction and secondary
phenomena having their origin in the dependence of n = f(l), etc.). In general, there is
a strong dependence between type of symmetries of media and their nonlinear
properties. For instance, if a medium is centrosymmetric all its even-order
susceptibilities vanish and thus those media are not able to give rise to any of even-
order nonlinear phenomena. This is also the case of gasses (as well as e.g. liquids and
amorphous solids). Since gases display inversion symmetry it is possible to obtain odd-

order HHG only.

It ought to be stressed; however, that propagation effects can severely affect the
resulting shape of the harmonic spectrum. This applies to both spectral content and the
intensity of particular harmonic orders. This remark is of special importance when HHG
scheme utilizes self-channeling (or, equivalently, long propagation distances in the

conversion medium of the harmonic radiation).

2.2.4 HHG geometries involving gaseous media

The most common experimental setup of HHG comprises (apart from laser system and
diagnostic apparatus) gas puff target [35]. Such a target is basically a gas valve injecting
a portion of a gas at desired pressure. The valve is repetitively open and laser pulses
interact in proximity of valve exhaust. Typical repetition rate of the gas puffs is < 100 Hz.
The valves may have either circular symmetry or could be elongated. Elongated valves
provide higher XUV beam outputs but limiting factor is re-absorption in a gas thus long
valves are used for wavelengths > ~20 nm (also because of the longer coherence length
for longer wavelengths). On the other hand, circular (e.g. 0.5 mm diameter) gas puff

valves are used in shorter-wavelength HHG.
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High-order harmonics are also generated in gas cells. A gas cell is a simple
container filled with a noble gas at moderate pressure (few tens of mbar). Arrangements
with gas cells are very comfortable to work with because, compared to the gas puff
targets, there are fewer parameters to optimize to obtain phase matching. In this case
the phase matching is obtained by tuning only longitudinal position of a cell and gas
pressure in a cell. For gas cells can be as long as desired (due to technical ease of
construction compared to gas puff valves) this setup is also favorable when
maximization of interaction length is wanted. Due to the above advantages HHG source
developed at the Institute of Physics (IoP) and Prague Asterix Laser System (PALS) of the

Academy of Sciences of the Czech Republic follows this setup.

Another possible geometry of HHG involves hollow fibers filled with a conversion
gas [36]. In such a fiber laser pulses are propagating even meters long resulting in
efficient transfer of driving field energy into XUV beam. This geometry is also popular

due to ease of control of phase-matching by fiber parameters (Eq. 2.20).
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2.3 High-order Harmonic Generation by molecules

Essentially, the physical mechanism of HHG in molecules is the same as in atomic
gases (see paragraph 2.2) and can be understood by the same 3-step model. However,
orbital structure of molecules and thus the description of the mechanism of HHG in this

case is significantly different from the case when atomic conversion media are involved.
There has been many molecules proven to be capable of HHG:

e N, [27],[37],
e (S, hexane, N, [38],
L] Oz, COZ and N, [39]

Very interesting feature of HHG in molecules is that the signal yield of particular
harmonic order depends on laser light polarization ellipticity and its orientation with the
respect to the direction of molecular axis. In general, the signal yield is highest for

linearly polarized light perpendicularly oriented to the axis of molecule (Figure 2.6) [39].
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Figure 2.6. Dependence of HHG in molecules from the ellipticity and orientation of the
molecular axis with the respect to laser polarization orientation. The molecule of
interest is CO, and curve on the right is a signal yield for 25" harmonic order [39].

The fact that the yield of HHG depends on orientation of the molecule with the
respect to light polarization direction suggests that the HHG process (especially in
molecules) is strongly affected by the shape of orbitals of the molecule. This idea has
been motivation to Itatani et al. [27]. Finding the relation between orientation of the
molecule and spectral intensities of high-order harmonics they succeeded to perform

inverse calculation and obtained tomographic reconstruction of the most-outer orbital
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of the N, molecule. Since these orbitals are responsible for chemical properties of the
molecules the results have a great impact on the state of our knowledge. Such direct
measurement of orbitals is a first step to the "molecular movie", e.g., showing time-

resolved process of creation of chemical bonds.

Another very interesting feature of HHG from molecules was unveiled during
experiments in which the influence of molecular structure complexity on HHG efficiency
was investigated. It turned out that the increasing complexity of the molecule is
unfavorable for efficient HHG. When dissociating pre-pulse was applied the HHG vyields
were higher compared to case with unaffected molecules [38], [40]. It has been
suggested [34] that the origin of the higher conversion efficiency in atomic media relies
in fact that dipole phase depends on the angle between molecular axis and the pump
laser polarization. An additional de-phasing mechanism would exist between the
emitters in randomly aligned molecular media and it could imply worse phase matching

compared with the monomers [40].
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2.4 High-order Harmonic Generation from solid targets

HHG process can also take place at the interface between vacuum and solid
targets. The physical process leading to HHG is different here and is explained in terms
of resonant absorption. Let us now introduce reference system presented in Figure 2.7.

/\\_h._
[ '““xtvﬁ\_mm
S T

-~
x|

—

“solid target

specular reflection

Figure 2.7. HHG from solid target surface geometry.

From electromagnetic analysis of reflection of radiation at an interface between
two media it is known that in case of specular reflection at oblique angles (o >0°) "s"
polarization is reflected according to Snell's law, or, alternatively, this polarization, does
not propagate in z direction (due to the boundary conditions). On the other hand, "p"
polarization can propagate in z direction into the medium. When a very intense laser
pulse impinges upon the target, the plasma is created. In such a plasma light propagates
to the layer of free-electron density equal to plasma critical density (Eq. 2.24). The laser
radiation cannot propagate any farther, but, instead, the free-electron plasma wave
(plasmon) is induced by "p" polarized light at frequency equal to light frequency

(resonant absorption) and directionality of propagation along z axis.

_Ar’c’eym, 11-10%
e’2,” A °[um]

N

c

[em™]

Eq.2.24

When laser light at frequency m, mixes with the induced plasmon at frequency
o, the light at frequency of 2w, is generated. The 2w -electromagnetic wave may
propagate further into plasma since plasma critical density for 2m, is higher (4N.). Then,

light at 2c, mixes with that at ®, generating 3w, component. This frequency radiation



Chapter 2 | Physical mechanisms of high-order harmonic generation 25.

can propagate until it reaches density of 9N, and so on (up to some upper-limit density
N.). This cascaded phenomenon leads to generation of harmonics of the order limited by

plasma frequency and its maximum value is given by [34]:

N
S
. NC
Eq. 2.25
The approximate relation for Ny is given by [34]:
E 2
N, =—2
87T,
Eq.2.26

Ty is background temperature [41].

Very important parameter is the product of | - A*[zm®W /cm?]. For A=1 pm and
intensities below 10 W/cm? Lorentz force can be approximated only by component
coming from electric field, i.e. by e-E,. However, if intensity becomes comparable to
10" W/cm? the relativistic effects bring increasingly significant input to Lorentz force
from magnetic field component. For laser pulse intensities below the mentioned value
(or for 1A% < 10™ pm? W/cm?) the only polarization that may induce harmonic generation
s "p" polarization. However, above this value HHG may take place due to nonlinear
mixing between longitudinal and transverse oscillations resulting in possibility of HHG

from "s" polarized light [34].

Another way of describing of HHG from solid-vacuum interface involves an the
oscillating plasma mirror. It could be shown by mathematical analysis that light reflected
at critical surface oscillating at relativistic velocities contains harmonics of the incident
beam (see [34]). This approach; however, will not be discussed in more detail here.
Instead, some general properties of HHG from solids are shall be discussed. Probably the
most interesting feature of HHG from solids is that all-order harmonic radiation is

obtained. Additionally, it has been observed that the emission cone changes with the
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intensity of driving laser field [34]. In general the emission cone is larger compared to
the laser beam. When IA? reaches values of 10" - 10" pm’W/cm? the emission solid
angle strongly increases; for values above 10" um?W/cm? it is found to be isotropic (no
angular distribution of HHG has been found [34]). Moreover, HHG efficiency and signal
yield from solids drop above 10*® um?W/cm?. The two phenomena are attributed to the

transition from specular reflection regime of HHG to diffusion reflection regime.
The key parameters of HHG from solid-vacuum interfaces sources are:

e Intensity of the driving field (or more exactly the product of IA?), which is
basically the only limiting factor to the order of generated harmonics,
e angle of incidence of the driving field upon the target,

e contrast of the driving laser pulse.

Nowadays, this type of HHG source is drawing lots of attention in scientific world.
This is due to huge potential capabilities of this type of source (e.g. odd and even
harmonic orders generation and their number limited only by available intensity of the
driving laser fields, conversion efficiency increasing with IA%). For more detailed

discussion on HHG from solids see, e.g., Refs [41]-[47].
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Chapter 3. Development of HHG source at
IoP/PALS

The existing Ne-like zinc X-ray laser (XRL) at Department of X-ray Lasers (Institute
of Physics, the Academy of Sciences of the Czech Republic) and Prague Asterix Laser
System (PALS) emits coherent radiation at 21 nm and is capable of delivering energy of
few-mJ in a single shot [48]. However, practical use of this X-ray laser is limited by the
driving laser system which is able to shoot every 0.5 hour. In case of HHG source, the
low single-shot energy (~nJ) is compensated by the repetitive operation of the source
(up to “MHz). It is also possible to easily tune the HHG source parameters to obtain
coherent spectral line at 21 nm. Thus this source is complementary to the existing X-ray

laser in wide range of applications.

