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Chapter 1

Scientific background

1.1 Introduction

With the invention of the laser [1], it became possible to generate coherent light pulses
short enough to capture transient phenomena in matter. As laser technology evolved [2],
the relentless pursuit of ever shorter pulse durations was driven by the principle that
faster pulses unveil faster and more localized dynamics [3, 4]. This quest has not only
deepened our understanding of ultrafast processes but has also catalyzed progress in
applied research [5] and spurred innovations in industrial domains where precise timing
and ultrafast control are paramount [6].

The historical trend toward shorter pulse durations, together with the steady increase
of achievable peak intensities, is summarized in Fig. 1.1 [7], which illustrates the remark-
able progress achieved through innovations in laser physics and nonlinear optics.

Despite these advances, there are fundamental limits on how short pulses can be di-
rectly generated from conventional laser gain media. These limits are imposed by the
finite spectral bandwidth supported by the medium and by the difficulty of achieving
uniform and controllable spectral phase across broad bandwidths. For state-of-the-art
systems such as Ti:sapphire lasers and optical parametric amplifiers, the minimum pulse
durations are typically in the 5-6fs range [8, 9]. Pushing further into the single-cycle
regime, near 2fs in the NIR, requires post-compression techniques. These involve spec-
tral broadening in hollow-core fibers [10-13] followed by dispersion compensation using
chirped mirrors [14, 15] or acousto-optic modulators [16]. While effective, these methods
face practical limitations, beyond which direct laser-driven generation of shorter pulses
becomes increasingly challenging. More recent developments include multi-pass cells [17,
18] and bulk-material compression schemes [19, 20].

To generate even shorter pulse durations, in the sub-femtosecond regime, one needs
to expand the spectrum to the shorter wavelength range where enough bandwidth can be
supported with the required spectral phase. To this end, alternative methods have been

developed. Among them, high-order harmonic generation (HHG) has emerged as one of
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FIGURE 1.1: Historical progression of the shortest generated light
pulses. [7] Over 18 orders of magnitude, the pulse duration of coherent

light emission scales inversely with laser intensity. Blue areas indicate ex-
periments, red areas mark simulations or theory as 2011.

the most mature and experimentally accessible approach [21, 22]. Other concepts, such
as ultrabroadband light synthesis with coherent phase control [23] or free-electron lasers
(FEL) driven by plasma wakefield accelerators [24], promise extreme photon energies and
ultrashort durations but typically demand large-scale infrastructure and complex instru-
mentation [25]. In contrast, HHG can be realized on a table-top scale while delivering
femtosecond-to-attosecond pulses with high spatial and temporal coherence [26-28].
HHG is an inherently nonlinear process, in which a strong laser field drives atoms
or molecules to emit photons at multiples of the fundamental frequency. These higher
order harmonics can be either odd or even, depending on the symmetry properties of the
medium [29] or electric field [30, 31], where generation takes place. The resulting spectrum
can extend from the extreme ultraviolet (XUV) into the soft X-ray regime [32-34]. A
breakthrough in the early 2000s showed that HHG could be harnessed to generate isolated
attosecond bursts [27] or pulse trains [26], establishing the foundations of attosecond

science and enabling direct time-domain studies of electron motion and ultrafast quantum
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dynamics.

The first experimental observation of HHG was reported in 1987 by independent
groups in Chicago [35] and at CEA Saclay [36]. These early experiments used rare noble
gases such as argon, krypton, and xenon, driven by the most advanced lasers of the time:
Nd:YAG systems at 1064 nm [36], KrF excimer lasers at 248 nm [37, 38], and Ti:sapphire
lasers at 800 nm [38-40]. Through the 1990s and early 2000s, the field expanded to include
molecular targets [41-43], revealing the role of molecular orbitals and nuclear motion in
strong-field dynamics. Major milestones followed, including the demonstration of HHG
from plasma surfaces at ultra-high intensities [44-46], and the discovery of high-harmonic
emission from bulk crystals in 2010 [47-49].

The solid-state breakthrough marked the beginning of a new chapter, emphasizing the
potential of condensed matter systems as compact and efficient sources of attosecond light.
Compared to gases, solids offer higher target densities and better integration prospects
with photonic technologies, though the physics involves richer dynamics such as interband
transitions and band-structure effects.

Today, HHG serves both as a powerful light source and as a precision probe, enabling
applications ranging from ultrafast spectroscopy [26, 27, 50, 51] to coherent diffractive
imaging [52, 53] to relativistic plasma optics [54-56] and time-resolved electron dynamics.
Its continuing development remains central to advancing attosecond metrology and next-

generation ultrafast light sources.

1.2 High Harmonic Generation

Over the past several decades, a variety of theoretical approaches have been developed to
describe and interpret high-order harmonic generation. These range from simple classical
trajectory models [57] to fully quantum mechanical treatments based on numerical solu-
tions of the time-dependent Schrodinger equation (TDSE) [58]. Each approach provides
its own perspective on the physics of HHG, depending on the underlying assumptions and
the available computational resources.

In classical models, electron motion is described using Newtonian dynamics, typically
framed within the well-known three-step picture: tunnel ionization, acceleration in the
laser field, and recombination with the parent ion accompanied by high-energy photon
emission [59, 60]. Such models give clear physical intuition and are particularly effective
for predicting cutoff energies and understanding temporal gating mechanisms. However,
they cannot capture quantum interference effects or reproduce all the detailed structures
of the harmonic spectrum.

At the opposite end, full TDSE simulations provide an ab initio description by follow-

ing the time evolution of the electron wave function in the combined atomic potential and
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external laser field. While computationally demanding, these calculations can reproduce
fine spectral features and coherence effects intrinsic to HHG [61-63].

Between these two extremes lies the widely used semi-classical model introduced by
Lewenstein and co-workers in 1994 [64]. Built upon the strong-field approximation (SFA),
this framework provides a practical means of calculating the induced dipole moment of an
atom exposed to an intense laser field. The Lewenstein model successfully reproduces the
key features of HHG, including the plateau structure of the spectrum and the cutoff law
that scales with laser intensity and wavelength. Such an approach, in combination with
Saddle Point Analysis [65], can also reveal trajectory-based quantum path interference
features (see [66] and references therein). Because of its balance between physical trans-
parency and computational efficiency, it has become a cornerstone in HHG theory and is
frequently incorporated into larger simulations that include macroscopic propagation.

In practice, the Lewenstein model has proven invaluable for interpreting experiments
and guiding the design of optimized HHG setups. Despite its simplifying assumptions—
most notably the neglect of the Coulomb potential after ionization—it shows excellent
agreement with experimental results, particularly when combined with propagation mod-

els that account for dispersion, absorption, and phase matching in the generating medium.

1.2.1 Keldysh theory of ionization

Before introducing the Lewenstein model, it is useful to revisit the Keldysh theory of
strong-field ionization [67, 68], which provides the natural starting point for a discussion
on HHG. Within the SFA framework, the continuum electron is represented by a Volkov
state, and the transition amplitude from the bound state is calculated using the time-
dependent Schrodinger equation. Keldysh demonstrated that the nature of ionization is

determined by a single dimensionless parameter,

I, w
=2 ==./2I 1.1
7 2Up E() p» ( )

which compares the tunneling time through the laser-suppressed Coulomb barrier to the
optical period of the driving field, I, is the ionization potential of the target atom or
molecule and U, is the ponderomotive energy. This can be written with the electric field
amplitude Ej, using the relation U, = Ey/(4w?), where w is the center frequency of the
laser field.

When v > 1, ionization takes place in the multiphoton regime, requiring the absorp-
tion of a discrete number of photons. In contrast, for v < 1 the process takes place
via tunneling, where the electron escapes the barrier essentially in a static field. At the

intermediate case v ~ 1, both regimes overlap, and the Keldysh theory provides a smooth
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interpolation between the two limits. Importantly, this framework not only explains the
onset of tunneling ionization in strong fields, but also connects directly to the saddle-point
picture in the Lewenstein model, where the electron is assumed to tunnel at a complex
ionization time and subsequently propagate in the continuum as a Volkov state.

The relevance of the Keldysh parameter for HHG is clear when considering why per-
turbative multiphoton theory fails to describe experimental spectra. In the perturbative
limit, the intensity of the n'® harmonic scales as I and drops rapidly with increasing
order, predicting only a few observable harmonics. Experiments, however, reveal a broad
plateau with nearly constant intensity across many harmonics, followed by a sharp cutoff.
Such behavior can only occur in the non-perturbative tunneling regime (7 < 1), where
the electron dynamics are governed by the continuum excursion in the laser field rather
than by the absorption of individual photons. This breakdown of perturbation theory
is the central reason why HHG must be treated within the strong-field approximation,
and why the Lewenstein integral-—built upon the Keldysh ionization step and Volkov
propagation—forms the appropriate theoretical framework. This plateau structure in

HHG is one of the key aspects in attosecond pulse generation.

1.2.2 Time-dependent Schrodinger equation

To arrive at the Lewenstein integral for HHG within the strong-field approximation, we
begin with the time-dependent Schrodinger equation for a single active electron in an atom
subject to a strong laser field (for a detailed discussion elucidating all the assumptions,
see Ref. [65]). In the length gauge and under the dipole approximation, the equation
reads [69]:

i% (F,t) = (—%VQ + V() +7- E(t)) U(F 1), (1.2)

with V() the atomic potential and E(t) the driving electric field. Atomic units are
used throughout (h = m, = |e| = 1). The system is assumed to start in the ground state at
t — —00, i.e. (7', t = —00) = ¢,(F), where the field-free Hamiltonian Hy = —3V?+V(7)
satisfies Hy¢, = E,¢, with E, = —1,,. Here I, > 0 denotes the ionization potential.

SFA [67, 70, 71] assumes that, once ionized, the electron’s motion in the continuum
is driven almost entirely by the laser field, so the atomic potential can be neglected
during this stage [4, 64]. Ground-state depletion is also neglected, keeping its amplitude

essentially constant. Continuum dynamics are then described by Volkov states, which are

exact solutions of the free-electron Schrodinger equation in the presence of the external
field:
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idx = (—%VZ s E(t)) X. (1.3)

Introducing the vector potential A(t) = — ffoo E(s)ds, the Volkov solution in the
length gauge takes the form [65, 71]

xp(7,t) = (2%)_3/2 exp

i+ At) - 7 — i/t Mds] , (1.4)

—0o0

where, the field-induced momentum shift and the accumulated phase from the classical
action are explicitly included.

The full wave function can be written in integral form using the time-evolution oper-
ator U(t,t'):

P(t) = U(t, —00)|¢,) = eupt|¢g>- (1.5)

Within the SFA, propagation after ionization is approximated with the Volkov prop-
agator Uy (t,t'), defined by

iUy = (—%VQ s E(t)) Uy, Up(tt) =1, (1.6)

whose momentum-space representation is

t

(1) = | gy) — i / 0 Uy (8, 1') (7 B(£)) 6 ), (18)

—0o0

where the exponential prefactor reflects the ground-state phase evolution (e~*Fst =
eilot).

The quantity of interest for HHG is the time-dependent dipole moment

d(t) = (O (D)), (1.9)

whose Fourier transform yields the emitted harmonic spectrum. Since (¢,|7]¢,) = 0
and the continuum—continuum contribution is neglected in the SFA, the leading contri-

bution comes from the ground—continuum cross term:

d(t) = —iel»! /t dt' € (g |[F Uy (¢, 1) (7 E(t'))|¢g) + c.c. (1.10)

Inserting the explicit form of the Volkov propagator gives
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Assuming linear polarization along z, the field reduces to E(t) = E(t)2, A(t) = A(t)2,

and the dipole moment simplifies to
Y N
=i [ aB) [ RGO 0Ol ) e (L12)

The recombination and ionization matrix elements are obtained directly from the

Volkov form. For recombination,

(bulzlis(t)) = exp (—z' / WQ -+ A, (113)

—00

where d(k) = <¢g|z]E) is the bound-continuum transition dipole. Similarly, for ion-

ization,

(o()2],) = exp ( / Wﬂ 5+ AW (1.14)

Multiplying the two gives

(5 D) 2165} = I+ A(8)) &[5+ At exo (—i / pTds)' (1.15)

Including the ground-state phase, the exponential factor becomes

exp (—z’/tltwczsﬂfp(t—t’)) — exp (—z’/ﬂt [MJJW ) (1.16)

Altogether, the Lewenstein expression for the dipole moment is

= At S@et) g* A(t .C. 1.1
=i dt Ld(p+ (1) ¢ ) &'+ A(t) +ec,  (117)
10n1;gt10n propagation  yocomhbination

where the semiclassical action is
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t Tl o\12
S(ﬁ,t,t’):/ (B4 1 1) ds. (118)
t/

Equation (1.17) incorporates the three-step model of HHG. The ionization factor rep-
resents tunneling from the ground state at time ¢’, the propagation factor carries the
accumulated phase of the free electron in the laser field, and the recombination factor

gives the overlap of the returning electron with the bound state at time t.

1.2.3 Saddle point approximation

To evaluate the Lewenstein integral [65, 72| and extract the harmonic spectrum, we
take the Fourier transform of the time-dependent dipole moment d(t). For harmonics at

positive frequencies €2 > 0, the Fourier component is defined as

a(Q) = /OO dt e d(t), (1.19)

—o0

where the integration extends over the pulse duration. For multi-cycle pulses, this
is effectively over a long time window, while for spectral density one normalizes by the
total duration. Substituting the Lewenstein expression for d(t) and keeping only the
contribution relevant to positive frequencies (the conjugate term contributes to negative

frequencies), we obtain

a(Q) ~ i / e / "B / ﬁf;g dip+ A@)] &[5+ A@)]

oo e (27

t
- exp —i/
tl

This expression is a multidimensional integral over ¢, ¢/, and p. In the strong-field

7+ A(s))?
2

regime, where the ponderomotive energy U, greatly exceeds the photon energy w, the
integrand oscillates rapidly. The dominant contributions then come from the stationary
points of the phase, which can be identified using the saddle point approximation.
The exponent can be rewritten as
t| 1= A 2
. : + A(s
it / P+ Al)I*
t/

5 +1,

ds = id(t, 1, ), (1.21)

with total phase

ds. (1.22)
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The saddle points are given by the stationary conditions 0® /09t = 0, 0®/0t' = 0, and
V,® = 0 [65, 73]. These correspond to the recombination time t,, the ionization time t;,
and the canonical momentum p,. Assuming linear polarization along z, we can treat the
momentum as effectively one-dimensional.

The momentum condition reads

o
op

—

S /:T [7s + At dt' = (1) + /t‘tr A(tdt' =0, (1.23)

s

where 7 = t, — t; is the excursion time. The recombination condition is

0P

- = 1.24
A 0, (1.24)

tr

which expresses energy conservation: the emitted photon energy equals the returning
electron’s kinetic energy plus the ionization potential. Finally, the ionization condition is
[+ A))?

= =0 (1.25)
t;

8_<I>
ot

Since I, > 0, this implies a negative kinetic energy at ionization, consistent with
tunneling. As a result, both ¢; and p; are complex in general.
Expanding the action to second order around p, and evaluating the Gaussian momen-

32 At this stage, the dipole elements

tum integral produces the prefactor (7/(i7/2 + €))
are evaluated at the saddle-point momentum, and the accumulated phase is the quasi-

classical action S(ps,t, 7). The resulting expression is [74]

—

. m 2 —i5@stT)
dlt) = / dr (T> d(pi(tm) + A1) e 50D Bt — 1) (1.26)

(Pt ) + At — 7)) + cc

Using Eq. (1.26) together with the saddle point equations, one can compute the high-
harmonic spectrum, as shown in Fig. 1.2.

The plateau structure is clearly reproduced: harmonic intensities remain nearly con-
stant over a broad range of orders, a feature not captured by perturbation theory. In
Eq. (1.26), the 773/2 factor reveals that the dipole strength decreases with excursion
time, reflecting the spreading of the electron wave packet. This explains why longer driv-
ing wavelengths, which increase 7, reduce efficiency. Eventually, the plateau terminates
at the cutoff, where the harmonic yield drops sharply. The cutoff energy will be analyzed

in the next section.
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FIGURE 1.2: Simulated dipole spectrum obtained using the saddle-point

approximation. The simulation corresponds to the calculations presented

in Section 2.3, performed for an argon medium at an intensity of approxi-
mately 2 - 101* W/cm?.

Although remarkably successful, the model has known limitations. It assumes that
ionization occurs instantaneously at t = 0, which is an oversimplification. Furthermore, it
describes only the single-atom response, whereas experimentally one measures the macro-
scopic signal resulting from many emitters. Achieving measurable XUV radiation requires

phase matching, a subject addressed in Sec. 1.2.5 and Sec. 1.2.6.

1.2.4 Cutoff law

The cutoff energy in high-harmonic generation can be derived from a saddle-point anal-
ysis of the Lewenstein action. Stationarity with respect to momentum enforces that the

electron returns to the core, which gives the velocity along the saddle trajectory as

3(r) = P+ A(r) = A(7) — ! /t At at'. (1.27)

Stationarity with respect to the ionization time yields the tunneling condition

—

0,S(Feyt,t;) = — L[5+ A(t)] = I, = 0, (1.28)



Chapter 1. Scientific background 11

while the recombination kinetic energy is given by

K = L7, + A@t)]”. (1.29)

N

=
_|_
D

To make the cutoff transparent, one often adopts the tunneling-limit approximation
Dy = —ff(ti), which corresponds to the electron emerging from the barrier with nearly
zero initial velocity. In this case the velocity reduces to @(r) ~ A(7) — A(%;), the return

condition becomes

/t [A(r) ~ Ale)] dr =0 (1.30)

and the recombination kinetic energy takes the form

K(t,t;) =~ L[A@t) — A(t:)]. (1.31)
For a monochromatic, linearly polarized driver with,
— E ~
A(t) = = sin(wt) €, (1.32)
w

it is convenient to write A(t) = Apsin(wt) with Ag = Ep/w. The time integral then

evaluates to

W

[ At dt' = Aol sin(wt') dt’ = ﬂ(Cos(cutz-) — cos(wt)). (1.33)

Inserting this result into the return condition (1.30) yields

A
—O(COS(wti) — cos(wt)) — (t — t;) Ag sin(wt;) = 0. (1.34)
w
After dividing through by Ay and introducing the phases ¢ = wt, ¢; = wt;, and a =
w(t —t;), we obtain
OS¢~ COSP _ i (1.35)
a
Substituting this into (1.31) and rearranging (1.35) gives
K(9, ¢i
% :2(singb—singbi)2, cos ¢ — cos p; + (¢ — ¢;)sing; = 0, (1.36)
p
where U, = E3/(4w?) is the ponderomotive energy.

Maximizing K /U, under this return condition yields the well-known result

Koax ~ 317U, hwentofs = Ip + Kuax =~ I, + 3.17U,, (1.37)
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The cutoff law was first formulated by Krause, Schafer, and Kulander [60], who es-
timated the maximum photon energy as I, + 3U, in 1992. A more accurate value of
I,+3.17U, was later obtained independently by L’Huillier et al. [75] and by Corkum [59]
in 1993.

At longer driving wavelengths, the cutoff scales as,
AWentoft == I, + 317U, o< N1, (1.38)

since the ponderomotive energy grows quadratically with the laser wavelength \ at fixed
intensity I. This quadratic scaling makes it possible to reach much higher photon energies
in the mid-infrared regime. However, the single-atom emission yield drops sharply with
wavelength, typically as A= to A7® in the tunneling regime, due to the spreading of the
electron wave packet over its longer excursion time in the continuum. Consequently, while
longer wavelengths extend the cutoff, they reduce efficiency, highlighting the importance

of phase matching and macroscopic optimization in high-harmonic generation.

1.2.5 Wave Propagation in a Medium with Absorption

While the microscopic mechanism of HHG—typically described by the three-step model,
is well understood, the generation of bright and coherent harmonics suitable for experi-
mental applications relies heavily on the macroscopic phase matching conditions within
the generation medium. Macroscopic phase matching refers to the constructive interfer-
ence of harmonic fields emitted by individual atoms across the length of the interaction
region. Achieving phase matching ensures that the generated harmonics add coherently,
leading to a significant enhancement in the high harmonic yield.

The total harmonic signal generated in a gas target is determined by the coherent sum
of the contributions from all atoms. This summation is strongly affected by the relative
phase of the harmonic field emitted at different locations. When these phase differences
are small or vary slowly along the propagation direction, the generated field interferes
constructively, resulting in efficient buildup of the harmonic intensity. However, if the
phase differences are large, destructive interference occurs, severely limiting the observed
harmonic yield. Also, as the medium, where HHG occurs, can also absorb the generated
XUV radiation.

First, we need to understand wave propagation in an absorptive medium. To ana-
lyze how absorption affects the propagation of an electromagnetic wave at the q'-order
harmonic, Eq(ﬁ t), in a dielectric medium, we start from the inhomogeneous wave equa-

tion [76] in three spatial dimensions, ¥ = (x,y, z). In the time domain, this equation can
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be expressed as

2 9271 (= 20 (=
e n® 0°Ey(r,t)  O0°Pnp(7,t)
v Eq(r7t) - C_2 atg - HO 8t2 9

where ]3NL is the nonlinear polarization vector, which acts as the driving term for the

(1.39)

generation of new frequencies, such as higher-order harmonics. Here, n is the refractive
index of the medium, c¢ is the speed of light, and pg is the vacuum permeability.

To simplify the analysis, we separate the temporal and spatial dependencies of the
fields. We also assume that the electric field can be decomposed along the three Cartesian
axes and select the z-axis as the propagation direction. Since the fundamental laser field
propagates with a different phase than the harmonic field, we introduce a phase factor
exp(tk;2), where k; is the wavenumber of the fundamental field.

In the expansion of the harmonic field and the nonlinear polarization, we have ex-
plicitly written both the forward oscillating term and its complex conjugate (c.c.), since
the physical field must be real. However, when solving the wave equation, we are usu-
ally interested in the propagation of the positive-frequency component of the field. The
negative-frequency part, given by the complex conjugate, carries redundant information
because it is simply the Hermitian counterpart of the positive-frequency solution.

Therefore, in the standard treatment, one keeps only the terms proportional to
exp(ikyz — iwyt)

and neglects the complex conjugates during the derivation. At the end of the calculation,
the full real physical field can always be reconstructed by adding the complex conjugate

of the obtained solution.

1 .
E,(z,t) = §Eq(z)e’(qu_‘”qt) (1.40)
and .
P,(z,t) = §Pq(z)ei(qklz’“qt) (1.41)

where k1 = 27n, /A is the wave number of the fundamental driving field, while &, denotes
the wave number of the ¢g-th harmonic. In order to evaluate the source terms appearing in
Eq. (1.39), we proceed by taking the necessary derivatives. First, the temporal derivative
of the electric field envelope reads

0E,(z,t) 1

L0 By (2) (i), (1.42)

and the second-order time derivative becomes

2
0 ant(zz,t) _ _% J(2)w2eilaz—eat) (1.43)
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Similarly, for the polarization we find

O*Py(z,t 1 :
5t(22 ) _ — 5 Py()uReihent) (1.44)

Since we restrict the problem to propagation along the longitudinal direction z, the Lapla-
cian reduces to a derivative with respect to z. The first spatial derivative of the field

envelope is then

aEq(Z) o laEq(Z)
0z 2 0z

gilkaz—wat) | %Eq(z)e’(quf‘”qt), (1.45)

while the second-order derivative becomes

+ 22‘@8%(2) - kgEq(z)l : (1.46)

aQEq _ lei(ququt) |:82Eq

022 2 022

Substituting the time and space derivatives into Eq. (1.39), we obtain

1 i(kgz—wqt aZEq ; 6Eq(z) 2 n? 1 2 i(kgz—wqt
el ) 52 + 2qu7 —k Ey(2)| — 2 —§Eq(z)wqe ( ) i
1 7 12—W, '
Dividing both sides by %e"(’“qu‘”qt) and using the relation k, = n,w,/c, we obtain
0*Ey(2) Ngwq OE,(2) 2 i(gk1—kq)z
852 + 20 qc : 8qz = —pow; Py(2)e (ak1—kq)z, (1.48)

To further simplify this expression, we invoke the Slowly Varying Envelope Approxima-
tion (SVEA) [77], which assumes that the second derivative of the envelope is negligible

compared to the first derivative, i.e.
(02E,(2)] < |ky 0:Ey(2)]- (1.49)

Defining the phase mismatch as Ak = gk; — k, and using the relation pg = (eoc?) !,

the equation reduces to
OB (2) . wy iAk
= P, e 1.50
0z Z2nqeoc a(2)e ( )

From Eq. (1.50) we see, that the spatial dependence of the ¢** harmonic along the prop-
agation axis is defined by the polarization vector and the phase mismatch, the causes of
this mismatch is further elaborated in section 1.2.6. At this stage, we also take into ac-

count absorption of the harmonic radiation in the medium. According to Beer—Lambert’s
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law [78, 79], the transmitted intensity decays exponentially with propagation distance:
Iq(2) = I,(0)e™, = Eqy(2) = e 7’ £4(0), (1.51)

where «, is the absorption coefficient. To consider the effect of absorption in Eq. (1.50),
we modify it in the following manner relying on Eq. (1.51):

aEQ(Z) +aqE —Z wq

. T HlE) = Py(2)e*. (152)

2ngepC 1
Note that, in the absence of a source, the solution of the Eq. (1.52) results the Beer-
Lambert law, as it defined in (1.51) Multiplying both sides by the integrating factor

exp(%z), the left-hand side can be written as a total derivative,

8 %gq g Qq 8E
S [ B e)] = 55, )+ 00
= Wq P.(z ez(iAk—i—aq/Q)'

q
2ngepC

Assuming, that at the beginning of the gas medium there were no harmonics before the
interaction, the boundary condition becomes E,(0) = 0. One can assume homogeneity
of the medium, resulting a constant nonlinear polarization P,(z) = P,, and introducing

1

the absorption length as L.,s = . The absorption length is inverse proportional to

the ionization cross-section (o,), which can be found in databases and the density of the

1
medium (p) which has to be measured, giving the expression as L., = —. We integrate
o

q
the propagation equation over a medium of length L,.q. The macroscopic polarization

can be written as the product of the microscopic dipole response and the number density
of emitters,
P, = pd,, (1.54)

where p denotes the atomic (or molecular) density and d, the single-atom dipole moment

at harmonic order gq.

Lmed
. 1
ALy ([ Y Wi / (AESE) g, 1.55
A L) = 5y [ € : (1.5)
0
Carrying out the integration yields
(iAkH' L )Lmed
W, _Lmede 2L,y ]_
E, (Lyed) = i—2—pd,e ?Labs 1.56
o(Lmea) 2n4e0c’ ! iAk:—|—2L1b ( )
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To calculate the observable harmonic yield, we consider the harmonic intensity, which is

proportional to the square modulus of the electric field:

. _Lmed 2
elAkLmed —e 2L.pbs

2 wq pd 2
I,(Lped) = | =
€0CNy o(Lmea) <2nqeoc> Ak? +

412
2
Wq pdg
2nqeoc

abs
RN
Ak? +

abs

Lmed 2

—e 2Labs + cOS(AkLpeq) + ¢ Sin(AkLypeq) (1.57)

wq pd

(5neda) P,

= X2 1 14+ e 2Labs — 2e 2Labs COS(AkLmed) .
Ak? + 5

abs

Finally, it is convenient to introduce the coherence length, defined as L., = 7/|Ak],
which characterizes the distance over which harmonic radiation builds up in a coherent

manner. For clarity, we define

2
queomq< -~ ) , (1.58)

2 2nqe€oc

amplitude, which has units of W/C?. With this definition, the harmonic intensity can
be expressed in the compact form, introduced by Constant et al. [80]. This formalism
provides a compact way to describe the macroscopic buildup of the harmonic field in an

absorbing medium.

4L2 _ Lmed ’/TL _ Lmied
I, = Ay p*|dy|? - —abSLQ [1 — 2e 2Labs COS ( med) +e Labs} . (1.59)
1 + 471'2%#bs Lcoh
Lcoh
The most important property of this expression (Eq. (1.59)) — and what makes it easy to
use it for optimization of harmonic signal — for a given intensity one can find the optimal
gas density and medium length. To visualize the result, one can introduce substitutions,

which simplify the equation. These substitutions [81]:

Lmed o 277-Labs

= R Snax = Agp?|dg|?AL2 1.60
2Labs7 0 Lcoh ’ qp | q‘ abs ( )
Substituting these relations gives
ALZ -L —2L
I, = Smaz - [1—2e " cos(RoL) + e "] (1.61)

1+ R2
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The term in the bracket can be written in a simple forms as:

1—2¢"cos(RoL) + e = (1—e* COS(RQL))2 + (e7* Sin(ROL))2

=[1- e_L'H'RoL’? (1.62)
Substituting Eq. (1.62) into Eq. (1.61) yields:
Smax ; 2
I, = 1 — e LAl )™ 1.63
1+ R? | (1.63)
—— Leon <X Labs —— Lcon = 5 Laps
Leon = 10 Laps —— Lcon = Labs
1.0 :
fm O @bsOrption
¥ 0.8 ]
c
5
x i
g 0.6
)
E 0.4 -
s
T 0.2
0.0 T T T T T T T T T
0.0 0.5 1.0 1.5 20 25 3.0 35 4.0
Medium length (2Lgps units)
FIGURE 1.3: The harmonic flux normalized to the absorption-limited max-
imum flux Spax as a function of normalized medium length L for different
ratios of the coherence- and absorption lengths, defined by Ry. [82]
Physically, Ry = % quantifies the relative strength of absorption with respect

to phase mismatch. The resulting behavior is illustrated in Fig. 1.3. The dashed line

corresponds to the absorption-free limit (L,,s — 00), where the signal grows quadratically

2
med

with medium length (I, oc L7 4). The other curves represent different phase matching
scenarios. The ideal case with L.y, > Lieq, where Ry = 0. In this case, all the generated
radiation can be added up coherently and the reabsorption is minimal. Although this
is experimentally not feasible, the conditions can be chosen for the near-optimal case,
where L., remains much larger than L,,s. The rule of thumb is that L.on > 3Leq OF
Ry > 2 [80], in figure 1.3 two of this case had been shown, one with Leon = 10Lyeq, With
Ry =0.62 and Leopn = 5Lmed, with Ry = 1.25. When Lo 5 Labs optimal phase matching
is not possible, resulting in low HHG yield, this represented in Fig. 1.3. This situation
can and should be avoided by using this simple model during the design process of a HHG

beamline.
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FIGURE 1.4: Calculated dipole induced phase mismatch. Panel (a) shows
the z dependence of Aky, while (b) shows lineouts for a few selected z
values.