3.1 Laser system

The source of high-order harmonics built at the Institute of Physics (IoP) and at
PALS is based on the commercial titanium-sapphire laser system (Coherent Inc). The
system comprises Micra master oscillator and Legend regenerative amplifier (together
with pumping laser Evolution-15). The scheme of the laser is presented in Figure 3.1. The
system is built based on CPA (chirped pulse amplification) technique. Mirca is a mode-
locked oscillator providing train of seed pulses of duration of 20 fs and at repetition rate

of 76 MHz. These pulses are stretched by a pair of gratings to about 200 ps in duration

Micra M1
Ti:sapp oscillator N

20 fs,
76 MHz,

Beam o M2
W

seed beam ’ .
diagnostics

output
V. beam

&
35fs

BS1 1 kHz
1.2mJd

800 nm

Evolution-15 _
pumping
beam

Figure 3.1. Laser system used for HHG at loP/PALS.
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and subsequently amplified. In the amplifier a pair of Pockels cells (pulse slicer) picks
only some of the seed pulses resulting in output repetition rate of 1 kHz. The Evolution-
15 pumping laser is a frequency-doubled Nd:YVO laser (P=15 W, At=10 ns, A.=527 nm,
1 kHz). The amplified beam is compressed by dual-grating compressor (in air) to the
pulse duration of At<40fs. The amplified pulse (after compressor) has energy over
1.2 mJ. Central wavelength is 810 nm and repetition rate is 1 kHz. The beam size is

10 mm FWHM.

Figure 3.2. Picture showing the table-top femtosecond laser system deployed in the HHG source. The
system comprises Micra oscillator and Legend regenerative amplifier pumped by Evolution laser (visible
in Figure 3.3).

Figure 3.3. Evolution Nd:YVO laser system provides pumping energy at its second harmonic for
regenerative amplifier (Legend). The system is controlled using a notebook through two control boxes
visible in the upper part of the picture.
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3.2 Experimental infrastructure

The experimental setup of the HHG source is presented in Figure 3.4. The source
has been built in a gas cell arrangement. The near infrared (NIR) femtosecond laser
pulses of the system described in Section 3.1 are focused with a dispersion-corrected
lens (from fused silica or MgF,) in a cell filled with a noble gas at moderate pressure
(tens of mbar). Additionally, the lens is preceded by input iris for defining the driving
beam size. The interaction of the very intense ultrashort NIR pulses leads to generation
of high-order harmonics as described in Section 2.2. The gas cell and all diagnostics are
placed in a vacuum system. The real photo of the experimental infrastructure may be

seen in Figure 3.5.

Al filter

. @ as cell
diagnostics g

beam
clip iris

Figure 3.4. Schematic experimental drawing of HHG source at the loP/PALS.
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Figure 3.5. HHG experimental beamline at loP/PALS. The beamline comprises titanium-doped
sapphire laser system, HHG source placed in the source vacuum chamber (the blue in the picture)
and application chamber (grey in the picture, downstream beam propagation direction).

The main component of the beamline is a gas cell (Figure 3.6 and Figure 3.7). The
design of the cell allows changing gas cell length. It is mounted on XYZ motorized stage
for easy manipulation during the experiment. The inner part of the cell is made of a
transparent material for ease of viewing. The gas cell is linked to the pressure controller
(P-602CV-AGD-33-V-350A Bronkhorst High-Tech BV) which supplies the cell with the gas
at desired constant pressure. In HHG source optimization argon gas as a conversion

medium was used.

The beamline comprises also diagnostics preceded by an Al filter and an iris for

partial NIR beam clip.
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Figure 3.6. Conceptual design of a gas Figure 3.7. Picture of the gas cell
cell. used in the experiments.

3.3 Diagnostic methods and techniques

The main two diagnostics for the characterization of the HHG source were
camera for M? parameter measurement and transmission grating spectrometer (TGS) for
spectral characterization. The camera (Pixelink PL-A781) is based on CMOS technology
chip featuring size of 2/3" and resolution of 3000 x 2200 pixels (3.57 x 3.57 um pixel
size). The chip covering glass has been removed and the sensor has been covered with
5 um layer of P43 phosphor. The camera has been enclosed in stainless steel housing for

vacuum compatible operation [49].

Figure 3.8. Pixelink XUV CMOS camera.



32. Krzysztof Jakubczak

For very precise spectral measurements TGS was used [50]. The spectrometer, as
displays Figure 3.9, comprises relay flat mirror and imaging spherical mirror (both Au-
coated for grazing incidence geometry). Both mirrors size is 2". The dispersion element is
a free-standing transmission grating (2500 lines/mm; nm? LLC). Spectrum was detected

with an X-ray CCD camera (Andor DX440-DN). The real picture of the TGS is shown in

Figure 3.10.
imaging spherical mirror X-ray CCD
Au-coated camera
=850 mm

grazing incidence at 12 deg.

1

free-standing SiN,
transmission grating

XUV beam (2500 I/mm)

relay Au-coated
mirror

Figure 3.9. Schematic of the transmission grating spectrometer.

Figure 3.10. Real photo of TGS (the CCD portal is at
the right hand side of the spectrometer in the
photo).
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Figure 3.11. Schematic drawing of the SiN, grating used in TGS [51].
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Figure 3.12. SEM image of the grating. The grating period was 400 nm and the
linewidth was 205 nm. The window size (the size of the grating) was 3 x 3 mm [51].

Special calibration software has been coded (in Delphi 6 programming language).

The print screen of the program is shown in Figure 3.13. The software is capable of:

e computation of geometrical arrangement of the spectrometer in the experiment
(e.g. distances between TGS components and source),

e evaluation of TGS properties (e.g. for given grating, CCD and distances it is able to
evaluate spectral range and resolution);

e it also possesses some optimization features (e.g. as functional dependences

between parameters of choice).



34. Krzysztof Jakubczak

T8 Transmisston Grating Spectrometer Calibration Saftware v. 2.0
Fle el

Function of spectral resolution vs. source-mirror distance (u)

To evaluate one of TGS' parameters, click one of the tabs:
b is completly independent from ene ansther!

10 18 A0 W N0 W0 W

Figure 3.13. TGS calibration software.

In the measurements spectrometer was set up to measure spectrum in range
below ~60 nm with resolution < 1 A (distance between spherical mirror and the source
~1 m, distance between spherical mirror and grating 140 mm, distance between grating
and detector 300 mm, the source size was assumed to be 100 um, and transmission
grating period was 400 nm with line width of 205 nm, radius of spherical mirror
R=1700 mm, grazing incidence angle onto spherical mirror ¢$=12°). The theoretical

estimation of TGS resolution has been confirmed by experimental results.

Absolutely calibrated X-ray CCD camera Andor DX440-DN has been also used
alone for absolute estimation of the total HHG signal (preceded only with beam clip and
an Al filter) and for the XUV beam profile measurements. The camera has 2048 x 512
pixel matrix. The pixel size is 13.5x13.5 um resulting in matrix dimensions of

27.6 x 6.9 mm.
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Chapter 4. HHG source characterization

4.1 Optimization of the source parameters

The first experimental campaign performed at lIoP/PALS involving HHG source
was related to comprehensive characterization of the HHG source and its optimization.

The parameters under investigation were:

e chirp of NIR femtosecond laser pulse,

NIR beam size,

e focal length of the lens used in setup,
e gas cell length,

e gas pressure,

e cell position.

In the experiment, lenses of three focal lengths were sequentially deployed:
f=750, 1000 and 1500 mm. The experimental conditions for our laser system
(Ac=810 nm, At=35fs, 1.2 mJ, 1 kHz, 10 mm FWHM beam size) and argon gas (most
outer shell ionization potential 1,=15.759 eV) in the interaction region are presented in

Table 4.1.

=750 mm f=1000 mm f=1500 mm

Radius of diffraction limited NIR 146.4 195.2
focal spot [um]
Confocal parameter b [mm] 168.33 299.26

Intensity | [W/cm?] 5.092-10" 2.864-10"
Electric field strength Eq [V/cm] 1.959-10° 1.469-10°
Ponderomotive potential U, [eV] 3.043 1.712
Keldysh parameter y [.] 1.609 2.146

Table 4.1. Estimation of the experimental conditions in the interaction region.

4.1.1 Chirp of the NIR femtosecond laser pulse

One of the parameters of great practical usefulness is a source tunability. In case
of high-order harmonics it can be accomplished by changing the conversion medium,

which predominates the wavelength range of generated harmonics. For example,
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harmonics from argon are centered around 30 nm, from neon ~13 nm. Even shorter
wavelengths could be obtained from helium (~¥10 nm), which in general depends on
ionization potential of the medium. Additionally, very fine tuning in range of up to a few
nm could be performed by tuning chirp of NIR femtosecond pulse. Physically, this
originates from the fact that kinetic energy of a tunnel-ionized electron depends on the

phase of the driving electric field according to the formula [34]:

1 Vz _ e2E2 1 2 2 _ 1 2 2
Em _W( +2c0s” aty) =U  (1+2cos” at)

Eq. 4.1

Optimization of the source chirp has been performed in the setup presented in
Figure 3.4. The TGS (Section 3.3) was used as a main diagnostic device. Selected
experimental results are presented in Graph 4.1 - Graph 4.23. Experimental conditions
are embedded in each graph. The two strongest spectral lines: for =750 mm and
21000 mm: 27" and 25" harmonic, for f=1500 mm: 19" and 21" were used in analysis
of the results. All graphs are normalized to 0.5 s integration time and 0.8 um thickness of

Al filter. As a conversion medium argon gas was used. The denotations used are:

e L -gascelllength,

e p - pressure inside the gas cell,

e f-focal length of the lens,

e d - diameter of the opening of the entrance iris (before lens, as in Figure 3.4),

e df/dt (parameter in the graphs) is the position of the motor of one of the gratings
inside the compressor. Movement of the grating position changes the chirp of
the pulse,

e H25 stands for 25" harmonic order, H27 for 27" etc.
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Graph 4.1. Tunability of HHG.
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Graph 4.22. Optimization of chirp of NIR laser pulse.

The ability of HHG sources to the fine wavelength tuning is used e.g. during HHG
beam amplification experiments to match absorption line of X-ray laser plasma
amplifiers (see Section 6.2). However, in such a case one has to keep in mind that tuning
of HHG features a drawback which is an intensity drop when departing from optimal
conditions. The phenomenon is displayed in Graph 4.23. In this case the shift in
wavelength only by 0.23 nm from optimal conditions (at 30.1 nm) caused signal drop by

83 %!