1.2.6 Phase matching factors
Obtaining the coherence length L., is a crucial and relatively complex task, as phase
matching depends on multiple factors, and through the relation [83]

Leon = /| AK] | (1.64)

coherence length also does. The total phase mismatch Ak in Eq. (1.64) is usually written

as the sum of four factors [83]
Ak = Akg + Ak, + Ak, + Ak, (1.65)

representing the phase mismatch due to dipole (Akq)- and geometric phases (Ak,), along
with neutral (Ak,)- and plasma dispersion (Ak,) [82-84].
The dipole-induced phase mismatch Ak, can be calculated as the phase (®4) accumu-

lated by the electron in the continuum [84, 85]:

8(1361 8[(,2)

ol(z) 0z (1.66)

Akg =

with the textbook expression of on-axis intensity variation (z) of Gaussian beams, giving

2204(2) (1.67)

Aky; = — 288
% L% + 22
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where

Bai(z) = il (2) — ;(d;i) (wq - %)2. (1.68)

The index ¢ can be representing values belonging to short or long trajectories, « is the
polarizability, I, is the ionization potential, y for short trajectories equal to 0.22 em, /(@)
and -0.19 ¢cm./(a\) for the long trajectories and related to the group delay dispersion of
the harmonic radiation, A is the wavelength of the harmonic order, ¢ is the speed of light
and m, is the mass of the electron. It is also important to note, that the Ak, sign
changes before and after the iteration.

Peak intensity of Iy = 2 x 10*W/cm? had been applied and Rayleigh length of
Lr =192mm, both values originating from the experimental conditions detailed in sec-
tion 2.2.1. For the results in figure 1.4 only the contributions from the short trajectories
had been considered, which are usually the dominant one. It is important to note, that
after focus (e.g. z=0) Ak, takes only positive values.

The geometric phase mismatch in high-harmonic generation arises from the focusing
properties of the driving laser beam. For a Gaussian beam, this phase variation is governed
by the Gouy phase shift, which is defined as

((z) = tan™" <i> : (1.69)
%R

where z is the propagation coordinate along the beam axis and zgr is the Rayleigh
length [84]. The Gouy phase represents the additional phase acquired by the beam as it
passes through the focal region, amounting to a total shift of m radians from z — —o0 to
zZ — +00.

In the context of HHG, variations in the fundamental field’s phase directly affect the
phase matching between the driving infrared (IR) laser and the generated harmonic field.
When considering only the defocusing effect of the IR beam and neglecting contributions
from the harmonic beam’s divergence, the geometrical phase mismatch can be expressed

as

) 2"
dz 22+ 25

ng(z) qzZR

Aky(z,q) = (1.70)

Here, ¢ denotes the harmonic order, and the negative sign reflects the fact that the
Gouy phase contribution generally opposes perfect phase matching. This term becomes
most significant near the focal region, where the derivative d(/dz reaches its maximum
magnitude.

Figure 1.5 shows the calculated geometrical phase mismatch Ak, as a function of
propagation distance for different harmonic orders. The results correspond to the HHG
process in the HHG1 gas cell described in Section 2.2. As can be seen, higher harmonic

orders exhibit proportionally larger geometric phase mismatch, which can strongly limit
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FIGURE 1.5: Geometrical phase mismatch Akgy(z,q) for selected harmonic

orders, calculated using the beam parameters of the HHG1 gas cell. The

mismatch is largest near the focus (z = 0) and scales linearly with the

harmonic order ¢g. Panel (a) shows the z dependence of Ak,, while (b)
shows lineouts for a few selected z values.

the coherence length unless compensated by other phase matching contributions such as
plasma or neutral gas dispersion. Neutral dispersion also causes phase mismatch, Ak,
which depends on the refractive index of the generation medium at the wavelength of the
generating field and the generated XUV according to Eq. (7) of Ref. [83], that is

w
Ak, = q?l(nl —ny), (1.71)

Refractive index n; for the central wavelength of A = 840 nm was obtained from Ref. [86].
In case of XUV photon energies, the refractive index n, was calculated based on ex-
pressions in Ref. [87] using atomic scattering form factors from NIST [88]. In case of
both refractive indices n? & 1, ny and n,, it stands that (n* — 1) ~ p (3.14), or simpler
(n — 1) ~ p that is their difference from 1, is proportional to the number density.

The resulting phase mismatch is plotted in Figure 1.6 as a function of photon energy
for the highest number density involved in this study, p = 2.4 x10'® 1/cm?. The ionization
— and the plasma generated — is a key factor tuning phase matching through the term
Ak,. This phase mismatch term was calculated using Eq. (8) of Ref. [83], which reads as

w
Al = ¢ (=5 (1.72)

defined by the plasma refractive index ng = /1 — N, /N., where N, = I'p is the number

density of free electrons (I" being the ionization ratio and p the atom number density).
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FiGURE 1.6: Calculated phase mismatch due to refractive index of the

natural atoms in the medium. As this is not dependent strongly on the z

position, all three lines overlap. Panel (a) shows the z dependence of Ak,
while (b) shows lineouts for a few selected z values.
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F1GURE 1.7: The calculated phase mismatch arising from free electrons in
the medium exhibits its largest negative value at the focus (z = 0) where
the intensity is highest, and gradually approaches zero at positions farther
from the focus, which lies at the center of the gas medium. Panel (a) shows
the z dependence of Ak,, while (b) shows lineouts for a few selected z
values.

The photon energy dependence of plasma refractive index appears through the critical
density N, = gomw?/e?. The resulting values of Ak, are plotted in Figure 1.7 as a
function of photon energy for p = 2 x 10'® 1/cm® density and an ionization ratio of
I' = 5% (this choice of ionization ratio will be explained later). This phase mismatch

term is proportional both to density and ionization ratio [82], that is Ak, ~ pI' (see
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FIGURE 1.8: Calculated total phase mismatch Ak(z) for the HHG1 gas

cell configuration. The focus is placed at the center of the cell, resulting in

favorable phase matching for low-order harmonics at the entrance and for
higher-order harmonics near the exit.

explicit expressions for both Ak, and Ak, in Ref. [82]). Phase matching in high-harmonic
generation is achieved when the total phase mismatch, defined as the sum of all relevant
contributions in Eq. (1.65), approaches zero. In this situation, the phase velocity of the
generated harmonic field is matched to that of the driving infrared field, allowing the
harmonic emission from different positions along the medium to interfere constructively.

The coherence length is inverse proportional to the phase mismatch (Eq. (1.64)), in the
special case where Ak = 0, the coherence length becomes formally infinite, meaning that
the generated harmonic field can build up coherently over the entire interaction region
without destructive interference. In practice, perfect phase matching is rarely achieved
over long distances, but partial compensation of phase mismatch can still significantly
enhance the HHG yield.

Figure 1.8 illustrates the spatial dependence of the total phase mismatch Ak(z) for
the specific configuration where the laser focus is positioned at the center of the gas cell
(z=0). Under these conditions, lower-order harmonics are efficiently generated near the
entrance of the cell, where the phase mismatch is small and positive, while higher-order
harmonics tend to be generated closer to the exit of the cell, where the phase mismatch
changes sign and compensates other dispersive effects. This spatial separation of optimal
generation zones reflects the interplay between geometric, dispersive, and plasma-induced
contributions to the phase mismatch.

The total HHG yield can be calculated using Eq. (1.59), together with the previ-

ously defined coherence length. This approach allows us to model different experimental
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scenarios, the results of which are presented in Section 2.3.

1.2.7 Pressure and length dependence of phase matching

Maximum harmonic generation occurs when L., > Li.q, meaning that efficient phase
matching is maintained over the entire length of the medium. In contrast, shorter coher-
ence lengths lead to partial destructive interference and thus a reduced yield. When the
phase mismatch is very small (Leop >> Laps, Or equivalently - < ﬁ, ie. Ak — 0), ab-
sorption becomes the dominant limiting factor. In this regime, using the form introduced

in Eq. (1.63), the term Ry vanishes, and the expression simplifies to
Iy = S [T — 71, (1.73)

where L = Lyea/(2Labs). As for optimal HHG conditions, L < 1 the exponential can be

expanded into a Taylor series around L=0 (the small absorption limit), we obtain
l—et=1-(1-L+...)=L—... (1.74)
and, keeping only the first-order term, the HHG flux can be approximated as

Iq = Aq p2|dQ|2 L2 ed = (]\/vOLmed)2 X (PLmed)Q' (175)

m

The equation shows that when the pressure is large, the medium length should be
short to ensure optimal yield and vice versa. This quadratic dependence on both the
pressure and the medium length is the central result discussed in Section 2, where the

corresponding simulations and experimental results are presented.

1.2.8 Temporal phase of ultrashort pulses

The temporal form of an electric field can be obtained from the inverse Fourier transform

of its spectral amplitude and spectral phase [89]:
E(t) = F ' [B(w)e *@et] (1.76)

The spectral phase ¢(w) can be expanded in a Taylor series around the central fre-

quency wy:
1 d2¢
(=)t 5

o) = dlun) + 2

= (w—wo)*+..., (1.77)

wo

wo
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where the coefficients of the first and second derivatives introduce important temporal
characteristics of the pulse. We define

do d*¢
$cp = dol ¢cpp = e n (1.78)

wo

which are referred to as the group delay and the group delay dispersion, respectively.
In general, the center of the temporal pulse envelope and the phase of the carrier
wave are not perfectly synchronized. The phase of a short Gaussian laser pulse can be

approximated by the carrier-envelope phase (CEP) [90]:

41n2
GoEP = ¢Gp Wo — To — %arctan (W) ) (1.79)

Th0
which characterizes the offset between the carrier oscillations and the pulse envelope.

---' Pulse envelope —— Electric field (¢cep =11/2)
—— Electric field (¢cep=0)

Amplitude (arb.u.)

—t

~1.0 ===

(Y B

Time (fs)

FIGURE 1.9: Electric field and pulse envelope of a 4 fs pulse shown for two
different CEP values. The vertical dashed lines indicate the time at which
the electric field reaches its peak for each case.

This phase difference becomes particularly important in the case of few-cycle laser
pulses. For instance, in the single-cycle limit, a cosine field (¢pcgp = 0) reaches its
maximum only once (blue vertical dashed line figure 1.9), whereas a sine field (¢pcpp =
7/2) reaches its maximum twice (green vertical dashed line figure 1.9). Consequently,
isolated attosecond pulses can be generated only in the cosine case, making CEP stability
a critical requirement for such experiments.

The measurement of the CEP is the central theme of Chapter 4. In this chapter, two

techniques are introduced: stereo ATI, which enables absolute CEP measurement, and
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the f-2f method, which allows tracking of relative CEP variations. Further details on

these techniques are provided in Section 4.1.

1.3 Macroscopic phase matching simulation code

To interpret and complement experimental findings in HHG, we carry out detailed large-
scale numerical simulations that incorporate the full macroscopic response of the nonlinear
medium. These simulations are essential for elucidating the interplay between laser pulse
propagation, ionization dynamics, and harmonic generation mechanisms. In particular,
they allow us to accurately capture key physical effects such as plasma-induced defo-
cusing, nonlinear refractive index modulation, absorption of both the fundamental and
harmonic fields, and phase matching conditions—each of which critically influences the
overall efficiency and spectral profile of HHG.

To this end, we utilize a comprehensive three-dimensional (3D) non-adiabatic macro-
scopic simulation scheme, formulated in accordance with the modeling approaches de-
scribed in Refs. [81, 91, 92]. This framework enables a time-resolved and spatially resolved
treatment of the interaction between the intense driving laser field and the ionizing, cylin-
drically symmetric, gaseous medium. The simulation evolves through a sequence of three
interconnected computational stages. In the initial stage, the propagation of the linearly
polarized laser pulse E (7L, t) through the nonlinear medium is governed by a modified
scalar wave equation that accounts for spatiotemporal variations in the refractive index.

The governing equation reads

S 1 0?E(7y, w2 -
VE(.0 - SEECD Sy e 0] B, (1.50)

where 77, represents the cylindrical coordinate system aligned along the axis of laser prop-
agation. The effective refractive index neg (77, t) encapsulates both linear and nonlinear

contributions and is explicitly defined as

CL)ZQ)(FL, t)

neff(FLa t) =n-+ ,ﬁQI(FIn t) - 20)2
0

, (1.81)

where n is the linear refractive index of the neutral medium, 7, is the nonlinear refractive
index coefficient (associated with the Kerr effect), and I(77,t) = %eoc|E(FL,t)\2 denotes
the instantaneous intensity of the laser pulse, derived from the complex-valued electric

field envelope E(FL, t). The plasma frequency wp is a function of the local free-electron

density n.(7,t), given by the relation w,(7r,t) = v/ne(r, t)e2/(mep). This formulation
allows us to account simultaneously for self—focusmg due to Kerr nonlinearity, defocusing

induced by plasma generation, and frequency-dependent dispersion. Absorptive losses
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due to ionization are modeled through time-dependent ionization rates, following the
prescription outlined in Ref. [93]. To simplify the numerical treatment of wave propaga-
tion, we adopt the paraxial approximation and assume cylindrical symmetry about the
propagation axis. By transforming Eq. (1.80) into the frequency domain via a temporal
Fourier transform and introducing a co-moving reference frame, we obtain a reduced wave

equation of the form

2 .
( ; " o >E(TL»ZL7(U) - m—w—aE(TbZLM)

8_7‘% EO_TL C 8zL
2
w
- g‘? [(1 = nZe(rp, 20,t)) E(rp, zp,t)]

(1.82)

where .# denotes the Fourier transform with respect to time. This equation is numeri-
cally integrated using an implicit Crank—Nicolson finite-difference scheme, which ensures
numerical stability and accuracy over the simulation domain. The initial laser field pro-
file at the entrance of the medium is constructed using the ABCD-Hankel formalism,
as described in Refs. [94, 95], which provides an accurate representation of the spatial
beam profile under realistic focusing conditions. In the second stage of the simulation,
we compute the microscopic response of individual atoms to the local laser field using the
well-established Lewenstein strong-field approximation [64]. This model yields the single-
atom dipole D(t), from which we construct the macroscopic nonlinear polarization field.
To account for ionization-induced depletion of the ground state, we include a damping

factor in the macroscopic polarization expression, resulting in

t

Pa(t) = naD() exp [— /

—00

w(t') dt’} , (1.83)

where n, denotes the neutral atomic number density and w(t) is the instantaneous
ionization rate, evaluated using the hybrid antisymmetrized coupled channels (haCC)
framework [96]. This method has been benchmarked against standard models such as
the Ammosov—Delone-Krainov (ADK) theory [97] and demonstrates consistent accuracy
across a wide range of intensities. The final stage involves solving the inhomogeneous
scalar wave equation to describe the propagation of the generated high-order harmonics.

The harmonic electric field Ej (7, t) evolves according to

L PE(FL.t)  0*Pa(t)

2B (7, t =
v h(rlﬂ ) 02 8t2 Ho 8t2 )

(1.84)

where 119 is the vacuum permeability. The numerical method used for solving Eq. (1.84)
mirrors that of the driving field, with the key difference being the known source term on

the right-hand side, which enables direct evaluation of the field response. Propagation
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in the XUV domain is influenced by dispersion and absorption, both of which are mod-
eled through a complex refractive index. The real component of this index governs the
phase velocity of the harmonics, while the imaginary part describes attenuation due to
photoabsorption. Material-specific parameters are obtained from tabulated atomic scat-
tering factors [87], ensuring a physically accurate representation of XUV light-matter
interactions.

This code was applied in Section 2.3 to study how the high-harmonic flux depends on
the pressure and length of the generation medium. In Section 3.9, it was demonstrated
that variations in gas density within the medium can lead to noticeable fluctuations in the
HHG flux. Finally, in Section 4.2, the CEP dependence of gas high-harmonic generation
was investigated for both short and long driving pulses, highlighting how pulse duration

influences CEP sensitivity.