The presented experimental results display the existence of the optimal phase of

the driving laser field during the HHG process. It is also worth mentioning that optimal
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conditions are the same for all harmonic orders at a time, which are difficult to quantify

absolutely since during the experimental campaign the laser needed to be a few times

realigned. This was caused by air turbulences resulting in the beam walk-off, and change

of moisture in the laboratory. Each, even very minor realignment led to new optimal

distance between the gratings which had to be found.
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Graph 4.23. Intensity drop during wavelength tuning of 27" harmonic order.

4.1.2 Size of the NIR driving beam

In order to maximize source total output one has to tackle the phase matching

issue. The geometrical component to the phase mismatch vector finding its origin in the

Gouy phase shift in the region of the focus can be minimized by changing confocal

parameter b which was defined by Eqg. 2.18. Confocal parameter b is related to Rayleigh

length zz:

b:

Eq. 4.2

Since focal spot size is a function of the beam diameter, experimentally, changes

of b parameter are obtained by changing driving field beam size.
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The experimental results are shown in Graph 4.24 - Graph 4.32. The graphs
present spectral intensity of the selected harmonic orders as a function of aperture size
of the iris at the entrance of the experimental setup. The meaning of the symbols in the

graphs is the same as in previous section.
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Graph 4.26. Optimization of NIR beam size.
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Optimization of aperture size
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Graph 4.31. Optimization of NIR beam size.
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Optimization of aperture size
(f=1500mm, L=18mm, p=10mbar)

600

500 e &

s /
300
/ ——H19
200 el H21
100 /
0 1//

10 11 12 13 14 15 16 17 18

Spectral intensity [a.u.]

Aperture size [mm]

Graph 4.32. Optimization of NIR beam size.

Optimal iris size of the aperture was found to be 11 mm for f=750 mm lens and
13 mm for f=1000 mm lens. To keep intensity constant in the interaction region while
increasing focal length of the lens the increase of laser intensity is required (because
focal spot increases). This was found to be an issue in the experimental setup (due to

limits of the available laser system).

Typical dependence of the harmonic signal vs. the aperture size [34] was
observed (e.g. Graph 4.24). For small iris opening (in this case below 9 mm) the signal is
very low. Then, the signal rapidly raises and reaches its maximum (at 11 mm iris
opening). Finally, a drop of the spectral intensity is observed. Out of the optimum, for
higher beam sizes, the spectral intensity is preserved at moderate level and does not

change any further.

4.1.3 Focal length of the lens

Intensity of the driving beam in the interaction region is a very important factor
since in HHG from gases it is desired to adjust intensity level in such a way so as to
create favorable conditions for tunneling of most outer electrons of the atomic gas

( 7 <<1). If the intensity is too low very low number of electrons will be tunnel-ionized
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providing low contribution to XUV signal. On the other hand, if the intensity is too high
very high density of the free electrons will be created. These electrons defocus NIR
beam and become a source of de-phasing of NIR and XUV beams. Additionally, in the gas
cell arrangement, for efficient HHG self-channeling is desired. It is achieved by the
proper choice of intensity and the gas pressure leading to interplay between intensity-

induced self focusing and free-electron-induced defocusing of the driving laser beam.

The experimental results on optimization of focal length for 27" harmonic order
are presented in Graph 4.33. The detailed experimental conditions are presented in the

insets of the graph. The strongest signal yield was recorded for =750 mm.

Focal length optimization
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Graph 4.33. Optimization of the focal length of the lens in the HHG setup. The optimization has been
performed for 27" harmonic order.

4.1.4 Gas cell length

The optimization of the gas cell length aims at maximization of interaction length
between the NIR beam and conversion medium up to the length values where signal

decays due to re-absorption of the XUV radiation by neutral gas.
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Moreover, tuning gas cell length at constant pressure of nonlinear medium
allows investigation of effects limiting the efficiency which are not pressure dependent

(phase matching) [34].

The measurement results are presented in Graph 4.34 and in Graph 4.35.

Optimization of gas cell length
(f=750mm, p=40mbar, d=10mm)
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Graph 4.34. Optimization of gas cell length (f=750 mm).
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Graph 4.35. Optimization of gas cell length (f=1000 mm).
The curves feature shapes which well agree with the literature and exhibit typical

optimal experimental conditions. The optimal gas cell length for f=750 mm was found to

be 12 mm while for f=1000 mm 10 mm. The discrepancy of the H27 signal yield in Graph
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4.34 for L=4 mm and for H25 with gas cell length of L=10 mm is attributed to driving

laser instability (the data were obtained in the long time interval of 1 month).

4.1.5 Gas pressure

It has been experimentally confirmed [53] that intensity of m™ harmonic order is
proportional to square root of atomic density (ImcN?) accounting for the coherent
character of HHG. On the other hand, it has to be noted that Imochmlz, where F, is so
called phase matching factor rapidly decreasing with m [34]. This is the reason of rapid
decrease of spectral intensities in the long-wavelength part of the harmonic spectrum.
Thus a proper choice of the gas pressure is crucial for the efficient process of high-order

harmonic generation.

The selected experimental results are presented in Graph 4.36 - Graph 4.45. The
optimal pressure for lens =750 mm was ~45 mbar, for f=1000 mm was ~25 mbar, and
for f=1500 mm was ~10 mbar. The shift of optimal pressure to lower values when
increasing focal length of the lens can be attributed to the increasing phase mismatch
factor and reduced intensity in the interaction region. The dependence of the spectral
intensity vs. pressure is typical and does not present any discrepancies between results

known from the literature.
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Optimization of gas pressure
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Graph 4.39. Optimization of gas pressure (Ar).
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The optimization of the position of the gas cell along the driving beam caustics

was performed in order to minimize geometrical component of phase mismatch vector.

The geometry of the experiment is presented in Figure 4.1. The "0" position of the

motorized stage for f=750 mm and 1000 mm corresponds to the beam waist location
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close to the entrance to the cell. For 1500 mm beam waist was aligned to be located at

the back face of the cell (due to the setup realignment).

gas cell

f ' >

0 Zz
Figure 4.1. Geometry of optimization of the position of the gas cell along

beam propagation path. "0" position of the motorized stage corresponds
to the beam waist location close to entrance to the cell.

The experimental results are presented in Graph 4.46 - Graph 4.54. Experimental

conditions are embedded in the graphs.

It could be observed that in general two maxima exist: when beam waist was
close to both ends of the cell. However, the more favorable conditions are with focus

located at the end face of the cell.



Krzysztof Jakubczak

Optimization of longitudinal cell position
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Graph 4.46. Optimization of longitudinal gas cell position.
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Graph 4.47. Optimization of longitudinal gas cell position.
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Optimization of longitudinal cell position
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Graph 4.48. Optimization of longitudinal gas cell position.
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Graph 4.49. Optimization of longitudinal gas cell position.
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Optimization of longitudinal cell position (f=1000mm, L=8mm, d=14mm,
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Optimization of longitudinal cell position
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Graph 4.52. Optimization of longitudinal gas cell position.
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Optimization of longitudinal cell position
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Graph 4.54. Optimization of longitudinal gas cell position.

A very interesting feature of the obtained results is the oscillatory shape of
spectral intensity. The intensity fringes are related to coherence length which defines
the distance over which the harmonic signal can build-up constructively. If the

conversion medium becomes longer than coherence length (1, ), destructive

interferences occur and lead to appearance of fringes, also called Maker fringes [54],

which are a direct means to investigate coherent effects during HHG process.

Maker fringes from harmonic radiation of orders up to 13" were firstly reported
by L’Huillier et al. The experimental setup involved 40-ps, Nd:YAG laser system [55]. The
beam was focused (f=200 mm) into a xenon gas jet. The gas jet position was scanned.
Later, Maker fringes were obtained using a Ti:sapphire laser system and an Ar-filled gas
cell by Kazamias et al. [56], [57]. The latter referenced results were obtained in a very
similar experimental setup as at the loP/PALS; however, in the referenced case gas cell
length was varied while in the reported results most prominent (but not exclusive)
modulations were obtained during the cell position scan. For example, the fringes

contrast in Graph 4.52 is ~37.7 % and |, =2mm.
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4.2 HHG beam profile

The experimental setup for the measurement of beam profile of the optimized
harmonic source is shown in Figure 4.2. The experimental conditions were: diameter of
the aperture limiting the IR beam size d=11 mm, focal length of the lens in the setup
f=750 mm, gas cell length L=12 mm, gas pressure (Ar) p=45 mbar, and the laser
parameters were: At=35fs, A.=810 nm, 1.2 mJ at 91 Hz. Integration time was 3s. The
measurement was performed using Andor DX440-DN X-ray CCD camera. The distance
between Andor camera and the front face of the gas cell was 2157 mm. 400 nm Al filter

(Luxel) was placed in front of the camera.

. I XUV beam [E X-ray CCD
I camera
gas cell 400 nm
Al filter

IR beam

Figure 4.2. Experimental setup of the harmonic beam profile measurements.

The beam footprint is shown in Graph 4.55 and in Graph 4.56. For both profiles
Gaussian fit was done with fit coefficient higher than 99 % in both directions (detailed
fitting results are embedded in the graphs). The beam size at the distance given by
camera position was (FWHM) 2.86 mm and 2.49 mm in horizontal and vertical

directions, respectively.

Figure 4.3. High-order harmonic beam
profile.
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Figure 4.4. 3D beam profile plot.

The beam profile is very close to perfect Gaussian shape. The intensity changes
very smoothly and does not feature any significant asymmetry or non-uniformities like in
a case most of X-ray lasers (c.f. Ne-like Zn soft XRL [48] or capillary discharge soft XRL
[58]). The spots visible Figure 4.3 are attributed to impurities in the beam path (most

probably on the phosphor layer).
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Profile of the harmonic beam in the horizontal direction
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Graph 4.55. Harmonic beam profile in the horizontal direction together with its Gaussian fit.
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The beam width (FWHM) is 2.49 mm.
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4.3 M? of HHG beam

One of the crucial parameters defining the beam quality is M? factor (also called
beam quality factor or beam propagation factor). According to 1ISO 11146 Standard it is
defined as [59]:

M2:®.Wo.£
A

Eq. 4.3

Where: O is far-field beam divergence half-angle, wg — beam waist radius, and A -
is the radiation wavelength. If the beam intensity distribution pattern is elliptical M?
factor is usually estimated along major and minor axes of the ellipse resulting in two

values of M? parameter: M, and Myz.

The measurement of M? of the XUV harmonic beam was performed in the
standard scheme when caustic of focused beam is measured. In laser physics, when M?
is measured in optical spectral range the beam is focused by a high-quality lens of long
focal length and large F*. The size of the beam waist should roughly match the size of the
detector array [60]. Here, instead of transmission optics, reflective optics was used. In
the experimental setup the NIR beam was filtered out by 400 nm Al filter (Luxel) and the
XUV beam was focused by a spherical multilayer (ML) C/Si mirror (R=30 % at 30 nm,
=6°, =250 mm, N=20, d=16.6 nm) which has been designed at the Institute of Physics

in Prague (Graph 4.57), and prototyped at the Institute of Scientific Instruments in Brno.

CMOS
camera/
\J!‘ .,\‘_\)\(‘l\.libeam
IR beam |
— o ¥
gas cell |
g C/Si ML
Wier spherical mirror
=250 mm, B=6°

R=30 % (30 nm)

Figure 4.5. Experimental setup for measurement of M’ parameter of high-order harmonic beam.
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ML mirror reflectivity at 87 deg
(C/Si, d=16.6nm, N=20, ratio Si-thickness/d= 0.65)
0.30
0.25

0.20

0.154

Reflectivity
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Graph 4.57. Simulated reflectivity of the multilayer mirror used in
the experiment [61].

Distance from the gas cell back end to the ML mirror was 2295 mm. The caustics
was directly measured with a CMOS PixeLINK camera (Section 3.3). The initial "0"
position of the camera was at the distance of ~280 mm from the mirror along beam
propagation path. Signal acquisition time was 50 ms. The camera relative position was
varied from -12.5 mm to +12.5 mm with a step of 0.5 mm. Positive values in the camera
position coordinate mean moving away from focusing ML mirror. The experimental
conditions for the HHG source were: Ar pressure p=45 mbar, NIR beam aperture
diameter d=11 mm, gas cell length L=12 mm, focal length of the lens f=750 mm, and

driving beam parameters: A.=810 nm, At=35 fs, E=1.2 mJ at repetition rate of 1 kHz.

The examples of the beam footprints are presented in Figure 4.6 - Figure 4.15. All

images are of the same dimension of 264 x 354 pixels (1.769 x 2.372 mm ).
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Figure 4.6. XUV beam profile at relative position Figure 4.7. XUV beam profile at relative position
along beam propagation direction: -12 mm (FWHM along beam propagation direction: -9 mm (FWHM
size: 281 x 871 um). size: 288 x 703 um).

Figure 4.8. XUV beam profile at relative position Figure 4.9. XUV beam profile at relative position
along beam propagation direction: -5 mm (FWHM along beam propagation direction: -2 mm (FWHM
size: 100 x 382 um). size: 34 x 221 um).
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Figure 4.10. XUV beam profile at relative position Figure 4.11. XUV beam profile at relative position
along beam propagation direction: -1 mm (FWHM along beam propagation direction: 0 mm (FWHM
size: 27 x 161 um). Sagittal focus position. size: 40 x 154 um).

Figure 4.12. XUV beam profile at relative position Figure 4.13. XUV beam profile at relative position
along beam propagation direction: +2 mm (FWHM along beam propagation direction: +4 mm (FWHM
size: 67 x 141 um). size: 107 x 147 um).
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Figure 4.14. XUV beam profile at relative position Figure 4.15. XUV beam profile at relative position

along beam propagation direction: +6 mm (FWHM along beam propagation direction: +9 mm. Visible

size: 194 x 201 um). artifact is probably due to a parasitic reflection
(FWHM size: 395 x 415 pm).

During the scan astigmatism typical for off-axis imaging using spherical mirrors
was observed. Transversal asymmetry of the caustics is clearly visible in the presented
figures. The beam profiles were taken along minor and major ellipse axes. They were
denoted as X and Y, respectively. The profiles were approximated using Gaussian fit and
FWHM beam size was estimated based on computed curve. The processing was done in
the Origin software [62]. The beam with estimation error never exceeded 2 %. The
resulting caustics for both directions are shown in Graph 4.58. The estimated values of
beam quality factor for central wavelength of 30 nm were: M, = 4.64 and My2 = 38.45.
Values of M? factor greater than 3 are typical for multimode beams thus recalling the
results of the measurements of the beam profile it is assessed that these poor values of
M, and My2 do not reflect the beam quality but rather low grade of the focusing optics
which distorts the beam. The claim may be supported by the observation of minor
longitudinal asymmetry in the beam caustics in both X and Y directions and a very strong

astigmatism effect which is exhibited in Graph 4.59.
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Graph 4.58. The caustics scan of the focused HHG beam. The distance between tangential and sagittal foci

was ~3.495 mm.

Dependence of eccentricity € defined as:

AX .,
e=1-(C2
(AY)

Eq.4.4

where: AX and AY is beam width along minor and major axes of the ellipse, respectively,

was plotted as a function of the camera position along beam propagation direction.

To estimate intensity of XUV beam in the focal spot let us assume a focus of the

shape shown in Figure 4.10 (assessed as smallest observed). The absolute focus area is

3.412:10° cm®. If harmonic beam energy is ~0.652 nJ (see Section 4.5) and average

reflectivity of the multilayer mirror of 25 % in vicinity of 30 nm the resulting XUV (all

harmonic orders) fluence in the focus will be 4.78-10° J/cm?. If EVU pulse is assumed to

be of duration of 35 fs the intensity in the focus would be 1.37-108 W/cm?.
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Astigmatic eccentricity of XUV beam
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Graph 4.59. Eccentricity of the XUV beam due to focusing by spherical mirror.

The obtained fluence in the focus is not sufficient for numerous practical
applications of the source. The increase of the fluence in the focus could be achieved by
employment of a multilayer optics of different shape featuring lower aberrations
(especially spherical aberration) for off-axis imaging. As an example paraboloidal mirrors
could be used since they are capable of creating a perfect on-axis image of an infinitely
distant object. For practical reasons off-axis paraboloidal mirrors are used, being, in fact,
only a section of a much greater, so called, “parent” on-axis parabola. To increase
reflectivity in EUV spectral region of such mirrors and to achieve monochromatization of
the harmonic radiation such mirrors are covered with multilayer structures. On the
other hand, a very straightforward solution is to use spherical focusing mirror and to
place an irradiated sample neither in sagittal nor in tangential focus but at the position
of the circle of least confusion. To present this effect qualitative simulation of harmonic
beamline was performed in Zemax [63]. Figure 4.16 presents simulations of a focal spot

on the plane 280 mm distant from focusing mirror.
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pasb ) | AT

HE RIS U P

Figure 4.16. Simulation of focal spot of XUV beam focused by a spherical mirror in the exactly same setup
as in the experiment. The observation plane is at distance of 280 mm from the mirror (reference to Figure
4.11).

HE RIS U P

Figure 4.17. Simulation of the circle of least confusion which, in the setup, is located ~269 mm from the
focusing mirror. Note difference in scale bar between the both figures.

Figure 4.17 presents ray tracing results at the position of a circle of least
confusion. The focal spot area in this case is 3.14-10%cm?. This will result in fluence of
5.2-10'3J/cm2. The focal spot in Figure 4.16 has area of 7.58-10’8cm2, thus fluence in this
case would be 2.2:10°J/cm? Hence the increase when moving with observation plane
from position 280 mm to 269 mm leads to 2.36-fold increase in fluence. If we assume
the same relation in the experiment, moving from sagittal focus to circle of least

confusion position would provide with 1.13-10J/cm”. The discrepancy between the
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focus size in the experiment and in the simulation is attributed to: 1) imperfections in
the manufacturing process, 2) the simulated XUV beam is perfectly collimated while the

real beam has slight divergence (~0.4 mrad).
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4.4 HHG beam spatial coherence

The estimation of the HHG beam spatial coherence for optimized HHG source
was performed in double-slit Young experiment. The experimental setup is shown in
Figure 4.19. The NIR beam (A.=810 nm, At=35 fs, E=1.2 mJ, 1 kHz and size of 11 mm) was
focused by a lens (f=750 mm; not visible in the figure). High-order harmonics were
generated in a gas cell (Ar, p=45 mbar, L=12 mm). The longitudinal position of the cell
was optimized to maximize XUV total signal (focus in vicinity of the back face of the cell).

400 nm Al filter was used (Luxel) and was proceeded by a Ni foil with a set of pairs of

IR beam |
XUV beam bl a 3 [[ | X-ray CCD
I | | camera
gas cell 400 nm pairs of
Al filter slits

Figure 4.19. Experimental setup for measurement of spatial coherence of high-order harmonic beam.

| —-| |--— 20 microns
1 r'rm H
Ifl 1

= 50 microns

I
I

— 15—

[ 500 |

Figure 4.18. Scheme of the slits used in the experiment [64].
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slits (Optimask S.A.; Figure 4.18). The pairs were 20 um wide and 1 mm high. The
separation between the slits ranged from 0 (one slit) to 500 pm with a step of 50 um
allowing precise scan all across the XUV beam. The interference fringes were recorded
with the Andor X-ray CCD camera (see Section 3.3). The distance between front face of
the cell and the slits was 1560 mm, while distance between slits and CCD camera was
597 mm. The position of the HHG beam was centered between a pair of slits actually
used in the experiment. The beam size (FWHM) on the camera was ~2.86 mm and

2.49 mm in vertical and horizontal directions, respectively.

Examples of the interference fringes recorded in the measurement are shown in

Graph 4.60 - Graph 4.67.