1.4 Introduction to HHG in Bulk Solids

High-harmonic generation in solid-state materials has quickly established itself as both a
source of ultrafast light and a probe for electron dynamics in condensed matter. While
HHG was originally discovered and extensively studied in atomic and molecular gases,
extending the process to crystalline solids has opened entirely new avenues in attosecond
science, strong-field physics, and materials spectroscopy. When an intense femtosecond or
mid-infrared laser pulse interacts with a solid, the nonlinear motion of electrons within the
periodic potential of the lattice produces high-order harmonics of the driving field. The
first clear demonstration of this effect in a bulk crystal came from Ghimire et al. [47], who
observed harmonic emission from ZnO driven by mid-infrared pulses. Since that work,
solid-state HHG has become a rapidly growing field, offering routes to compact coherent
EUV sources, attosecond pulse generation directly from solids, and new tools for ultrafast
band-structure spectroscopy.

The microscopic physics of HHG in solids differs [98, 99] in essential ways from the
gas-phase case. In gases, the semiclassical three-step model—tunnel ionization, acceler-
ation in the laser field, and recombination with the parent ion—provides a remarkably
accurate picture. In solids, however, the collective response of electrons in the periodic
lattice potential governs the process, making the band structure, scattering, and interband
coherence central to the dynamics. Two mechanisms are usually distinguished: intraband
dynamics, where electrons undergo nonlinear motion within a single energy band, and
interband transitions, where electrons excited across the band gap can coherently recom-
bine with their parent holes to emit harmonics. Both contributions are necessary to fully
describe HHG in crystals.
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A numerical framework for treating this problem was introduced by Plaja and co-
workers [100], who solved TDSE on a Bloch-state basis. For a linearly polarized laser
field along the optical axis, the system can be reduced to an effectively one-dimensional
model. In the velocity gauge, the TDSE takes the form

0 p? e
h— |W(t) = | — + V(z) + —A(t)p t 1.85
g o) = (24 v(@) + S a0p) o, (1.85)
where p is the momentum operator, V(Z) the periodic lattice potential, and A(t) the
vector potential of the laser. Because the wavelengths of interest are much larger than
the lattice spacing, the field can be treated as spatially uniform within a unit cell, i.e.,
A(Z,t) ~ A(t). The vector potential is connected to the electric field by

At) = — / " By (1.86)

—0oQ
The eigenstates of an electron in a periodic potential are Bloch functions,

V() = €M Tug(7), (1.87)

with % the crystal momentum and uz(7) a lattice-periodic function. Expanding the wave

function in this basis [101],

[(t)) = D ar(t) I€0) (1.88)

leads to equations of motion for the band coefficients a}(¢). The Bloch states |{}) satisfy

the stationary Schrodinger equation,

~2
p - 3 n
(L +v) o = B0l (1)
where n labels the bands and E, (k) their dispersion.

The laser—solid interaction generates a macroscopic current density obtained by sum-

ming over all & values in the Brillouin zone [101, 102],

e

0 === [ [Re((wu(®)| plun(®))) + eA(t)] dk. (1.90)
BZ
The harmonic spectrum is then given by the Fourier transform of j(t) This formalism
captures both intraband and interband dynamics and has become a standard microscopic
description of HHG in solids.
Although compact, the velocity gauge does not always make the physical roles of the

different contributions transparent. The length gauge often provides clearer separation,
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since the external field couples directly through the dipole interaction:

g 00 = (24 V(@) + B0 - 7) 100, (191)

2m

Expanding again in Bloch states,
[ (t) Z eAGIEE (1.92)

the resulting equations naturally separate into intraband and interband terms. The total

macroscopic current can then be written as [103]

7(t) = Jinwra(t) + Jinter (£), (1.93)

with the intraband contribution,
]mtra - _62/ ’Cn | VkE ( ) (194)

and the interband contribution,

= ed n m 7
) = =55 30 | CRHOCE O (R) (1.95)
#m

where V,E, (k) is the band velocity and dp, (k) = (¢7| 7|¢™) the interband dipole matrix
element.

This decomposition provides a clear physical interpretation: intraband currents reflect
the nonlinear Bloch oscillations of electrons and holes within individual bands, while
interband currents arise from coherent electron—hole recombination across different bands.

The observable spectrum follows from the Fourier transform of the total current,

x ‘ / dte™j(t) 2

with lower-order harmonics typically dominated by intraband dynamics and the plateau—

, (1.96)

cutoff region shaped by interband recombination.

The properties of solid-state high-harmonic generation are the central focus of Chap-
ter 4, and a key aspect of this topic is understanding the mechanisms by which interband
and intraband harmonics are generated. In this context, the effects of the CEP on the
solid based HHG yield are also illustrated through simulations. These simulations, while
providing valuable insight into the underlying physics, fall outside the scope of this thesis

and are therefore only discussed in a supporting role.
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Chapter 2

High Harmonic generation yield

dependence on medium length

2.1 Phase matching consideration for HHG beam-

lines

The design of a beamline for laser-driven HHG requires careful consideration of several
parameters, particularly when aiming for optimal conversion efficiency. One of the foun-
dational approaches in this process involves the application of scaling laws to estimate and
refine experimental conditions that maximize harmonic yield [83, 104, 105]. Typically,
the properties of the driving laser—such as pulse duration, central wavelength, repetition
rate, and energy—are predetermined. Therefore, the optimization strategy must revolve
around achieving the appropriate intensity at the focal point, which lies within the range
that supports efficient HHG.

While theoretical models, such as the Lewenstein model, provide useful predictions
regarding the single-atom response and optimal laser intensity, practical implementations
must also account for macroscopic propagation effects. Among these, phase matching
plays a critical role in determining the total harmonic output, as it governs the coher-
ent buildup of the generated harmonics along the propagation axis. Phase matching in
gaseous media is influenced by several parameters, including gas pressure, interaction
length, focusing geometry, and ionization-induced dispersion. Recent advancements in
the analytical treatment of these effects have led to the development of comprehensive
phase matching models. In particular, the work by Weissenbilder et al. [84] provides an
analytical framework that highlights the existence of phase matching conditions not as
isolated points, but rather as continuous loci—specifically, hyperbolic curves—within the
parameter space of gas pressure and medium length. This model reveals that for a given
driving laser intensity, multiple pressure-length combinations exist along a hyperbola that

result in comparably efficient phase matching, thereby allowing experimental flexibility.
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The key expression derived for phase matching optimization is given by [84]:

_ CheT'f;

(p - pO) Lmed — y (21)
Oabs
where ) 226,(2)
2p z20i(z
= —— 1 2.2
Ji 22+Z?{< " qZR ) (2:2)

Here L,,.q denotes the medium length, p is the gas pressure, py represents the minimum
pressure for phase matching at zero ionization, ( ~ 3 is a fit parameter, which depends
on the coherence length, kg is the Boltzmann constant, T is the gas temperature, f;
is a correction factor accounting for ionization-induced phase mismatch, and o, is the
absorption cross-section of the medium. The f3;(z) is defined as Eq. (1.68), which depends
on the intensity and central wavelength of the laser and the ionization potential of the

atom. The term p, itself can be expressed as:

2€QCkBTfZ‘
w(ap — ay)’

PoZR = (2.3)
where zg is the Rayleigh range, €y is the vacuum permittivity, c is the speed of light, w is
the laser angular frequency, and «ay, oy are the dispersion coefficients of the fundamental
and harmonic frequencies, respectively.

According to these equations, one can achieve similar HHG efficiency using a high
pressure gas jet with short medium or low pressure long gas cells. However, it is not
possible to get any spatial information from this model, which is an important factor to
reach to smallest XUV focal size possible and consequently highest XUV intensities in
the interaction region.

To validate these theoretical predictions, a collaborative experimental campaign was
conducted with a research group from Lund University. The primary objective of this ex-
periment was to empirically map the phase matching behavior and evaluate the pressure-
length hyperbolic relationship predicted by the analytical model. Our specific contribu-
tion to the project involved the comprehensive preparation, alignment of the experimental
apparatus and the execution of the measurements, including the gas delivery system, vac-
uum chamber, beam-focusing optics, and diagnostic tools. The experimental setup and
methodology are described in detail in this chapter, along with the results obtained from
the user experiment. These findings provide further insight into the practical applicability
of the phase matching model and offer guidance for future optimization of HHG sources

in laboratory-scale and facility-level environments.
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2.2 Experimental results

The experimental measurements were conducted using the SYLOS GHHG Long beam-
line [106], located at the ELI ALPS [107-109] research facility. This state-of-the-art
beamline was conceptualized and designed by the research group led by Anne L’Huillier
at Lund University. As conversion efficiency, the ratio of the IR pulse energy and the
generated XUV energy, for gas HHG is low (107°-107%), with higher IR energy higher
XUV flux can be reached. This is especially important in the case of experiments with iso-
lated attosecond pulses, such as XUV-XUV pump-probe or nonlinear XUV measurement,
where high XUV energy is necessary.

An ideal experiment for such beamline would be 2 photon double ionization of atoms
in attosecond timescale such as helium, which was conceptualized long ago, but never
could be realized. While it shares a foundational design philosophy with the Intense XUV
Beamline developed at the Lund Laser Centre [110], the SYLOS GHHG Long beamline
has been significantly scaled and adapted to accommodate the operation of high-energy

laser systems under two distinct focusing configurations:

« HHG1: A 20-meter focusing geometry optimized for use with the SYLOS2 and

SEA laser systems, each delivering pulse energies in the vicinity of 30 mJ.

« HHG2: A 55-meter focusing geometry designed for the more powerful SYLOS3

laser system, which can operate at pulse energies around 125 mJ.

Due to the need for rapid transitions between these two operational configurations—driven
by the high-throughput demands of the user facility—the beamline does not employ con-
ventional spherical mirrors for infrared focusing. Instead, a deformable mirror system is
implemented, enabling dynamic adjustment of the focusing geometry without mechanical
realignment of optics. Each HHG configuration is equipped with a dedicated gas target
system. For HHG1, an adjustable-length gas cell is employed, allowing variation of the in-
teraction length between 32 cm and 72 cm. In contrast, HHG2 utilizes a custom-designed,
modular gas cell composed of fifteen individual 40 cm segments, which can be combined
to form a continuous interaction region up to 6 m in total length. This modularity of-
fers flexibility in optimizing phase matching and absorption conditions across a range of
experimental parameters.

A three-dimensional rendering of the SYLOS GHHG Long beamline layout is pre-
sented in Fig. 2.1, providing a visual overview of the infrastructure and experimental
configuration. The dark shaded panels list the laser parameters of the two alternative
drivers of the beamline, and the cyan panels, at their natural location, indicate the dif-

ferent functional elements of this multipurpose beamline developed at ELI ALPS.
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To support the experiments presented in this work, as well as related studies, we
developed a dedicated gas target chamber, specifically designed to accommodate shorter
gas cells and gas jets, as illustrated in Fig. 2.2 (b). This chamber enables flexible testing
of various gas target geometries under well-controlled conditions. The gas cell is mounted
on a motorized 1-inch mirror mount, which permits fine adjustment of the incidence angle
relative to the incoming laser beam. This mount is further integrated into a three-axis
vacuum manipulator, allowing precise positioning of the target in the horizontal, vertical,

and longitudinal directions with respect to the laser propagation axis.

FIGURE 2.2: Different gas cell designs used for high-order harmonic genera-
tion in the LONG beamline. Panel (a) shows capillary designs and versions
with a gas buffer of 4 cm, 5 c¢m, and 8 cm, corresponding to 0.17 zg, 0.21 zg,
0.34 zp respectively. Panel (b) depicts an installed gas cell in the beam-
line, mounted on a mirror holder with tip-tilt adjustment capability. Panel
(c) corresponds to HHG1, a variable-length gas cell equipped with a large
gas buffer and controllable pressure. This in house developed gas cell is
motorized, enabling to optimize medium length between 32cm to 72cm,
corresponding to 1.6 zz-3.6 zr in an automatized way.

The cell, currently installed in the chamber, has an interaction length of 2.5cm as
shown in Fig. 2.2 (b). As the Rayleigh range is around 20 c¢m for the experiment, this
corresponds to 0.1 zr. For comparative studies, a series of additional gas cells ranging
from 4 cm to 12 cm with lengths fabricated and used for HHG, a few of these shown in
Fig. 2.2 (a), the 12cm and the 15 cm long medium was realized, by changing the bellow
to a fix length tube in figure Fig. 2.2 (c).
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In addition to standard cells design with gas buffer, capillary-type gas cells of 4 cm
and 12cm length were also tested to investigate the influence of different gas distribu-
tion profiles on the HHG yield and beam quality. The main difference between the two
approaches is the gas density distribution inside the gas medium. As for the analytical
model, detailed in section 1.2.6, homogeneous number density was considered, for these
experiments we used only buffer type gas cells.

Figure 2.2 (c) depicts the main variable-length gas cell used in the HHG1 configuration.
This cell is constructed from two counteracting edge-welded bellow, enabling continuous
and stable tuning of the effective cell length. The laser propagates from right to left in the
image, and as such, two gate valves are incorporated into the entrance-side bellow to act
as both the beam entrance and exit apertures. Both ends of the gas cell are mounted on
precision linear translation stages, enabling sub-millimeter alignment with respect to the
laser axis. The length of the cell is controlled by a motorized actuator, which facilitates
automated scans to optimize the interaction length for maximum high-harmonic output
under varying experimental conditions.

The determination of the gas pressure, or more precisely the gas density, in the inter-
action region of a gas cell presents a non-trivial experimental challenge. This difficulty
arises from the fact that, unlike in open-jet or effusive source configurations, where the
density can be inferred directly from nozzle parameters and pumping speeds, the confined
geometry of a gas cell leads to complex spatial pressure profiles, that are not directly
measurable at the point of laser—gas interaction.

In certain beamline designs, particularly those, where the reference infrared IR beam
for the pump is separated from the HHG beam prior to the generation stage, it is possible
to estimate the local gas density via the phase shift, induced by the gas medium. This
is typically achieved by recombining the reference and HHG-driving beams downstream
of the generation point and measuring the accumulated phase difference. Such inter-
ferometric approaches can yield precise in-situ density measurements; however, in our
present experimental configuration, this technique is not feasible due to beamline layout
constraints and the absence of a co-propagating reference beam.

In the case of the HHG1 gas cell, shown in Fig. 2.2 (¢), a vacuum gauge is installed
directly inside the cell volume, enabling a relatively accurate and direct measurement of
the local static pressure. This cell is integrated into a system, equipped with a solenoid-
controlled valve (Pfeiffer Vacuum RME 005 A), which can operate in a closed-loop feed-
back mode with the internal gauge. This configuration allows precise pressure control
and reproducible pressure scanning during experiments, an essential feature for optimiz-
ing phase matching conditions and harmonic yield.

For smaller-volume gas cells, depicted in Fig. 2.2 (a) and Fig. 2.2 (b), direct pressure

measurement inside the cell is not possible due to the compact geometry and limited
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optical access. Instead, the pressure is monitored at two points: in the gas supply line
feeding the cell and in the surrounding vacuum chamber, which experiences a small rise in
background pressure during operation. From these measurements, the local gas pressure
distribution and spatial profile within the cell can be reconstructed using computational
fluid dynamics simulations. In our work, this was performed using a SolidEdge-based
modeling tool, which accounts for the cell geometry, inlet flow characteristics, and molec-
ular flow regime. The accuracy of this approach depends on both the calibration of the
upstream pressure sensor and the fidelity of the geometric model.