Fringes visibility defined as:

max min

Eq. 4.5

as a function of distance between slits was plotted (Graph 4.68), where, I is a peak
intensity and |, is @ minimum intensity value in the interference pattern. The visibility
of the fringes is highest (above 90 %) for inner part of the beam of diameter ~120 um,
while 50 % drop of intensity was observed for diameter of ~200 um. Since the maximum
slits separation is smaller than the total beam diameter it is only possible to claim that
according to commonly used criterion of 1/e* the harmonic beam is fully coherent for
diameter not smaller than 500 um (for 500 um distant slits u=29.4 %). It was not
possible to match the beam size and the maximum slits separation in the setup due to

limits of the vacuum system.
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Graph 4.60. Interference fringes in double-slit Graph 4.61. Interference fringes from two slits

Young's experiment. Single slit case (diffraction on 50 um apart.

a slit).
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Graph 4.62. Interference fringes from two slits Graph 4.63. Interference fringes from slits 150 um

100 um away from one another. distant.
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Graph 4.64. Interference fringes from slits spaced Graph 4.65. Interference pattern from 250 um-

by 200 pum. distant slits.
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Graph 4.66. Interference fringes using 300 um away  Graph 4.67. Interference pattern from 400 um

from each other. distant slits.
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Graph 4.68. Interference fringes visibility as a function of distance between the pair of slits.
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4.5 Estimation of absolute HHG signal

The estimation of the absolute signal of the high-order harmonics were

performed for experimental conditions of the laser:

E=1.2 mJ,

e central wavelength A.=810 nm,
e pulse time duration At=35 fs,

e repetition rate of 91 Hz,

e acquisition time 3 s,

e jrissize 11 mm,
and for the harmonic source:

e gas:Ar,
e pressure p=45 mbar,
e celllength L=12 mm,

e optimized longitudinal position (focus in vicinity of back face of the cell).

A 400 nm Al filter (Luxel) and lens of f=750 mm were used. The measurements
were performed using an absolutely calibrated X-ray CCD camera (Andor DX440-DN)

with known quantum efficiency in spectral range 20-40 nm (Figure 4.20).

Quantum Efficiency of VUV to X-ray CCD's

Quantum Efficiency (%)
2

0.001 0.01 0.1 1 10 100
(1240nm) (124nm) (12.4nm) (1.24nm) (0.124nm) (0.0124nm)
Energy (keV)

Figure 4.20. Andor DX440-DN quantum efficiency curve [52].
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The experimental setup is presented in Figure 4.21. The total signal per single IR
pulse in all harmonic orders was estimated to be 0.652 nJ and 0.085 nJ in a spectral line
at 30 nm (the strongest harmonic order in the spectrum) resulting in conversion
efficiency of 5.4-107 and 7.1-10°®, respectively. Obtained CE is lower compared to record
published results (~107) in similar setups probably due to the lower intensity of the
driving laser (c.f. scaling law discussion in Section 2.2.3) [56]. Since standard operation
regime of the source involves repetition rate of 1 kHz of the driving laser, the integrated

signal in all harmonics is 0.652 W/s.

: I XUV beam | X-ray CCD
I | camera
gas cell 400 nm
Al filter

IR beam

Figure 4.21. Experimental setup for estimation of absolute signal of high-order harmonic beam.

An important note shall be made that since Al filter was involved in the
experiment oxidation of Al should be taken into account. It is known from the
experiments that after oxidation of the filter involved in the experiment (even short-
time exposure to atmospheric air) leads to drop of transmission of the filter in the

spectral range by about 30 %! [65].
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Chapter 5. Applications of HHG source

High-order harmonics, due to their high repetition rate operation, tunability and
high coherence degree, have already found a number of interesting applications. For
instance, they involve material sciences, life sciences and detection technology. As an
example high-order harmonics together with femtosecond NIR beam were used to
efficiently modify tribological properties of materials. The results from these
experiments are presented in the Section 5.1. High-order harmonics are also very
practical in metrology of multilayer (ML) optics (Section 5.2). This type of source is also

very useful for absolute calibration of EUV detectors (Section 5.3).

5.1 Materials surface processing

With the advent of table-top, high repetition rate, femtosecond laser systems
great interest has been observed in the field of materials machining by ultrashort laser
pulses. The applicability of femtosecond laser pulses to material sciences has been
demonstrated in numerous experiments, which involved processing of semiconductors
[66], [67], dielectrics [67]-[70], polymers [71] and metals [72]-[74]. However, most of the
optically transparent materials, that attract lots of attention due to their perspective
industrial applications, are strongly light-resistive. For example, polymers and dielectrics
exhibit very low absorption coefficient in the near infrared spectral region. Hence the
laser ablation threshold is very high for these materials [71], which results in low

machining efficiency [68].

Recently, a new method for materials processing suitable for efficient machining
of transparent materials has been demonstrated [75]. The technique utilizes
simultaneous interaction of NIR femtosecond laser pulses generated by Ti: Al,O3 laser
system (At=32fs, E=2.8 mJ, A.=820 nm) and the second harmonic, combined with
extreme ultraviolet (XUV) high-order harmonics with the strongest spectral line at

21.6 nm.
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The experimental setup is shown in Figure 5.1 and Figure 5.2. For strong HHG a
two-color laser field, consisting of fundamental and second harmonic (SH) of a
femtosecond laser pulse, was applied to a gas jet of He [76]. Femtosecond laser pulses at
820 nm with an energy of 2.8 mJ and pulse duration of 32 fs were focused by a spherical
mirror (f =600 mm) into a He gas jet. For SH generation, a 200-um-thick beta-barium
borate (BBO) crystal was placed between the focusing mirror and gas jet so that, after
the BBO crystal, the laser field consisted of both the SH and the residual fundamental
laser fields. For the optimum SH conversion the BBO crystal was placed ~400 mm from
the focusing mirror and the energy conversion efficiency was about 27 %. A gas jet with
a slit nozzle of 0.5 mm width and length of 6 mm was used [77]. The gas pressure in the
interaction region was 150 Torr (~0.2 bar). Generated HHG were first characterized using
a flat-field soft X-ray spectrometer equipped with a back-illuminated X-ray charge
coupled device (Princeton Instruments). Optimization of the two-color HHG source was
performed by selecting the gas jet position while controlling the relative phase between
the two fields. The strongest harmonic at the 38" order (21.6 nm) reached energy of

~50 nJ.

spherical m. z
f= 600 mm . > 820 nm, 32 fs

BBO
crystal
He gas jet

Figure 5.1. Schematic of the experimental setup for surface modification by dual action of XUV and
Vis-NIR ultrashort pulses. Experiment was performed at Korean Advanced Institute of Science and
Technology (KAIST).
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Figure 5.2. Picture of the experimental setup.

Subsequently, the spectrometer was replaced with a 1” diameter off-axis
paraboloidal mirror (OAP, f = 125 mm at 13°) with a Mo:Si multilayer coating (R =30 % at
21 nm) placed 245 mm from the HHG source. The sample target (500-nm thin layer of
PMMA spin-coated on a 315 pum thick silicon substrate; Silson, UK) was positioned
125 mm from the OAP, perpendicularly to the incident beam. The measured reflectivity
of the OAP in the optical region was 37 %. The measured diameter (full-width-at-half-
maximum) of the HHG beam incident on the OAP was 280 um while the diameter of the
fundamental and SH laser beams was ~4 mm. The morphology of irradiated target
surface was first investigated by Nomarski differential interference contrast optical
microscope, and then with an atomic force microscope (AFM, Dimension 3100 scanning
probe microscope driven by a NanoScope IV controller; Veeco, USA) operated in the

tapping mode to preserve high resolution.

To estimate the spot size for both XUV and Vis-NIR beams at the target position,
we have performed simulations of the employed optical layout using the ZEMAX optical

software [63]. The modeling predicted an XUV spot size on PMMA of 140 um, which is
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17 times smaller than that of Vis-NIR beams. The estimated fluence on the surface of the
PMMA was 97 pJ/cm? at 21.6 nm, 14.7 mJ/cm? at 820 nm, and 6.3 mJ/cm? at 410 nm per
shot, respectively. As all these values lie far below the ablation threshold for PMMA by
infrared (2.6J/cm2 for single-shot and O.6J/cm2 for 100 shots [78]) as well as by XUV

(2 mJ/cm? [79]) radiation, no damage of target surface was expected.

The PMMA target was irradiated under the following conditions: a) Vis-NIR
beams only (no gas jet in operation), b) XUV beam only (0.4 um Al filter placed in front
of the OAP), and c¢) mixed XUV/Vis-NIR field (21.6 nm + 820 nm + SH). In cases a) and b)
we have not observed any signs of surface damage after irradiation by ~3000 shots,
although the accumulated dose was significantly higher than in case c). The target
surface remained virtually unaffected, preserving its original quality and roughness. In
striking contrast, the application of the mixed XUV/Vis-NIR field resulted in clearly
visible, irreversible surface modification after irradiation with only a few shots. Figure
5.3 shows AFM images of the PMMA exposed to the simultaneous action of XUV and
Vis-NIR ultrashort pulses. The damage is characteristic due to material expansion, quite
different from ablation craters observed in experiments with pure XUV pulses [79]-[83].
A very interesting feature in Figure 5.3 is the formation of nano-scale spike(s) in the
center of a uniform flat pedestal. The size of pedestal increases with the number of
shots applied to the target (~20 um for 10 shots, ~60 um for 50 shots) while the spikes
have a radius of the order of few microns down to a few tens of nanometers in length
(~15 nm for 30 shots, ~25 nm for 40 shots). The target was also analyzed by Fourier-
transform infrared spectroscopy, which revealed that the expanded material is

exclusively PMMA, not the silicon from substrate.
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a) 20 shots b) 30 shots

Figure 5.3. AFM images of the PMMA surface simultaneously irradiated with XUV and Vis-NIR
ultrashort pulses. Experiment performed at KAIST.