In this configuration, gas delivery is controlled via a precision gas dosing valve (Pfeiffer
Vacuum EVN 116), which allows fine adjustment of the inlet pressure and, consequently,
the density profile inside the cell. While this indirect approach is less precise than in-cell
gauge measurements, it provides a reliable means to estimate and control gas density in
experimental scenarios where direct probing of the interaction region is not possible. This
method has proven sufficient for reproducible HHG measurements and pressure-dependent

optimization studies.

2.2.1 IR characterization

During our experimental campaign, we employed the SYLOS Experiment Alignment
(SEA) laser system [112], a high-performance ultrafast laser source developed by EKSPLA
Ltd with Light Conversion. This system was specifically designed to support experimen-
tal alignment and beamline commissioning tasks within ELI ALPS facility, and it closely
replicates the operational parameters of the primary SYLOS laser system as described
in [113].

The SEA laser delivers pulses with a peak power exceeding 2 TW and a pulse dura-
tion shorter than 15fs, operating at a repetition rate of 10 Hz. These parameters make
it well-suited not only for alignment purposes, but also for driving various secondary
sources. Notably, the SEA system has been successfully utilized to drive attosecond pulse
generation experiments at both the SYLOS GHHG Compact and SYLOS GHHG Long
beamlines. Additionally, it plays a critical role in particle acceleration studies, includ-
ing the Low-Energy Ion Acceleration (LEIA) experiment, which is aimed at laser-based
neutron generation. Future applications of the SEA laser are anticipated to include ad-
vanced acceleration experiments such as laser-driven wakefield acceleration within the
eSylos platform, as well as HHG for surface plasma studies.

The SEA system offers flexible energy tuning capabilities, allowing the pulse energy to
be continuously varied between 10 mJ and 35mJ. Importantly, this variation is achieved

while maintaining other key laser parameters constant, such as the pulse duration and
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FicURE 2.3: Near-field beam profile of the SEA laser, recorded at the
entrance of the beamline after beam transport. The color scale indicates the
estimated fluence in units of mJ/cm?, which is an important parameter for
assessing and preventing laser-induced damage to the optical components.

beam quality. This feature enables controlled testing and optimization of experimental
conditions without introducing unintended variations in pulse characteristics.

A representative beam profile of the SEA laser, acquired during beam transport diag-
nostics (near-field), is presented in Figure 2.3. To ensure accurate spatial characterization,
the system’s demagnification was calibrated using a motorized iris aperture of known di-
mensions. Pulse energies were measured with a calibrated Gentec energy meter head [114],
allowing for reliable absolute energy readings.

It is crucial to maintain a relatively large beam diameter throughout the beam trans-
port and at the experimental interaction points. This is done deliberately to reduce the
peak fluence on optical components, thereby avoiding damage to mirrors and other sensi-
tive optics used in the beamline infrastructure. The transverse size of the laser beam was
determined using two distinct methods, both widely used in laser diagnostics, depending
on the shape and quality of the beam. These approaches allow for complementary insight
into the spatial intensity distribution and are particularly important when characterizing
beams that deviate from ideal Gaussian behavior. The first method relies on calculating
the D4o, or second moment width, which is defined as four times the standard deviation

of the energy distribution in the transverse spatial dimensions. This metric is computed
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separately in the x and y directions, using the beam’s intensity distribution I(z,y). The

formula for the D4o diameter is given by:

J T 1w -2y -5 dedy
Dic =40 =4 | =2 : (2.4)
S I(z,y)dedy

—00 —00

where ¥ and y represent the centroid positions in the horizontal and vertical directions,

respectively. These are calculated as:

[ ] I(z,y)xdxdy [ | I(z,y)ydxdy
po o Cand g e
[ [ I(x,y)dzdy [ [ I(z,y)dzdy

This second moment approach is mathematically rigorous and yields reliable estimates
for beam diameters, particularly when the beam has a Gaussian profile. However, the
method is also sensitive to the energy content in the tails of the intensity distribution.
Even low-level noise or background intensity in the peripheral regions of the beam can
significantly influence the result, which must be carefully considered when interpreting
the measurements.

The second method is based on a more direct and intuitive definition. It involves
identifying the points along the beam profile where the intensity falls to 1/e? of the peak
value and measuring the distance between these two edges. This diameter is often referred
to as the full width at 1/e?, and is widely used in experimental setups due to its simplicity
and speed. This method is less sensitive to noise in the beam wings compared to the D4o
calculation and the evaluation can be done even manually by selecting the points at the
corresponding values with simple tools, such as ImageJ [115].

However, this simplicity comes at the cost of precision in certain cases. The 1/e?
method assumes a roughly Gaussian or smoothly varying intensity distribution. In cases
where the beam exhibits a flat-top profile, hot spots, or irregular structures, this measure-
ment can overlook critical spatial features and yield an inaccurate representation of the
beam size. Therefore, while both techniques are valid, the choice between them depends
on the specific shape and quality of the beam under investigation, as well as the level of
accuracy required for subsequent experiments or beamline alignment.

The beam is pre-compressed using bulk glass elements at the output of the laser
system, while the final compression is performed at the beginning of the beamline using
chirped mirrors. This configuration is implemented to prevent damage to the beam trans-

port mirrors and to avoid propagating the fully compressed pulse through glass, which
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FIGURE 2.4: Measured (a) and retrieved (b) dispersion scan traces. The

dispersion had been modulated by a DAZZLER [116] and the resulted SHG

spectra had been recorded with a commercial spectrometer. The retrieval

algorithm used is based on the iterative method detailed in [117], when

the measured and retrieved traces are matching the spectral phase and the

pulse duration can be calculated. The retrieved trace resulting in a pulse
duration of 11.8fs, as it shown later in this chapter.

could lead to undesirable nonlinear effects. To measure the pulse duration of the laser,
we used the chirp scan technique [117], which is similar to the dispersion-scan (d-scan)
technique [118], a widely adopted and conceptually accessible method for the full charac-
terization of ultrashort laser pulses, particularly in the few-cycle regime. The method is
based on the deliberate introduction of a controlled scan of group delay dispersion (GDD)
which is equivalent to the introduction of chip in the time domain. By scanning through
a well-defined set of GDD values, the input pulse is temporally stretched and compressed
in a controlled way, allowing access to its phase structure.

For each imposed chirp value, we generate the corresponding second-harmonic (SH)
spectrum by directing the pulse into a nonlinear medium — a 90 pm thick BBO (Beta
Barium Borate) crystal — exhibiting second-order susceptibility. These SH spectra, which
are highly sensitive to the temporal structure of the driving pulse, are recorded using a
spectrometer and constitute the primary dataset for phase retrieval.

The process results in a two-dimensional trace, as shown in Figure 2.4 (a), where
each row corresponds to the SH spectrum of a pulse with a specific applied quadratic
phase. This trace serves as the input to a numerical retrieval algorithm that reconstructs
the spectral phase of the original pulse [117]. The algorithm iteratively minimizes the
discrepancy between the measured and simulated SH spectra, yielding both the amplitude

and phase of the pulse in the spectral domain (Figure 2.4 (b)). From this information,
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FIGURE 2.5: Temporal characterization results for the SEA laser. Panel (a)

shows the measured spectral amplitude together with the retrieved spec-

tral phase, while panel (b) presents the Fourier-transform-limited pulse
compared to the retrieved pulse normalized to 1.

a complete temporal reconstruction of the pulse can be derived, including its spectral
amplitude and phase (Figure 2.5 (a)), and temporal profile (Figure 2.5 (b)). This method
offers several advantages compared to commercial solutions, as it only requires second-
harmonic generation, which can be performed under vacuum. The GDD parameter can be
varied using a DAZZLER (an Acousto-Optic Programmable Dispersive Filter developed
by FastLite) [116], which is a standard tool for dispersion control in ultrashort laser
systems.

To achieve the laser intensities required for high-order harmonic generation, typically
in the order of 10" W /cm?, a focusing geometry with a focal length of approximately 20
meters is necessary. This focal distance ensures that the beam can be sufficiently con-
centrated to reach the nonlinear interaction threshold while maintaining a large Rayleigh
range, which is beneficial for phase matching and interaction length control.

Such a long focal length can be realized, by directly using a deformable mirror (DM),
which serves not only as the focusing optic but also as an active wavefront control element.
Unlike conventional spherical mirrors, the deformable mirror offers enhanced flexibility in
beam shaping. By dynamically adjusting the mirror surface, it is possible to correct
low-order and high-order aberrations introduced by imperfections in the optical system
or environmental instabilities. This level of control enables the formation of a near-ideal
far-field focal spot with minimal aberrations and improved spatial coherence.

The ability to fine-tune the wavefront using the deformable mirror is particularly

advantageous in the context of HHG, where the spatial intensity distribution at focus
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FIGURE 2.6: Far-field focal spot optimized using the deformable mirror.
The intensity is estimated from the measured temporal duration and the
measured laser energy.

plays a critical role in the efficiency and spectral quality of the generated harmonics. An
example of the resulting focal spot, optimized using the deformable mirror, is shown in
Figure 2.6.

This configuration allows for precise control over both the beam divergence and the
spatial phase, which are essential parameters for achieving reproducible and efficient har-
monic generation. The laser intensity can be reduced accurately with a motorized iris
before the deformable mirror by optimizing the generated harmonic signal, as the IR
beam is truncated the energy of the IR is reduced and focal spot size is increased at the

same time.

2.2.2 XUYV characterization

After the high-order harmonic generation process, the residual fundamental infrared beam
must be effectively suppressed in order to isolate and transmit only the generated extreme
ultraviolet radiation. This filtering is implemented in two stages to ensure high atten-
uation of the IR while maintaining reasonable transmission or reflectivity in the XUV
spectral region.

The first stage of filtering is integrated directly into the beamline and consists of
dielectric-coated fused silica plates. These optics are designed such that their reflective

coatings significantly reduce the intensity of the residual IR beam, while maintaining
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FIGURE 2.7: Recorded XUV beam profile using a microchannel plate de-
tector and phosphor screen in the Interferometric chamber after 13 meter
propagation from the generation point.

a moderate reflectivity—typically around 50%—for the XUV spectral components. This
selective reflection relies on the difference in material response and coating behavior across
the IR and XUV spectral ranges, allowing for partial spectral separation without the
need for transmissive optics that could introduce losses or damage under high-intensity
conditions.

To further attenuate any remaining IR radiation, a thin metallic filter is employed
downstream. Specifically, a 200 nm thick aluminum foil is used, which acts as an effective
high-pass filter for the XUV. At this thickness, the filter provides strong reflection of IR
wavelengths while allowing XUV photons—typically in the 16 to 70eV energy range—to
be transmitted with reasonable efficiency. The aluminum filter is supported on a mesh to
avoid deformation and maintain stability under vacuum.

The spatial profile of the XUV beam after filtering is shown in Figure 2.7. This profile
was recorded using a 25mm diameter impedance-matched microchannel plate (MCP)
detector assembly, consisting of a pair of MCPs coupled to a phosphor screen. The
detector used was the BOS-25 model by Beam Imaging Solutions [119], optimized for
XUV detection under vacuum conditions. The phosphor screen converts the XUV-induced
electron cascade into visible light, which is subsequently imaged using a CMOS camera

placed outside the vacuum chamber, observing the screen through an optical viewport.
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FIGURE 2.8: Schematic of the XUV spectrometer, manufactured by Ultra-
Fast Innovations GmbH, which served as the primary diagnostic tool for
the presented experimental results.

The recorded beam profile after free propagation shows its natural divergence and, in
the far field, takes on a slightly elliptical shape. This ellipticity suggests a minor degree
of astigmatism, most likely arising from the focusing geometry or residual aberrations in
the driving infrared beam. Such imperfections can result from off-axis optical elements
or uncompensated wavefront distortions introduced before or during the HHG process.
Monitoring and analyzing the shape of the XUV beam profile provides important feedback
for optimizing the alignment and wavefront quality of the IR beam in future experimental
runs.

The spectrum of the XUV beam was recorded using a flat-field grazing-incidence spec-
trometer, developed at Ludwig-Maximilians-Universitat (LMU) in Garching and manu-
factured by UltraFast Innovations GmbH. The design of the spectrometer enables efficient
dispersion and detection of XUV radiation over a broad spectral range, optimized specif-
ically for HHG diagnostics under vacuum conditions.

At the heart of the spectrometer is a concave holographic grating with aberration-
corrected geometry, manufactured by Shimadzu Corporation. The grating features a line
density of 1200 grooves/mm, and it is designed to operate in a flat-field configuration,
which allows measuring linear spatial dispersion of wavelengths along the detector plane.
This geometry ensures that the spectral lines are focused in one dimension without re-
quiring additional focusing optics, simplifying alignment, and improving efficiency. The
grating provides a dispersion of approximately 1.08 nm/mm and covers a spectral range
from 8 to 80 nm, depending on the entrance slit geometry and detector dimensions.

The dispersed XUV radiation is detected using a double-stack MCP detector coupled
to a phosphor screen. When XUV photons strike the MCP surface, they generate an elec-

tron cascade, which is amplified through the stacked channels, and the resulting electron
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FIGURE 2.9: High-order harmonic spectrum recorded with the flat-field

spectrometer, covering harmonics from roughly the 19th to the 39th order.

(a) shows the measured 2D spectrum of the generated XUV light, while
(b) presents a line-out taken along its maximum.

signal is converted into visible light by the phosphor screen. This light is then imaged by
a CCD or CMOS camera positioned outside the vacuum chamber. The double-stack con-
figuration provides sufficient gain for single-photon sensitivity in the XUV range, making
it ideal for low-flux harmonic measurements. The size of the MCP detector defines the
effective spectral window that can be recorded in a single acquisition.

Figure 2.9 shows a representative HHG spectrum obtained using the spectrometer
configuration described above. The recorded spectrum covers a photon energy range
from approximately 25eV to 60 eV, which corresponds to wavelengths between 20 nm and
50nm. In this measurement, the harmonic cutoff is observed between the 37th and 39th
harmonic orders of the driving laser. This range is in good agreement with the values
predicted from the estimated peak intensity of the driving pulse and the phase matching
conditions expected under the given experimental parameters.

The two-dimensional spectral image presented in Figure 2.9 (a) reveals that the har-

monic lines are not perfectly horizontal, but instead exhibit a slight tilt and distortion.
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This effect is caused by an angular chirp in the driving infrared beam, meaning, that
different spectral components of the pulse propagate at an angle ¢(\) with respect to the
central propagation axis [120]. Such angular dispersion introduces a correlation between
wavelength and emission angle in the HHG process, leading to a visible tilt in the harmonic
features on the detector plane. After the completion of this measurement campaign, the
angular chirp was compensated by introducing a pair of optical wedges into the beam
path, thereby removing the residual angular dispersion in the driving pulse prior to HHG.

To compare measurements, one needs to obtain a 1 dimensional spectrum. Usually
there are two approaches to this, either integrate the signal along the divergence axis or
select a lineout from the distribution. As the harmonics are tilted, the lineout is more
representative, considered the optical axis, where the XUV emission is maximal. Hence,

we selected the lineout accordingly, represented in Figure 2.9 (b)).

2.2.3 Pressure dependence of HHG

HHG depends on the gas pressure, or more precisely on the number density, in two main
ways. First, a higher atom density increases the number of potential emitters. Sec-
ond, efficient collective emission requires proper phase matching, which is itself pressure
dependent. In Section 1.2.6, these contributions are discussed in detail: briefly, the dis-
persion from neutral atoms contributes positively, while the dispersion from the plasma
contributes negatively.

A representative pressure-dependent scan is shown in Fig. 2.10 (a). The spectrum
was recorded with a flat-field spectrometer, where each row corresponds to a line-out.
The total yield, obtained by integrating the signal, is presented in Fig. 2.10 (b). These
results clearly demonstrate that, for a given laser condition (primarily the intensity), HHG
exhibits a well-defined optimum pressure for a fixed medium length.

The primary objective of the user experiment was to investigate the dependence of
HHG yield on the medium length and gas pressure. To this end, high-order harmonics
were generated using gas cells of different lengths, as illustrated in Figure 2.2. Coupling
the IR driving beam into the gas cell is a nontrivial task, and in practice, the actual laser
energy coupled into the interaction region varies slightly from one cell geometry to another.
Consequently, for each cell length, the HHG process was optimized individually to account
for these differences. Once optimal conditions for a given gas target were established,
a pressure scan was performed in a manner analogous to the procedure described in
Section 2.2.3, and the corresponding spectra were recorded.

The MCP detector used in these measurements exhibits a linear response for relatively
low photon count rates, as reported in Ref. [121], thereby ensuring, that the recorded data

are directly comparable across different experimental runs. The resulting relationship
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FIGURE 2.10: Measured dependence of the HHG yield on the gas pressure
in the generation cell. (a) shows the measured XUV spectrum, while (b)
shows the integrated signal.

between HHG yield, gas pressure, and medium length is shown in Figure 2.11, which
reveals a characteristic hyperbolic dependence. This measured trend is in good agreement
with the theoretical model described by Equation (2.1).

The observed hyperbolic behavior indicates that efficient HHG can be realized under
two distinct experimental regimes. The first regime corresponds to a short interaction
medium, represented by the vertical branch of the hyperbola, while the second regime
corresponds to a long interaction medium, represented by the horizontal branch. At
both regimes optimal HHG is possible as similar efficiencies, but in the short medium
significantly higher, in our case at least 4 times higher pressure is necessary to ensure
optimal phase matching compared to the long cell case.

A detailed theoretical discussion of this phenomenon lies beyond the scope of this
thesis; however, it is thoroughly addressed in the work of Weissenbilder et al. [84] and in

the associated publication containing the experimental results [P3].
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FIGURE 2.11: Measured dependence of HHG yield of order 27 on medium
length in zp and gas pressure. The measured scans had been normed
individually as there are small differences in the coupling into the cells, the
crosses showing the maximum yield for each medium length and the dashed
line shows the result of the theoretical model given by Equation (2.1).

2.3 Simulated results

Simulations aimed at evaluating phase matching efficiency, which were initially performed
by our collaborators from Lund University, using a simplified theoretical framework, as
described in Ref. [84]. This model offers a computationally efficient means of estimat-
ing optimal phase matching conditions; however, it relies on several approximations and
does not incorporate all macroscopic propagation effects—such as nonlinear mode re-
shaping, plasma-induced refraction, and absorption—that can significantly influence the
high-harmonic yield in practical experimental scenarios. One can understand the behav-
ior of the HHG inside gas medium, even by using this model. The description of the
method in detail can be found in section 1.2.6.

Simulations were carried out for the two different regimes mentioned in this work. For
the long cell case 13 femtosecond long 10 mJ pulse energy laser pulses had been considered
at 840 nm central wavelength. To the 32 cm long cell 1 mbar argon gas was maintained.

The resulting HHG output is visualized on figure 2.12. To calculate the resulting
strength of the HHG radiation, the Constant model had been used, which is introduced in
section 1.2.5 with the coherence length as shown in section 1.2.6. There was an exponential
pressure decay considered at the edges of the gas source, although this is not contributing
significantly to the result with the long medium.

For the short-medium case, a gas jet was considered with parameters similar to those
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FicURE 2.12: Simulated high-harmonic yield for a medium length of

300 mm. The plot reveals that harmonics of different wavelengths are not

generated uniformly within the cell: lower orders are produced throughout

the medium, while higher orders emerge predominantly near the end of the
cell.

introduced in Section 3.9. The medium length was approximately 0.5 mm, with a Gaus-
sian gas distribution. In this configuration, a slightly higher driving pulse energy of 13 mJ
was used for HHG. The number density in the short-medium case was also significantly
higher—about twenty times greater than in the long-medium case—based on the mea-
surements presented in Section 3.6. The simulation was performed for a gas jet geometry,
matching the experimental setup described earlier. The resulting HHG flux is shown in
Fig. 2.13.

The purpose of these calculations is not to provide an exact quantitative reproduction
of the experimental results, but rather to capture the essential qualitative behavior of
the process. Even within this simplified framework, the simulations clearly demonstrate
that, under optimized generation conditions, the harmonic yield reaches the same order
of magnitude for both phase matching regime, as observed experimentally, illustrated in
Fig. 2.11. This model helps to understand the underlying principles of phase matching,
but to get more accurate results, we have to consider the propagation effects for both the
IR and the XUV beams. As this calculation is computationally expensive, and it is difficult
to retrieve similar results, the full three-dimensional (3D) macroscopic propagation code,
as outlined in Ref. [91] had been used only to validate the hyperbolic behavior, predicted
by the Lund group [84].

This more comprehensive approach accounts for the spatiotemporal evolution of the
driving laser field and the generated harmonics within the medium, including the effects

of plasma formation, dispersion, and nonlinear phase accumulation. The simulated de-
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FIGURE 2.13: Simulated high-harmonic yield for a short medium. Under

loose focusing conditions, the laser properties remain nearly unchanged

across the gas medium, resulting in a uniform generation of all harmonic
orders.

pendence of harmonic yield for harmonic order 27 on medium pressure for various gas
cell lengths is shown in Fig. 2.14. Due to the significant computational cost associated
with this full 3D model, the number of parameter points explored in the simulations
was necessarily limited. To optimize resource usage, the simulation grid was chosen such
that shorter medium lengths were investigated with higher resolution, while simulations
for longer interaction lengths were performed with a coarser sampling of the parameter
space, therefore smoothing was applied on the data. Despite these limitations, the results
provide valuable insight into the interplay between gas pressure, interaction length, and
phase matching conditions in high-harmonic generation. The dashed line shows a hyper-
bolic curve, similar like on figure 2.11, but the parameters were fitted to the simulation.

A clear difference in the spatial profile of the generated XUV radiation can be also
observed, as shown in Fig. 2.15. The simulated near-field profile (Fig. 2.15 (a)) was
obtained by combining contributions from orders 13, 19, 21, 31, and 41, whereas the
measured profile was integrated over orders 13 to 39 (Fig. 2.15 (b)). In both cases, the
lineouts are normalized to the maximum value of each curve. The XUV radiation was
measured with an MCP, as described previously in the context of Figure 2.7.

For long cells, the profile remains close to Gaussian. This can be attributed to the off-
axis emission, which is predominantly driven by long trajectories and becomes increasingly
divergent as the laser intensity rises. This behavior is particularly relevant for pump—probe
measurements, since a Gaussian beam can be focused to a smaller spot size with the same

focusing geometry, thereby enhancing the intensity.
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FIGURE 2.14: Simulated high-harmonic yield for the 27th order as a func-

tion of medium length and pressure. Because of the lower sampling rate,

a smoothing function was applied to the spectra. The green dashed line
represents the analytical approximation of the optimal curve.
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FIGURE 2.15: Spatial distribution of simulated harmonics (a), and a line-

out of the measured harmonic profile across the full bandwidth (b). In both

panels, blue corresponds to the long cell (1.5 zg), while red corresponds to
the short cell (0.1 zg).

In contrast, for short cells both short and long trajectories contribute, leading to a
degradation of beam quality at higher intensities [122]. The resulting reduction in XUV
intensity can, however, be compensated by tighter focusing when high intensities are

required, such as in XUV-XUV pump-—probe experiments. Furthermore, in short media
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the IR beam is focused more tightly during HHG, which produces a smaller XUV source.
This, in turn, enables the generation of particularly small XUV focal spots for certain
applications [123].

The comparison between the experimental results, the predictions of the simplified an-
alytical model and the outcomes of the macroscopic numerical simulations demonstrate a
strong qualitative agreement between the two theoretical approaches. Both the simplified
model and the full macroscopic code reproduce the observed trends in HHG yield as a
function of medium length and gas pressure, capturing the essential features of the depen-
dence and the transition between the short- and long-medium regimes, as similar level of
conversion efficiency can be achieved with both high pressure gas jets and low pressure gas
cells. This agreement provides confidence in the applicability of the simplified model for
rapid estimations and conceptual understanding, while also confirming the accuracy and
reliability of the macroscopic simulation framework for detailed quantitative predictions

under experimentally relevant conditions.

2.4 Summary

T1 Part of the results presented in this thesis point were obtained during a user ex-
periment with a research group from Lund University, investigating the dependence of
high-order harmonic generation on medium length and gas pressure. For this experiment,
I prepared the beamline and ensured that all subsystems were operating under optimal
conditions. I characterized both the temporal and spatial properties of the driving infrared
pulse and measured the characteristics of the generated XUV radiation. I optimized the
generation conditions for the selected gas targets by adjusting the alignment, focusing ge-
ometry, and gas pressure. I also assembled, installed, and configured the gas cells, making
sure they were suitable for the required medium lengths and buffer gas conditions. As
part of the preparation, I performed preliminary measurements to verify the stability and
performance of the setup. During the experimental campaign, I actively assisted the users
with their measurements and supported them in analyzing and interpreting the recorded
data.

The results confirm that there is an equivalence in terms of HHG yield between a
short high pressure and a long low pressure medium. This predicted hyperbolic behavior
of the medium length-pressure dependence had been confirmed. The model is not too
sensitive to the laser intensity, which also confirmed by the measurements, since without
it, it would have been difficult to tackle the issue with the energy loss due to the coupling
of the laser beam into the cell between the different experimental cells. The difference

between the XUV beamprofile in different medium length was also confirmed.
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These findings are important during the designing phase of a new HHG beamline.
When the XUV beam profile is not important as the high flux of photons, short high
pressure jets has the advantage. Also, these are easier to implement compared to the
generation in gas cell to loose focusing condition, and it can be the better choice when
the laser energy is lower. The advantage of using long gas cells is that the XUV beam
quality is better, and it is less sensitive to the pressure changes in the gas jets, and it is

easier to implement a stable generation medium. This result had been published at [P3].
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The landscape of laser-based applications continues to evolve rapidly, propelled by
groundbreaking advancements, such as laser wakefield acceleration of electrons and the
generation of attosecond pulses through HHG. Both of which are now being achieved at
high repetition rates. In these cutting-edge demonstrations, continuous gas cells have
served as the primary medium for interaction; however, they present inherent limitations
in terms of accessible gas density due to the accumulation of residual gas within the
vacuum chamber, which can hinder performance and scalability. A promising solution to
this challenge lies in the implementation of high repetition rate gas jet targets equipped
with carefully designed nozzle geometries, which allow for more precise control over gas
density and spatial profiles. There are several advantages to pulsed jets, as the gas release
takes place for a few ps in every event, it is consuming less gas, while creating high gas
densities in the interaction zone. This can reduce the cost, while using expensive targets
and needing less amount of samples to synthesize. Another advantage is the lowered risk
of handling toxic or flammable gas targets. As less amount of gas enters the vacuum
environment, the vacuum system can be simpler and less powerful vacuum pumps can
handle the gas load, compared to a gas cell or a continuous stream. While pulsed valves
capable of operating at very high pressures and gas densities have been successfully
demonstrated, they typically function at relatively low repetition rates.

Accurate metrology of the gas jets produced by such valves is crucial, as the spatial and
temporal evolution of the gas density must be thoroughly characterized to ensure optimal
performance across different applications. As the gas jet distribution is nontrivial, while
simulating HHG, when both the IR and XUV pulse propagates through the medium, it
is not possible without characterizing these gas targets.

The increasing availability of intense laser systems operating at repetition rates of
1kHz and beyond further amplifies the potential of high repetition rate gas jets, enabling
the transition of recent innovations—such as the generation of multi-millijoule terahertz

(THz) pulses [124] and relativistic single-cycle mid-infrared (MIR) pulses—into regimes
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of high average power [125]. This transition is not merely a technical milestone, but a
gateway to a broad spectrum of novel applications in ultrafast science and strong-field
physics.

The use of commercially available solenoid-type valves, such as Even-Lavie [126, 127]
or Parker valves [128], albeit limited to repetition rates usually not higher then 1 kHz, has
already demonstrated considerable utility in applications like high harmonic spectroscopy
of molecules and transient absorption spectroscopy, underscoring the broader relevance of
gas jet technologies across multiple experimental platforms.

For high repetition rate applications, where high gas density is not necessary, piezo-
cantilever-based gas sources provide a viable alternative to the solenoid-type valves. Cur-
rent technology enables these pulsed valves to reach operational frequencies of up to 5 kHz,
representing a significant step forward for applications requiring both high pressure and
high repetition. This study aims to optimize the conditions for efficient HHG, provid-
ing essential insights, that can drive further progress in ultrafast and high-field research
domains.

Validation of the gas jet system is achieved through interferometric gas density mea-
surements and HHG experiments at ELI ALPS facility [107-109]. Our findings indicate
that for optimal HHG, the high-intensity laser interaction must be precisely timed to
occur shortly after the valve opens. The evolution of gas density we measured aligns well
with both the total flux of generated harmonics and with advanced three-dimensional
simulation results, underscoring the critical role of precise gas metrology in these experi-

ments.

3.1 Mach-Zehnder Interferometric Measurement of

Gas Density

The Mach-Zehnder interferometer (MZI) is a powerful tool used in various fields of optics,
including the precise measurement of gas density [129]. The principle of the interferom-
eter is to split a coherent light beam into two paths, pass one or both paths through a
region with varying gas density, and then recombine the beams to produce an interference
pattern. The phase shift introduced by the gas in one arm of the interferometer can be

used to determine the gas density.

3.1.1 Principle of the MZI

The MZI consists of two beam splitters and two mirrors arranged in such a way that a
single light beam is split into two paths, which are then recombined to produce interfer-

ence. The setup is shown schematically in Figure 3.6 (a)). When a coherent light source
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with an electric field Ej is input into the MZI, it is split into two beams at the first beam

splitter. The electric fields in the two arms can be described as E; and Es:

Ey .
By = =2 ilwtten) (3.1)

\/5 )
Ey
By = —¢ilwtten), 3.2
2 \/5 ( )
where 1 and @9 are the phase shifts accumulated in each arm. When one of the beams

passes through a gas cell, it acquires an additional phase shift Ay due to the presence of

the gas. The electric field in the arm passing through the gas cell becomes:

E, = Eei(wﬂrwﬁﬁw)‘ (3.3)
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When the beams are recombined at the second beam splitter, they interfere, and the

resulting electric field Ep at the detector can be expressed as:

1 E ) 4
ED — _(El + Eg) — -0 (ez(wt+<P1) + ez(wt+<p2+A<p)) ) (34)

NG >

3.1.2 Interference Pattern and Phase Measurement

The intensity Ip at the detector is given by the square of the magnitude of the electric
field Fp:

2 Eg i(wttp1) i(wttpa+Ap) 2
Ip = |Ep| :I‘e o) glttetad)|m (3.5)
Using Euler’s formula, the intensity can be further simplified:
E3
Ip = 1 (24 2cos(p1 — p2 — Ap)) . (3.6)
Thus, the interference intensity at the detector is:
E2
Ip = 70 (14 cos(Ayp)), (3.7)

where Ay = o — 1 + Agp is the total phase difference between the two arms of the
interferometer. The cosine term in the intensity equation leads to an interference pattern,
where the maximum and minimum intensities correspond to constructive and destructive

interference, respectively.
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3.1.3 Inverse Abel transform

The Abel transform is an integral transform, that arises in the analysis of radially sym-
metric functions, especially in problems involving cylindrical or spherical symmetry. It
is particularly useful in areas such as plasma diagnostics, spectroscopy, and tomography,

where it helps reconstruct three-dimensional data from line-of-sight projections.