To confirm obtained results and to perform processing of different materials
surfaces another experiment was done. The same PMMA sample was used. Additionally,
we also irradiated 890 nm layer of amorphous carbon (a-C) deposited by magnetron
sputtering on a bulk silicon substrate (GKSS Research Centre, Germany). The
experimental setup was as displayed in Figure 5.1. Due to larger laser intensity the single
shot fluencies on the sample surface were 15 mJ/cm2 at 820 nm, 6 mJ/cm2 at 410 nm,

and 0.1 mJ/cm? at 21.6 nm.

There are very few data on laser ablation threshold of a-C. For multi-pulse
irradiation of polycrystalline carbon by 100 fs laser pulses at 810 nm the ablation
threshold is estimated to be of the order of a few J/cm2 [84]. For 25 fs, free-electron
laser pulses at 32.5 nm, and a-C layer thickness of 46 nm, the single shot ablation
threshold is ~60 mJ/cm? (estimation error ~50%) [85]. For 1.7 ns, Ne-like Ar capillary
discharge laser at 46.9 nm, the ablation threshold has been estimated to be ~1.1 J/cm2

in the single pulse regime [86].

The experimental results for PMMA are presented in Figure 5.4. The left part of
the picture presents an image from Nomarski microscope of the sample irradiated with
optical photons only, whereas the right part shows the sample exposed to optical and

XUV beams applied simultaneously.
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a) b)

Figure 5.4. Images from Nomarski microscope of PMMA sample exposed to a single shot of (a)
NIR-VIS radiation only, and (b) mixed field of XUV/NIR-VIS. Insets show the corresponding AFM
images of details.

The sample irradiated solely with NIR-VIS light exhibits only negligible surface changes,
whilst in the case of combined fields the area of the modified surface dramatically
increases. The insets of AFM scans depict surface changes in the vicinity of the beam
center. The damage occurred in a single pulse exposure. RMS microroughness of NIR-VIS
and XUV/NIR-VIS illuminated samples was estimated to be 4.7 nm and 176.5 nm,
respectively (evaluated only in the interaction region), and 5.7 nm for the unexposed
sample [87]. The efficiency of the dual action is much higher than in the previous
experiment due to larger fluencies. The difference in the surface changes visible in AFM

scans suggests that the structures shapes are fluency-dependent.

Even stronger enhancement of surface processing by the dual action was
observed on a-C sample (Figure 5.5). Laser Induced Periodic Surface Structures (LIPSS, or
“ripples”) with spatial period of ~550 nm were created during 10-shot exposure in the
both cases; however, a clear difference in modulation depth was observed: the peak-to-
valley depth was ~130 nm for NIR-VIS irradiated sample, while ~200 nm for combined
XUV/NIR-VIS. Moreover, despite its random distribution, the frequency of occurrence of
LIPSS is much higher in the case of the mixed fields. RMS microroughness was 13.5 nm
for NIR-VIS illumination, 46.2 nm for XUV/NIR-VIS, and 8.3 nm for an unexposed sample,

respectively.
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b)

Figure 5.5. Nomarski microscope images of a-C sample exposed to 10 shots of (a) NIR-VIS beam only,
and (b) XUV/NIR-VIS. Insets present corresponding AFM scans of details.

Physical mechanisms leading to increase of efficiency of materials processing in
our experiments are explained in terms of radiation induced creation of defects in the
exposed sample. These defects (e.g. color centers) are created in materials through
incubation effect. Their appearance results in new electronic states inside the material
bandgap leading to enhancement of absorption through these states by several orders
of magnitude [70]. Consequently, this significantly lowers the ablation threshold.
Moreover, when the sample is illuminated with highly energetic XUV photons the
incubation effect takes place much faster compared to the case when only NIR photons

excite the sample.

Another phenomenon enhancing the absorption of radiation in the sample is
free-carrier absorption. Since very energetic photons have high probability of ionizing
the host material (compared to low-energetic IR photons) free electron clouds are
created in the material. These free electrons absorb NIR radiation leading to increased
absorption coefficient for NIR spectral region. In the presented results this phenomenon

is assessed to play a key role.

The physical mechanism of LIPSS formation similar to those observed in our
experiments, has been broadly discussed in the literature (e.g. [66]-[74]). A few
phenomena, present when LIPSS are created, have been successfully identified (i.e.

incubation effect, free-carrier absorption preceded by ionization of surface of a material,
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neutral atoms desorption, and positive ion emission due to Coulomb explosion);

however, the complete process has not been elucidated yet.

The physical picture of LIPSS formation involves interference of scattered light in
surface layer of the material what leads to creation of spatial intensity modulation. It has
been proven by ultrafast electron diffraction measurements ([88], [67]) that before the
rippled structures are created a very thin layer (¥~30-40 nm) on the surface of the sample
is molten as a consequence of non-thermal phase transition on the surface of a sample
irradiated with femtosecond laser pulses. In the layer convective currents induced by
interference fringes arise which transport mass into the vacuum leading to expansion of
the material (see Figure 5.6). Detailed discussion of processes involved in the dual action
of XUV and optical radiation in processing of materials as well as the physical

mechanisms involved in LIPSS creation can be found in [75] and [89].

I(r)

interference
pattern

4 A/ —»
r

molten
layer

.

currents

bulk material

4 />

r

Figure 5.6. Convection currents model. A thin layer of bulk material is molten (thickness ~tens of nm)
after irradiation by femtosecond NIR laser. When the molten material is subject to interference pattern
(upper part of the Figure), spatial modulation of pressure will be established leading to creation of local
pressure gradients. In areas where pressure is higher, the “hotter” liquid will expand by means of
convection currents (along the pressure gradient).
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5.2 Multilayer optics metrology

The high-order harmonic source was also used for reflectivity measurements of
multilayer mirror (ML) versus incidence angle. The experimental setup is presented in
Figure 5.7 and Figure 5.8. The driving laser field featured the parameters: A.=820 nm,

photodiode

oscilloscope
AXUV-100AI
angle

Eld °
P L XUV beam scan
.omJ a nm
+1.2mJ at 410 nm, =

30fs Mo/Si
ML mirror

He gas jet
L=9mm, p=3bar 200 nm N=20,
Al filter A=16.5nm)

Figure 5.7. Experimental setup of measurement of reflectivity of multilayer mirror versus incidence angle.
Experiment was performed at KAIST.

At=30 fs, E=4.5 mJ. For efficient HHG generation the beam was frequency doubled with
BBO crystal with conversion efficiency of ~27 %. Subsequently, the two beams were
focused by a spherical mirror (f=125 mm) into a gas cloud created by a helium gas jet at

3 bar backing pressure. The gas jet was 9 mm long. To filter out IR laser light 200 nm Al

Figure 5.8. Photo of the experimental setup.
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filter was used. The high-order harmonic source was optimized for the strongest
harmonic line at 21.6 nm. The mirror comprised molybdenum-silicon multilayer
structure (number of periods N=20 with multilayer period of 16.5 nm) deposited on BK7
substrate (surface quality A/20). It was designed for operation at 45° and 21.6 nm
wavelength (Institute of Scientific Instruments, AS CR, Brno, Czech Republic). The mirror
was placed on the rotational stage together with the XUV sensitive absolutely calibrated
(Graph 5.1) photodiode (type AXUV-100 Al, International Radiation Detectors) allowing
change of the incidence angle B under vacuum. The photodiode is additionally covered

with 150 nm Al filter. The signal was acquired with a Tektronix TDS 3052 oscilloscope.

Calibration curve of AXUV-100 Al photodiode

Photon energy (eV)

95.37 95.37 88.56 82.66 77.49 72.93
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Graph 5.1. Calibration curve of AXUV-100 Al photodiode (International Radiation Detectors
Inc.).

Experimental results are presented in Graph 5.2. The measured and simulated
reflectivities of the mirror are presented. The measured reflectivity was 31.5 % (fitted
value) and simulated ~29 %. The insignificant difference could be due to the
imperfections of manufacturing process as well as because of the possible additional
errors (e.g. source instability or estimation error when taking into account additional

input from neighboring harmonics).
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Reflectivity of Mo/Si multilayer mirror (21.6nm, 45deg)

Reflectivity [.]

B Reflectivity measured
—— R simulated
Gauss Fit of R measured

T T T T T 1
46 48 50

Angle (deg)

Graph 5.2. Reflectivity measurement of Mo/Si flat multilayer mirror designed for 21.6 nm radiation

incident at 45° angle.
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5.3 Absolute calibration of XUV-sensitive CMOS camera

High-order harmonic source was used to absolutely calibrate Pixelink CMOS
camera in 25-42 nm spectral range. The technical details of the camera were described

in Section 3.3.

First, the spectral measurements were performed to record the input of
particular harmonics into total XUV signal. The measurement was performed with the
TGS. The experimental setup is shown in Figure 3.4. Experimental conditions of HHG
source were: p=50 mbar, gas cell length 12 mm, IR beam iris size 10 mm, and lens focal
length f=750 mm. The driving laser parameters were: A.=810 nm, At=35fs, E=1.2 mJ.
Then, the absolute total signal of XUV beam was estimated as described in the Section
4.5. The measurement with CMOS Pixelink camera was performed in the setup shown in
Figure 4.21 (Andor camera was replaced by Pixelink camera). Knowing the quantum
efficiency (QE) of Andor camera between 25-42 nm and using HHG spectrum it was
possible to evaluate the values of XUV signal at different wavelengths. Knowing the
percentage of each harmonic signal in total XUV beam energy it was possible to estimate

the quantum efficiency of the CMOS chip and P43 phosphor layer versus wavelength.

Pixelink camera calibration
9.00

850

\ ——¢— Pixelink QE (chip + phosphor)

8.00

7.50 \

7.00 \

6.50 \\

Quantum Efficiency [%]

6.00

5.50

5.00

24.0 26.0 28.0 30.0 32.0 34.0 36.0 38.0 40.0 42.0
Wavelength [nm]

Graph 5.3. Pixelink CMOS camera calibration curve. The estimated QE takes into account QE of CMOS chip
as well as of phosphor layer (P43) deposited onto the chip for radiation conversion.
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The calibration curve is shown in Graph 5.3.