’ Inverse Abel transform

z

—
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2D projection 3D object

FIGURE 3.1: Illustration of the inverse Abel transform. In this case, the
3D object is a gas distribution, measured through its 2D projection onto a

CMOS sensor.

Given a function f(r) that is radially symmetric, the Abel transform A(y) is defined
as [130]

Aly) = 2/y \/% dr, fory>0. (3.8)

This integral expresses the projection of a cylindrically symmetric function along a line
of sight, such as the optical line in a physical experiment. The function A(y) corresponds
to the observed projection data, and the goal is to recover the original function f(r) from
this data (figure 3.1). To perform this recovery, one uses the inverse Abel transform. The
inverse transform allows the reconstruction of f(r) from the projected data A(y) and is

given by the formula

1 [>*dA dy
__ R — 3.9
== S — (3.9)
This equation assumes that the derivative % exists and is well-defined. In practice,

numerical methods are often employed to approximate this derivative and compute the
integral, especially when dealing with experimental data that may be noisy or discretely
sampled. An alternative formulation, assuming A(y) is sufficiently smooth, involves inte-

grating by parts, yielding

1d

e = 0
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In this formulation, the inverse transform is written as the derivative of an integral,
which can in some cases improve numerical stability. However, the inverse Abel transform
is a well-known example of an ill-posed problem [131, 132] in the sense of Hadamard [133,
134]: even small amounts of noise or perturbations in the measured data A(y) can produce
large errors in the reconstructed function f(r) [135]. For this reason, practical applica-
tions require special care, and stabilization methods such as regularization are commonly

employed to obtain reliable results.

3.1.4 The Lorenz-Lorenz Expression

The phase shift Ay introduced by the gas is related to the refractive index n of the gas
and the length L of the gas cell. The refractive index n depends on the gas density p, and
the phase shift can be expressed as [136]:

Ap — ?(n—l), (3.11)

where A is the wavelength of the light. From this expression, n can be calculated as:

_ ALy

= — 3.12
" 2m L ( )

In our case inverse Abel transform takes place, the result of it gives Ap/L directly, the
rest is a constant value during the experiments.

The Lorenz-Lorenz expression [137] relates the refractive index n of a dielectric medium
to its molecular polarizability o and number density N = p/m, where m is the mass.
It provides a bridge between the macroscopic optical property of refractive index and
the microscopic property of polarizability. The starting point is the Clausius-Mossotti
relation [138, 139], which connects the dielectric constant €, of a material to the molecular

polarizability:
e —1 Na

e +2  3g

(3.13)

where €y is the vacuum permittivity. For non-magnetic materials at optical frequen-
cies, the dielectric constant is approximately related to the refractive index by e, ~ n?.

Substituting this into the Clausius-Mossotti relation gives:

n*—1 Na

-~ — 3.14
n?+2  3e ( )

This is the Lorenz-Lorenz expression. It shows that the quantity (n? —1)/(n?+ 2), often
called the Lorenz-Lorenz function, is proportional to the molecular polarizability per unit

volume. The derivation assumes that the local electric field acting on a molecule can be
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approximated by the Lorentz local field, which includes the effect of nearby dipoles and
the macroscopic field. The inverse form of the expression is also useful, allowing one to

calculate the refractive index from the polarizability:

14+ 2R N
n? = 1+_ 7 where R = 3—; (3.15)

This formulation is widely used in physical chemistry [140] and materials science [141] for
estimating molecular polarizability from refractive index data or vice versa, particularly in

gases and dilute liquids where the assumptions underlying the derivation are most valid.

3.2 Simulation of Interferometric Phase Retrieval for

Low Refractive Index Media

The refractive index of the noble gases commonly used in high-order harmonic gener-
ation is close to unity, resulting in very small optical path differences even at elevated
backing pressures. Consequently, extracting meaningful phase information from such low-
index media requires highly sensitive diagnostic techniques. Two general approaches exist
for optical phase measurement: wavefront sensing [142] and interferometry [143]. While
wavefront-based techniques, such as those using Shack-Hartmann sensors, offer the advan-
tage of simpler experimental implementation, their phase reconstruction algorithms are
often proprietary and tailored to specific hardware, limiting their applicability in universal
and automated systems, such as beamline diagnostics.

In contrast, interferometric methods offer greater flexibility and transparency in anal-
ysis. A classical implementation involves a Mach-Zehnder interferometer, in which two
coherent replicas of a laser beam are generated. One of these beams is directed through
the target medium, thereby accumulating a phase shift due to the refractive index vari-
ation [144], while the other serves as a reference. When the two beams are recombined,
the resulting interference pattern encodes the relative phase difference induced by the
medium. Since experimental data consist of two-dimensional interferograms recorded un-
der non-ideal conditions, a robust and quantitative retrieval of the phase requires proper
validation. For this purpose, a numerical simulation was conducted to investigate the
sensitivity and accuracy of the Fourier filtering method under varying experimental pa-
rameters. The simulation accounts for realistic fringe distortions, noise sources, and the
specific characteristics of the gas jet geometry. The gas jet is formed by a conical nozzle
operating in the subsonic regime, as described in [145], which leads to a transverse gas
density profile that can be approximated by a two-dimensional Gaussian function. In

the simulation, the fringe pattern is modeled by superimposing a Gaussian-shaped phase
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distribution onto a sinusoidal carrier wave. The resulting intensity pattern I(x,y) is given

by the following expression:

(y —y0)® + (2 — 20)*
202

I(y,z) = Acos <27T1/(y7 z) + Bexp (— ) + ny(y, z)) + n4(y, 2),

(3.16)
where A is the amplitude of the carrier wave, v(y, z) represents its spatial frequency
(typically constant across the field), and B and o characterize the amplitude and width
of the Gaussian phase modulation, respectively.

This can be written simpler in a form:

I(y,z) = a(y, z) + b(y, z) cos [27 fox + ¢(y, 2)] , (3.17)

where fj is the spatial-carrier frequency, a(y,z) and b(y,z) are amplitudes, which we are
not interested.
The terms ng(x,y) and n,(x,y) denote additive phase and amplitude noise, both

modeled as normally distributed random variables to mimic experimental uncertainties.
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FIGURE 3.2: Simulated interference pattern. Panel (a) shows the generated

fringes, bent by the applied phase profile, while panel (b) presents the

corresponding phase introduced by the gas jet. Gaussian noise in both
amplitude and frequency was added to test the retrieval algorithm.

Figure 3.2 (a)) displays a simulated fringe pattern based on this formulation, where
the Gaussian-shaped phase profile, representing the refractive index variation induced by
the gas jet, is shown in Figure 3.2 (b)).

Because the refractive index of noble gases is very close to one, the actual phase shifts
encountered experimentally are quite small; for visualization purposes, the values used in

the simulation are scaled up to enhance contrast. The primary goal of this simulation is
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to develop a robust and automated algorithm for retrieving the phase distribution from
raw interferometric data. The algorithm must function without manual intervention and
be computationally efficient enough to support real-time data processing. This capability
is essential for integration into beamline control software, allowing users to dynamically
adjust experimental parameters such as backing pressure, timing synchronization, and
exposure duration based on live feedback.

To retrieve the embedded phase information, Fourier filtering is employed. For
fringe patterns with nearly horizontal orientation, as illustrated in Fig. 3.2 (a), the two-
dimensional Fourier transform yields two prominent vertical peaks corresponding to the

carrier frequency, as expressed in Eq. (3.17).

Using Euler’s formula, cos(z) = 1(e™ + e7™), the fringe intensity can be written
s [146):
I(y: Z) = a(ya Z) + c(y’ Z) e2mifoy 4 c*(y, Z) 672m'f0y7 (3.18)
where
_1 ip(y,z)
C(y7 Z) -2 b<y7 Z) € : (319)

After applying the Fourier transform with respect to y, we obtain

IN(f?ﬁZ) = d(fyvz) +5(fy - fo,Z) + 6(fy + f07z)7 (3'20)

where f, denotes the spatial frequency along the y-direction. As a(y,z), b(y,z) and ¢(y,z)
vary much slower than fy, they can be separated in Fourier space. By isolating one of
the sidebands ¢ in Fourier space and transforming back, the phase information can be
retrieved as the argument of ¢(y, z) defined in Eq. (3.19).

Finally, this formulation can be directly applied to the measured data, where the

Fourier-transformed intensity can be expressed as:

I(ky ko) = F{I}(ky, k) // (y, 2) e Fwvth=2) qy .z (3.21)

This filtering process involves selecting one of the carrier peaks—along with a small
surrounding region of spatial frequencies—and shifting it to the origin of a new frequency
array. This effectively removes the carrier modulation, enabling the extraction of the
underlying phase. However, the finite size of the selection window imposes a constraint
on the accuracy of the inverse transform. For instance, a Gaussian profile in the spa-
tial domain transforms into another Gaussian in the frequency domain. Approximating
such profiles using a limited set of discrete frequencies introduces distortions. To reduce

these artifacts, smooth window functions such as the Blackman or Hamming windows
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(H(ky, k.)) are applied to the selected region. This can be written in a form of:

H(ky, k.) = h(k,) R (k.), (3.22)
where P
h(k,) = 0.54 — 0.46 cos | 7 —L Lm0 ) (3.23)
Y ( ky,max - ky,min)

and similarly:

kz - kz min
R (k.) = 0.54 — 0.46 cos (w—> (3.24)

k2 max — Kz min
These functions minimize spectral leakage and edge effects, thereby improving the ac-
curacy of the phase reconstruction. The concept of the selection process is illustrated
in Figure 3.3, which displays the Fourier transform of the simulated interferogram (Fig-
ure 3.2). To select part of the array, one can define a rectangle function with A interval
as
A
rect(%) = b=z (3.25)
0, otherwise.

The white box overlaid on the image indicates a typical region of interest chosen for
filtering. This sort of rectangular selection with Ak, and Ak, size edges, which centered

around (kyo, k,o) from the center and can be defined as

Trec k - k 0 kz - kZO
Seoc(ky, k) = rect (yA—k;yy) rect( A%, ) : (3.26)
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FI1GURE 3.3: Fourier transform of the interferogram. The white box rep-
resents the selection area with edge length of Ak, and Ak,.
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The Hamming window and the selection mask applied to the original array as:

Tea(ky k) = (kg ks) SE(ky, k) H(ky, k). (3.27)

Once the desired frequency component has been isolated in the Fourier domain, it is

shifted to the original center.

Ishift<kya kz) = Tsel(ky - kyOa kz - kzO) (328)

To retrieve the signal one needs to perform an inverse Fourier transform on the array as:

- 1 ~ .
Iy, 2) = F HIaun}(y, 2) = —(27r)2// Lt (ky, k) " F0vi2) dk, dk.. (3.29)
R2

After performing the inverse transform, the complex-valued result contains both am-
plitude and phase information as Ix(y, z) = A(y, ) ¥ where A(y, z) is the amplitude

and and ¢(y, z) as phase, these can be extracted simply as

A<y72) = |[f(ya Z)| = \/(Re [[f(ya Z)])2 + (Im [If(y>z)])27 (330)

and
o(y,z) = arg (It(y,z)) = atan2(Im [Ii(y,z)], Re[le(y, 2)] ). (3.31)

Figure 3.4 presents a side-by-side comparison between the original Gaussian phase
distribution used in the simulation and the phase retrieved through the Fourier filtering
method. In this case, no additional noise was introduced in Equation (3.16) to isolate
the effect of the filtering process itself. As Fourier filtering inherently acts as a low-pass
filter, high-frequency components—such as those introduced by noise—are suppressed.
This explains the smoothness observed in the retrieved phase.

The right-hand panel of Figure 3.4 demonstrates that the algorithm successfully re-
constructs the spatial shape and amplitude of the original phase profile, validating the
accuracy of the method under ideal conditions. This provides a strong foundation for
its application to experimental data, where additional noise-reduction techniques may be

necessary to maintain similar fidelity.
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FIGURE 3.4: Comparison of the original Gaussian phase distribution (a)

and the recovered phase using Fourier filtering (b). Panel (c) depicts the

phase evolution along the central axis of the jet, represented by a dashed
line in (a) and (b).

3.3 Experimental Apparatus for the interferometric

measurement

For the experimental tests, seen in figure 3.5 (a)., an Amsterdam Piezo Valve (ACPV3
model) was employed (figure 3.5 (b)). This valve utilizes a cantilever-type piezoelectric
actuator in conjunction with a nozzle of 500 pm diameter. Cantilever piezo actuators are
particularly advantageous in high-speed gas delivery applications due to their capability
to produce relatively large mechanical displacements—ranging from several hundred mi-
crometers up to nearly 1 mm—while operating reliably at repetition rates of up to 5 kHz.
A distinguishing feature of cantilever-based piezo actuators, as compared to traditional
disk-shaped piezos, is the ability to tune the mechanical response by adjusting the free
length of the cantilever beam. This tuning enables direct control over the actuator’s
displacement characteristics: reducing the free length leads to a sharp decrease in dis-

placement, while simultaneously increasing the resonant frequency of the system [147].

A schematic representation of the experimental setup is provided in Figure 3.6, which
outlines the optical layout and key components used in the interferometric measurements.

As a coherent light source, a stabilized Helium-Neon (HeNe) laser was employed. These
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FIGURE 3.5: Experimental setup for gas-jet characterization. Panel (a)

shows an overview of the vacuum chamber and optical components, while

panel (b) provides a close-up view of the target piezo-driven gas valve. A
schematic drawing of the setup is presented in Fig. 3.6.

lasers are well known for their excellent temporal coherence, long-term wavelength sta-
bility, and low amplitude noise, making them ideal for high-precision interferometry and
long-duration measurements where phase stability is critical.

To expand the laser beam and ensure uniform illumination over the region of interest,
a Keplerian telescope configuration was implemented. The telescope was designed to
enlarge the beam sufficiently to cover the full extent of the gas jet as projected in the
object plane. Additionally, a spatial filter consisting of a pinhole placed at the focal point
of the first lens was included to suppress spatial noise and improve beam uniformity.
Although the input beam quality was already reasonably good, the spatial filter proved
beneficial in reducing high-frequency noise components, particularly those introduced by
residual diffraction effects or imperfections in the laser output.

The core of the interferometric measurement system is a Mach-Zehnder interferometer,
constructed using two non-polarizing beam splitter cubes. This design allows for the split-
ting and later recombination of the laser beam into two coherent arms. Ideally, the optical
path segment between the beam splitters—where the gas interaction occurs—should be
maintained under vacuum to minimize disturbances from air fluctuations. However, due
to spatial constraints within the available vacuum chamber, full vacuum isolation was
not feasible. To mitigate the influence of environmental air movement, the exposed beam
path was enclosed in a protective box. Although this reduced the impact of air currents,
it could not entirely eliminate phase noise introduced by refractive index variations in the
ambient air.