The XUV signal level on the Pixelink camera was very low. For this reason it is
possible that nonlinear part of the phosphor characteristics was used introducing
significant source of calibration error. To tackle this problem higher EUV flux would be
required. Another spring of the inaccuracy of the measurement comes from oxidation of
the Al filter which is expected to be of the order of ~30 % [65] and is assessed as the

upper limit of the calibration error.
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Chapter 6. Development of advanced XUV

sources based on HHG

From their practical usefulness point of view high-order harmonic sources of XUV
radiation display many interesting features but, on the other hand, they possess also
one important disadvantage: they provide low single-pulse energy. Typically energy of
the order of nJ (or less) per pulse is obtained for a single harmonic order what is not
sufficient for many practical applications. Thus a great interest is observed in the field of
the development of HHG to obtain greater single-shot energy of XUV beam. There are
two promising approaches being investigated nowadays: two-color HHG and
amplification of harmonic beam in the X-ray laser (XRL) plasma amplifiers. The two
techniques have their pros and cons. As for the two-color scheme, more energetic beam
of odd- and even-order harmonics is obtained (even by two orders of magnitude). This
setup can be implemented with a table-top femtosecond laser systems (providing with a
IR pulse energy ~few mJ/shot). On the other hand, amplification of harmonics even
though requiring higher IR pulse energies than two-color scheme, it boosts the energy of
XUV beam at single harmonic order (while suppressing others) and, additionally,
performs spatial filtering of the XUV beam. Both techniques were experimentally

investigated and the experimental results are presented below.

6.1 Two-color HHG

In the standard arrangement of HHG due to the inversion symmetry of a
conversion gas in a single-frequency external electric field only odd-order harmonics can
be generated (see discussion in Section 2.2.3). However, if an infrared femtosecond laser
pulse is frequency-doubled by a nonlinear crystal and the two-color field interacts with
the conversion gas the inversion symmetry is broken and odd- and even-order
harmonics are generated [76]. Extensive examination of the HHG source revealed that in
the two-color HHG XUV signal gain compared to standard setup of HHG is about 100
(Figure 6.1).
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Figure 6.1. Comparison of the two-color HHG yield with 'standard' setup.
Experimental conditions were: circular gas jet, He, 950 Torr (~1.27 bar), laser
pulse energy: 2.8 mJ, pulse duration 28 fs, beam size 10 mm, BBO 10 um thick
(conv. eff. ~20 %), filtering: 1.5 um Al for 2-color case, 0.4 um Al for 1-color
case [90].

The experiment on comprehensive source characterization and its optimization
was performed [77]. The experimental setup is presented in Figure 6.2 and its
photograph is shown in Figure 6.3. The femtosecond laser pulses (2.8 mJ, 30fs,
A:=820 nm) were focused by a mirror (f=600 mm) in the helium gas jet. BBO crystal was
placed after the mirror for the second harmonic (SH) generation of the fundamental
laser field. Two crystals were sequentially used: 100 um and 200 um thick resulting in
conversion efficiency of 20 % and 28 %, respectively. The crystal was proceeded by half-
wave plate to control phase between 820 nm and 410 nm fields. The nozzles used in the
experiment were 1) circular with diameter of 0.5 mm, and 2) longitudinal with length of
3, 6 and 9 mm. Generated harmonics were detected using a flat-field extreme ultraviolet

(XUV) spectrometer equipped with a back- illuminated X-ray charge coupled device

®

2.8mJd, 30fs

focusing mirror

x-ray filter XUV CCD

20 T—
BBO 20 2
half-wave plate n
I flat-field spectrometer
gas jet

Figure 6.2. Two-color HHG setup. Experiment performed at KAIST.
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(CCD; Princeton Instruments). Two aluminum filters of 1 um thickness were installed to
block scattered laser light and to prevent the saturation of the CCD. The optimization of
two-color HHG was performed by selecting the target length and the position while

controlling the relative phase between the two fields and increasing the SH conversion.

Figure 6.3. Picture of the experimental setup. BBO crystal (not visible in the picture)
was placed after second relay mirror downstream and before the gas puff.

The phase between the first and second harmonic fields is a crucial parameter
since it determines the electron trajectory after ionization and thus is a direct means to
control harmonic signal. The phase between the fields in the experiment was controlled
by a 150 um fused silica plate. Figure 6.4 shows the intensity modulation of the 3gth
harmonic order (21.6 nm) from the 6 mm He gas jet as a function of a relative phase
between the two fields. The harmonic intensity modulation shows the periodicity of it in
the relative phase change for 100 um as well as 200 um BBO crystals. The modulation
depth is ~0.25 for the 100 um BBO and ~0.16 for the 200 um BBO crystal. With the
control of relative phase, enhancement of 38" harmonic of 20 % for 200 um BBO and

30 % for 100 um thick BBO crystal was obtained.
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Figure 6.4. Examination of the phase influence between
the two fields onto 38th harmonic yield. The two BBO
crystals were used for SH generation.

By employing the long gas jet, much stronger HHG was achieved. The
experimental results for different jet lengths and the jet position optimization are
presented in Figure 6.5. The '0' longitudinal z position corresponds to the center of the
gas jet at the laser beam waist and moving to negative z values corresponds to
positioning of the focus after the jet nozzle. Optimized value of -10 mm from the focus
suggests strong self guiding effect in the interaction region. In this case the intensity of
fundamental and SH fields were 9:10* W/cm? and 4-10** W/cm?, respectively. The
increase of the signal of the 38" harmonic was observed up to 6 mm jet length and was
followed by intensity drop for 9 mm jet. Consequently, this means that optimized 6 mm
gas jet length is absorption limited configuration. The absorption length |, for helium at
100 Torr (0.133 bar) is about 2 mm what confirms theory prediction of 3:l, interaction

length for absorption limited HHG [91].

High-order harmonic spectrum visible in Figure 6.5b shows that the dominant
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Figure 6.5. Optimization of gas jet length a) and HHG spectrum for optimized 6 mm jet length
b).
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harmonic orders are 2(2n+1) compared to 2n and (2n+1).

The optimized HHG source in this setup provided with 0.6 pJ at 21.6 as well as at

19.5 nm per single shot giving world record conversion efficiency of 2-10™.

The setup for HHG in two-color scheme was also implemented at 1oP/PALS using
a gas cell. The experimental setup is displayed in Figure 6.6. The IR laser pulses
(Ac=810nm, At=35fs, E=1.2 mJ, 1kHz) were focused by a lens (f=750 mm). The
fundamental laser field was then frequency doubled using 200 um thick BBO crystal with
conversion efficiency of 30 % resulting in the estimated intensity of 6.11-10** W/cm? and
1.43-10* W/cm? for blue and IR beams, respectively. The two beams were interacting
with the conversion gas (Ar at 40 mbar). In case of HHG using only fundamental
frequency laser field the gas cell was 10 mm and the IR beam size was 11 mm, while in
case of two-color scheme the gas cell length was 4 mm and the beam size was 12 mm.
The harmonic beam was filtered using 0.8 um-thick Al filter (Lebow Company).

Integration time in the both cases was 0.5 s.

Al filter

diagnostics

beam
clip iris

A~810 nm
At=35fs
E=1.2 mJ
1 kHz

input
iris

Figure 6.6. HHG in two-color scheme at |oP/PALS.

The experimental results are presented in Figure 6.7. The upper part of the
picture presents spectrum from HHG using only fundamental laser light. The odd-order
harmonics can be observed (30 nm is 27" harmonic order). However, in case of two-
color HHG (Figure 6.7b) new spectral lines coming from even-order harmonics were

observed (e.g. 45 nm is 18™ harmonic order of the fundamental laser light).
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b)

Figure 6.7. Spectra of HHG using only fundamental femtosecond laser field a) and in two-
color scheme b).

Wavelength-calibrated spectra of HHG in single- and two-color setups are
presented in Graph 6.1 (lineout of spectra from Figure 6.7) clearly showing appearance

of new wavelengths being even-order harmonics of 810 nm of type 2(2n+1).
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Graph 6.1. Comparison of single-color and two-color HHG. The occurrence of even
harmonic orders is clearly visible.
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Presented preliminary experimental results obtained at loP/PALS show for the
first time a proof of operation of HHG in two-color scheme in a gas cell. However, in
order to obtain higher flux values and shorter wavelengths in even-order harmonics

higher intensity of the driving laser field is required.
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6.2 Amplification of high-order harmonics in OFl laser

amplifier

The first demonstration of the high-order harmonics amplification in XRL plasma
amplifier was reported by Ditmire et al. in 1995 [92]. In the experiment frequency-
doubled pulses from Nd: glass CPA laser system (At=1.3 ps, A=527 nm, E=5]) were
focused by with an f=3.5 m lens (f/50) in the helium supersonic gas jet (1 mm long). The
intensity in the focus of the lens was 5:10™ W/cm?. The atomic gas density in the
interaction region was 110" cm™. The XRL collisionally pumped plasma amplifier was
created using three 1054 nm beams, each providing E=200 J. Gallium was chosen as an
amplifying medium due to very good match between 21° harmonic order at 25.11 nm
and one of the J=2-1 transition lines of Ga. Ga target was 600 nm thick, 200 um wide and
18 mm long stripe deposited on a glass substrate. The seeded 21°* harmonic energy was

between 0.5 and 2 nJ. The gain observed in the experiment was about 3.

Later, high-order harmonics were successfully amplified in optical field ionized
(OF1) laser plasma amplifier by Zeitoun et al. [93]. Since this setup involves using gas
targets as plasma amplifier material self-emission of the amplifier is significantly reduced
(compared to collisionally pumped solid-state based XRL). In the arrangement seed is
created using linearly polarized titanium sapphire laser pulses (E=20 mJ, At=30fs,
A=815 nm, repetition rate 10 Hz) focused with a spherical lens (f=1.5 m) in a gas cell
(10 mm long) filled with argon (p=25 mbar). The focus was located 40 mm after the cell.
The intensity in the focal spot was ~10* W/cm?. The HHG source was optimized for 25™
harmonic order at 32.8 nm to match Kr®* soft XRL transition line between the levels
3d°4d(*So)-3d°4p(*P;). The plasma amplifier was created using circularly polarized
titanium-sapphire laser pulses focused by a spherical mirror (f=0.85 m) in a gas cell filled
with Kr. Intensity of 5:10*” W/cm? was obtained in the focal spot. The estimated small-
signal gain coefficient was 80 cm™. The HHG source was imaged with a grazing incidence
(grazing incidence angle 4°) gold-coated toroidal mirror (R=~80 %) at the input of the
plasma amplifier. The delay between seed arrival at plasma amplifier and XRL pumping

beam was optimized with respect to temporal gain profile. When the seed intensity at
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32.8 nm was 1/50 XRL amplifier saturation level the selected HHG spectral line intensity
was amplified 200 times (Figure 6.8). Since the gain life-time is about 8 ps and seed pulse
duration is about 20 fs the amplified pulse duration is Fourier-limited. In the experiment

AA="2 pm implying amplified pulse duration of 500 fs.

80,000 e teranp s e sa tl ..................
5 |
« 20,000 - - -
2 |
£ '
B Bemnamem e e L o e
[ !
i= I\
= e TN N e d
0/000 Frre e et L s L eed e e
T (I o = R
A b
N \\i_ - —~_ a

Wavelength (nm)

Figure 6.8. HHG amplification in OFI laser plasma amplifier. a) is
harmonic seed, b) is ASE of SXRL only, c) is seeded SXRL with detuned
timing between amplifier formation pulse and seed arrival, d) time-
optimized seeded SXRL [93].

Additionally, it has been demonstrated theoretically and experimentally that

when a seed beam spectrum is much wider than width of the amplification bandwidth.

The experimental results presented in Ref. [93] suggested that during
amplification additionally beam quality is being improved (reduction of XUV beam
divergence was observed). This became a stimulus for a joint experiment (Figure 6.9)
performed at Laboratoire d’Optique Appliquée (LOA), France. Two independent IR
beams were used. Both were running at 10 Hz. Their pulse time duration was 34 fs and
central wavelength 815 nm. One, circularly polarized beam of energy ~575 mJ was used
to produce active medium of the OFI laser. It was focused with on-axis, spherical mirror
of 1 m focal length in the gas cell of length of 7.5 mm filled with Kr. The other, linearly
polarized beam (not presented in the figure) of energy of 10 mJ was focused with
spherical lens of 1.5 m focal length in another gas cell (7 mm long) filled with Ar at
30 mbar pressure. The second cell served as a HHG seed. Grazing incidence toroidal

mirror was used to image HHG source output onto the OFI laser amplifier gas cell with
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Figure 6.9. HHG-seeded SXRL experimental setup providing improved XUV beam quality [94]. Experiment
performed at Laboratoire d'Optique Appliquée.

magnification of 1.5. Spatial (transversal) coherence was measured by placing a pair of
Young’s slits into the x-ray beam ~700 mm away from the plasma amplifier. Each slit was
23 um wide, and slit pairs with spacing of 115, 226, and 323 um were used for the
measurements. The interference pattern and far field were measured by using a 16-bit

CCD camera.

The experimental results are displayed in Figure 6.10. The coherence radius,
defined as slits separation for which fringes visibility is higher than 0.61, of unseeded
beam was 102 um corresponding to 25 % of the HHG beam diameter, and 232 um which
is 60 % of the amplified beam diameter. This clearly proves transversal coherence
improvement of the seeded beam (by a factor of ~2.3). It is attributed to XUV beam
spatial filtering by gain region of OFI laser plasma amplifier. The measurements using
Hartmann wavefront sensor revealed wavefront distortion of A/17 (1.9 nm). According
to Marechal criterion (RMS deviation from reference sphere at the diffraction focus
should not be smaller than A/14 [96]) this is aberration-free XUV laser beam. The beam
divergence of amplified 25" harmonic order at 32.8 nm was estimated to be 1.34 mrad

[97].



Chapter 6 | Development of advanced XUV sources based on HHG 111.

100+ ® Amplified HHG
m HHG
. A ASE
E)\.i
= 60 \ o
© %\\ ™
& e
< 40- - -
3
20 A
0 . ; .
0 100 200 300

Distance (um)

Figure 6.10. Improvement of HHG beam seeded into SXRL OFI
laser plasma amplifier [95].

Comparing the two presented techniques it should be recognized that a great
advantage of two-color scheme is its relatively low setup complexity. Additionally,
amplification of harmonics due to available bandwidth of the OFI laser amplifier leads to
prolongation of the time duration of the XUV pulse to ~ps (compared to seed pulse). On
the other hand the multi-stage amplification scheme offers a way to obtain bright, table-
top (compared to free electron lasers - FEL) source of coherent XUV and X-ray radiation
with a perfect beam shape and stability highly exceeding properties of FEL beams with a
great additional advantage of easily-solvable problem of synchronous operation by the

use of any arbitrary master clock in the system.
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Chapter 7. Conclusion

High-order harmonics from their first observation have been extensively
investigated resulting in a good understanding of physical processes involved in their
generation. The main physical processes can be now well understood on the basis of the
three step model proposed by P. B. Corkum [10]. Due to the great advent in the ultrafast
laser technology, impressive progress has been recently observed in the efficiency of
HHG, cut-off extension to shorter-wavelength region (even to hard X-rays) and
generation of attosecond pulses. This also allowed improvement in energy of XUV pulses
obtained from HHG by means of two-color HHG as well as amplification of HHG in XRL
plasma amplifiers. Having at hand sub-uJ pulses of coherent pico- and femtosecond XUV
pulses it became feasible to find practical applications of the source. Some of them
cover investigation of ultrafast processes in atoms, others; however, are of very practical
use in, e.g., structuring of surface of the materials or multilayer optics metrology. Future
perspectives for HHG sources are very promising. Mostly amplifications of harmonics
attract lots of attention of the scientific community. Additionally, there is lots of activity
observed in the generation of harmonics from vacuum-solid interface. Both techniques
require; however, further improvements in femtosecond laser technology - especially in
terms of pulse intensity and pulse contrast. For instance, efficient HHG from plasma at
the interface of the vacuum and solid target intensities higher than 10 W/cm? are
required with the pulse contrast greater than 10°. Moreover, generation of single
attosecond pulses requires carrier-envelope stabilization of the driving laser field.
Finally, in order to extend cut-off in HHG from gases there are built femtosecond laser
systems in the mid-infrared spectral region what found its motivation from the fact that

cut-off spectral position is proportional to E o | - A? (Eq. 2.3).

The HHG source is assessed to be a very promising for needs of the future ultra
compact sources of coherent radiation in XUV, soft X-ray and even X-ray spectral
regions. It should be stressed that at the moment there is no other source of short-

wavelength coherent radiation and of ultrashort pulse duration at the same time - the
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source that would also be available at laboratory scale providing an unprecedented tool
for investigation of the ultrashort physical processes. It should be stated; however, that
high-order harmonics cannot substitute every kind of XUV radiation source. As an

example, this type of the source is not of practical use in plasma backlighting.

The results presented in Chapter 3 and Chapter 4 show that source of high-order
harmonics based on a gas cell arrangement was successfully implemented, optimized
and extensively characterized at 1oP/PALS. The HHG beamline is now ready for use by
scientific community. First promising results on structuring of surface of the materials
with the use of HHG and NIR laser pulses were presented in Chapter 5. The source was
also successfully used for characterization of multilayer X-ray optics and cost-efficient
absolute calibration of XUV-sensitive CMOS camera. Moreover, the results presented in
the Chapter 6 clearly show that the intense beams of the coherent XUV radiation can
now be obtained in the laboratory scale either in two-color scheme or by seeding high-
order harmonics into laser plasma amplifier which additionally leads to beam quality

improvement and its monochromaticity.
During the doctoral study the following tasks have been successfully completed:

- harmonic source was successfully built at loP/PALS,

- the source was fully optimized and extensively characterized,

- versatile novel application experiments were performed,

- additionally, two experiments on further development of ultrafast coherent soft

x-ray sources (two-color HHG and HHG amplification) were performed.

The work presented in this dissertation clearly shows the great scientific
potential of the harmonic source. Most promising future perspective of the developed
beamline covers harmonic amplification in XRL plasma amplifier (at loP/PALS).
Moreover, generation of harmonics in a hollow fiber is concerned as a very interesting
field of study to be undertaken. Finally, a number of application experiments which also
include two-color materials surface structuring aimed at detailed understanding of the

physical processes involved in the two-color action is under preparation. A possible field
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for further work is building attosecond beamline which would require construction of

the time-of-flight spectrometer.

The Author of this dissertation has participated in physical installation of the laser
system and in the development as well as installation of the vacuum systems in the
laboratory. He is the author of the conceptual design of the gas cell and was the person
responsible for tests of the device. The work on the implementation, characterization
and optimization of the harmonic source was performed in self-reliant manner with help
of supervisor-specialist. The Author also performed testing, improvements and coded
calibration software for transmission grating spectrometer used in the experiment as a
part of development of the instrumentation. He is the main person responsible for
proposal, preparation and performance of the application experiment related to
metrology of multilayer optics, absolute calibration of XUV-sensitive CMOS camera, and
M? factor measurements. He was a member of the experimental team in the
experiments related to two-color harmonic generation (at KAIST), amplification of
harmonics, and application of harmonics in the surface structuring of the materials using

dual action of harmonics an IR pulses.

Brand new or valuable results related to characterization of the harmonic source, its

applications and further developments are:

materials surface structuring using harmonics and IR laser pulses in, so called,

dual action (discovery of a new physical phenomenon),

- multilayer optics metrology,

- absolute calibration of the XUV-sensitive camera,

- world record single-pulse harmonic energy in the two-color scheme and
conversion efficiency record,

- observation of XUV beam spatial filtering during amplification of harmonics,

- coherence measurements of the beam,

- observation of Maker fringes during optimization experiment,

- M? measurements of the harmonic beam in the focusing scheme.
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