Both interferometric arms propagate through a vacuum chamber that houses the gas
target, with the two beam splitters positioned as close as possible to the entrance and
exit windows. This arrangement minimizes the optical path in air and helps maintain
precise alignment. Furthermore, since the two arms of the interferometer remain in close

proximity throughout the system, it is possible to record reference images with the gas
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FIGURE 3.6: Experimental setup corresponding to that shown in Fig-

ure 3.5. The HeNe laser beam is expanded with a Kepler telescope and

then split into two paths by a beam splitter cube. Both arms enter the

vacuum chamber, but only one interacts with the gas jet. After recombi-

nation at a beam splitter cube, the jet is imaged onto a CMOS camera chip
using a lens.

jet turned off and use them for background subtraction in data processing, significantly
improving the signal quality and enabling precise phase retrieval. After recombination
of the two beams at the second beam splitter, the central plane of the gas nozzle was
imaged onto the camera sensor using a high-quality lens. To achieve a shallow depth of
field and ensure spatial selectivity in the imaging plane, a lens with a short focal length
was chosen. The imaging optics were optimized to capture the entire width of the gas
jet while minimizing out-of-focus contributions, which is essential for accurately resolving
small-scale phase features. The magnification of the system is 1.61, this allows up to
3.6 pm spatial resolution, as the pixel size of the sensor is 4.4 pm, although the phase
retrieval algorithm reducing the resolution significantly, due to the Fourier filtering.
Figure 3.7 illustrates two representative interferometric measurements. The left panel
shows the recorded interference pattern in the absence of the gas jet, serving as a reference
frame, while the right panel displays the modified interference fringes in the presence of

the jet, demonstrating the measurable phase shift induced by the gas.
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FIGURE 3.7: Measured interferograms, (a) show the case when the gas
valve turned off, while (b) shows the interferogram in the presence of the
gas jet.

3.4 Software development for the jet characterization

setup

As the gas jet only introduces an optical path difference, much lower than the wavelength
of the laser, finding the signal and optimizing it for long scans is not a trivial task. As
the vacuum system on the test setup has limited capacity, the repetition rate of the gas
jet and the acquisition has to be lowered. As all these changes have an effect on each
other, a control graphical user interface (GUI) had been developed with the necessary
functionality for these measurements. This GUI was developed under Python using Qt5
wrapper, controlling the camera, the delay generator, the pulsed valve controller and can
monitor the pressure in the vacuum chamber. The data analysis are relying on standard
Python packages, such as Numpy [148], Scipy [149] and OpenCV [150].

The acquisition device during these experiments is a Basler acA1440-73gm camera,
the raw image from the sensor can be seen of figure 3.8 (b). The camera settings must be
adjusted in real time. During optimization the signal was often too weak, which required
longer exposure times, whereas time-dependent scans demanded much shorter exposures
to preserve temporal resolution. This made it necessary to iteratively adjust both the
camera parameters and the experimental setup (Fig. 3.8 (a)). It is useful to retrieve the
momentary phase online, this is computationally heavy, which can be lowered by reducing
the calculational area (figure 3.8 (c)). The phase profile from the selected region can be
seen on figure 3.8 (e). The repletion rate of the jet will determine the residential pressure
in the chamber, to have a clear transition between the jet and vacuum this should be
minimized at each shot. On figure 3.8 (d) a readout from a gas gauge on the chamber can

be seen at each event, this pressure changing from 1-10~% mbar to the peak at 2 - 107°
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FIGURE 3.8: Current version of the graphical user interface, developed

in PyQt, used to control the measurement instruments: camera (a—c), jet

controller (g), delay generator (f), and pressure gauge (d). A basic level of

data processing is implemented to enable online monitoring of the phase
measurement (e).

mbar.

The parameters for the measurements are separated to different panels, this includes
the delay generator settings (figure 3.8 (g)), the parameters for the data processing, the
parameters for the pulsed jet such as the open time and voltage on the piezo and how

long the recording would take place at which delay steps (figure 3.8 (f)).

3.5 Phase Retrieval from Measured Interferograms

The methodology, used to retrieve the phase information from the interferometric data,
is based on the numerical procedure outlined in Section 3.2, where the underlying algo-
rithm was initially introduced and tested using simulated data. However, in the case of
experimental measurements, additional considerations must be taken into account due to
the presence of background phase contributions, originating from optical imperfections,
vibrations, or systematic environmental effects that are superimposed on the measured
signal.

To isolate the phase shift attributable solely to the gas jet, a background subtraction
technique is employed. Unlike the simulated case where a clean reference is assumed,
in the experimental setup, the background contains meaningful phase information that
needs to be carefully removed to obtain an accurate reconstruction of the gas-induced

phase shift. To achieve this, the experimental procedure involves synchronized acquisition
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using a high-speed camera that records images at twice the operating frequency of the
piezoelectric gas valve. This alternating capture strategy ensures that each phase image
taken with the gas jet active is immediately followed or preceded by a reference image

acquired under identical optical conditions but with the valve in its closed (inactive) state.
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FIGURE 3.9: 2D map of the recovered phase, shown on the camera chip.
The axes correspond to the pixel dimensions.

By pairing each measurement image with a corresponding reference, it becomes pos-
sible to subtract the background phase contribution on a frame-by-frame basis, resulting
in a differential phase image that reflects only the changes induced by the gas jet. This
technique effectively suppresses static and slowly varying background noise, allowing for
precise retrieval of the dynamic phase profile associated with the transient gas density
distribution. The final processed phase map, obtained after background correction and
numerical phase retrieval, is shown in Figure 3.9.

From this phase map, several conclusions can be drawn. First, the interaction point
should not be placed more than 200 pm (around 400 pm considering the magnification)
above the nozzle exit, as the gas density decreases rapidly with height. Second, a certain
distance must be maintained from the nozzle exit due to the laser focus spot size. Even at
100 pm (200 pm with magnification) above the exit, the region of highest density amplitude
extends only about 300 pm (600 pm with magnification) in the horizontal direction, which
therefore constrains the allowable focal spot size.

The distribution has cylindrical symmetry - this is expected as the nozzle has cylin-
drical symmetry as well - this simplifies the number density retrieval. The gas expanding
from a reservoir through a nozzle into a vacuum initially undergoes a subsonic free-jet
expansion. In this regime, the pressure ratio across the nozzle is insufficient to accelerate

the flow to supersonic speeds, and the gas velocity remains below the local speed of sound.
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The resulting jet expands into the vacuum with a smooth density gradient, without the

formation of shock structures that characterize supersonic jets. [151]

3.6 Reconstruction of the Gas Density Profile

The phase shift measured through interferometric techniques represents a line-integrated
quantity, corresponding to the two-dimensional projection of the gas density distribution
along the optical path of the probe beam. This measurement inherently integrates the re-
fractive index variations, caused by the gas medium across the entire thickness of the jet,

yielding a projected phase profile over the transverse plane. In the case of gas jets formed
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FIGURE 3.10: Retrieved number density of the gas jet at an arbitrary time

delay after the cantilever opening. Panel (a) shows the radial dependence

of the gas density at different heights above the nozzle. Panel (b) presents

the axial dependence, with markers indicating the positions corresponding

to the heights in panel (a). Panel (c¢) displays the vertical profile of the jet
at the same selected heights as in panel (b).
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by cylindrical nozzles, it is reasonable to assume cylindrical symmetry of the density dis-
tribution. This assumption allows for the application of the inverse Abel transform to
recover the underlying three-dimensional radial distribution of the refractive index from
the two-dimensional projection. The inverse Abel transformation is a mathematical tech-
nique that deconvolves the path-integrated data under the assumption of axial symmetry,
thus providing access to the local radial values of the phase shift. A more detailed dis-
cussion of the implementation and theoretical background of this transform is presented
in Section 3.1.3.

Once the radial distribution of the refractive index has been obtained, it becomes
possible to convert this optical information into a physical quantity—mnamely, the number
density of the gas (ng). This conversion is performed using the Lorenz-Lorenz expression,
at equation (3.15), which relates the refractive index of a medium to its molecular po-
larizability and number density under the assumptions of linear optics and dilute gases.
The theoretical foundation and derivation of the Lorenz-Lorenz relation are provided in
Section 3.1.4. By applying this procedure to the experimental data, a full spatial map
of the gas number density can be reconstructed from the original phase measurements.
The final result of this analysis, showing the numerically reconstructed number density
profile, is presented in Figure 3.10. This result is critical for accurate modeling of gas-
target interactions in high-intensity laser experiments, as well as for validating numerical

simulations of jet dynamics.

3.7 Temporal evolution of the gas density

The temporal dynamics directly influence the effective number density of the gas during
the laser-gas interaction, which in turn affects both the phase matching and the overall
efficiency of the HHG process.

Time dependence had been measured by delaying the acquisition of the camera com-
pared to the opening of the jet using a delay generator. A few selected number density
arrays from the measurement is shown on figure 3.11.

Figure 3.12 illustrates the temporal evolution of the gas number density during the
opening period of the piezo-driven gas valve, which can extend up to 600 ps. The measure-
ment reveals considerable fluctuations in the density, with variations reaching as much as
40% between the peak and valley values. Such deviations are particularly important when
the exposure time of the imaging system is not sufficiently short or if it is not synchro-
nized with the temporal peak of the gas pulse—the moment when the laser interaction is
most effective. Failure to account for this synchronization can lead to substantial errors
in the inferred number density, ultimately compromising the accuracy of the experimen-

tal results and any associated simulations or diagnostics. Therefore, precise timing and
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F1GUurE 3.11: Measured number density profiles at different time delays.
It is visible, that the gas density is reaching the maximal value at two
different time, while decreasing in-between these maxima.

control of the exposure window are essential to ensure that the measurements faithfully
represent the gas conditions during high-intensity laser interaction.

These fast fluctuations, which were surprising originally, are present only with can-
tilever type pulse valves. The valve consists of a thin piezoelectric sheet mounted as a
cantilever that seals a small orifice. When a voltage is applied, the piezoelectric element
bends due to the inverse piezoelectric effect. The applied electric field induces strain in
the crystal lattice, causing the sheet to deflect. This bending lifts the cantilever from its
seat, opening the orifice and allowing a burst of gas to expand into vacuum.

The piezo element behaves mechanically like a cantilever beam with well-defined eigen-
frequencies (typically in the range of a few kHz to several tens of kHz, depending on di-
mensions, stiffness, and mounting). When driven near resonance, the cantilever exhibits
oscillatory motion; however, in valve operation it is usually driven by short voltage pulses,
so that the deflection corresponds to a rapid opening and closing rather than sustained
oscillation. The transient response is thus determined by the eigenfrequency and damping
of the cantilever, which govern the achievable pulse duration and reproducibility. This

eigenfreqency can be determined from the measurement with Fourier transform, yielding
5.7kHz.

3.8 Backing pressure dependence of the gas density

The pressure in the gas valve support tube is a key parameter, as experimentally it
provides the simplest way to control the gas output. The gas cylinders are equipped with
pressure regulators, and in the following results only the regulator setting was varied.

The results of the measurements are presented in Figure 3.13. Under normal operating
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FiGUurE 3.12: Temporal evolution of the number density measured with

the interferometric technique. The nozzle opens at time zero and remains

open for 600 us. The curve shows that the maximum number density is
reached after approximately 80 ps, followed by pronounced oscillations.

conditions, the valve functions at a pressure of 3-5 bar (i.e., 2-4 bar above atmospheric
pressure). For this study, the measurements were conducted at 3.5 bar, alongside the HHG
experiment, corresponding simulations, and interferometric measurements. As shown in
the figure, the number density increases exponentially with the backing pressure. This
exponential trend is represented by the dashed line in the graph.

To investigate the temporal behavior of the gas jet, time-resolved measurements were
conducted by introducing a controlled delay between the activation of the gas valve and
the acquisition window of the detection system. This delay was implemented using a
precision delay generator, which allowed the synchronization of the camera shutter with
respect to the opening of the pulsed gas jet valve. By systematically varying the delay,
the temporal evolution of the gas flow dynamics could be captured and analyzed with
high temporal resolution.

Typically, the valve operates within a backing pressure range of 3 to 5 bar. For con-
sistency and reproducibility in subsequent experiments, a nominal backing pressure of
3.5 bar was selected as the standard operating condition. All high-harmonic generation
measurements, numerical simulations, and interferometric diagnostics were performed un-
der this fixed pressure condition to ensure comparability and to minimize experimental
variability.

The choice of 3.5 bar represents a balance between achieving sufficient gas density for
efficient nonlinear optical interaction and maintaining operational stability of the pulsed
valve system. This controlled approach to timing and pressure regulation is essential

for precise characterization of the jet parameters and their impact on the high-harmonic
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FIGURE 3.13: Backing pressure dependence of peak number density. The
measured data (red dots) show exponential growth, with the fitted expo-
nential trend represented by the blue dashed line.

generation process.

For these backing pressures, time-dependent measurements were carried out, and the
results are shown in Fig. 3.14. In this case, the valve opening time was only 300 s, com-
pared to 600 ps in Fig. 3.12, yet two density oscillations are still visible. Small differences
can be observed in the timing of the maximum number density and in the overall distri-
bution. The main conclusion is that varying the backing pressure primarily affects the

peak number density, while leaving the other parameters largely unchanged.”

3.9 Experiment with SYLOS GHHG Compact

The SYLOS GHHG Compact beamline [152-154] is designed to deliver high-flux radiation
in the vacuum ultraviolet (VUV) and extreme ultraviolet spectral regions through high-
order harmonic generation in a loosely focused geometry. Utilizing either a gas jet or a gas
cell as the nonlinear medium, the system supports efficient upconversion of intense infrared
pulses into coherent short-wavelength radiation. The beamline is optimized to produce
attosecond or few-femtosecond pulse durations, covering a broad range of photon energies
that span from the VUV to the XUV domain, while ensuring high spectral brightness and
reliable long-term operation.

A comprehensive schematic of the SYLOS GHHG Compact beamline, illustrating its
modular layout and key functional units, is shown in Figure 3.15.

The beamline architecture is organized into several distinct but seamlessly integrated
sections. It begins with the laser beam alignment stage, which ensures the precise delivery

of the driving IR pulse into the interaction region. This is followed by the infrared focusing
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FiGure 3.14: Effect of backing pressure on the temporal dynamics of
the jet number density. In this case, the jet was opened for 200 ps. At
a backing pressure of 1 bar (equal to the ambient pressure), the number
density reaches its maximum approximately 50 ps after opening. At higher
pressures, the temporal profile remains similar across all cases.

section, which compresses and concentrates the beam to the intensity regime required for
efficient HHG. The harmonic generation process itself occurs within the HHG source
region 3.15 (d)), after which the generated XUV radiation is directed into a diagnostics
section. Here, spectral, spatial, and temporal characterization of the harmonics can be
performed.

The beamline architecture supports the use of multiple gas jets in combination as the
generation medium for HHG. This flexibility enables optimization of the output by tuning
parameters such as gas pressure, which directly affects the phase matching conditions
within the interaction region. As detailed in Section 1.2.6, phase matching is a key factor
in determining both the efficiency and the spectral characteristics of HHG. By selecting
the appropriate pressure, constructive interference of the generated harmonic waves along
the propagation direction can be achieved, thereby maximizing the yield.

A major advantage of the SYLOS GHHG Compact configuration is its collinear geome-
try, which facilitates the implementation of IR-XUV and XUV-XUV pump-probe delays
without the need to spatially separate the beams. The first delay is introduced by rotating
a glass plate in the external IR arm, thereby adjusting the optical path (Fig. 3.15 (e)).
The second delay is implemented using a bisected mirror pair (Fig. 3.15 (f)), which allows
the two halves of the beam to be delayed relative to each other.

Both methods provide exceptional temporal and spatial stability, which is essential
for long-duration measurements requiring fine temporal resolution. This collinear design
ensures outstanding spatiotemporal stability, a critical factor for precision experiments,

particularly those involving non-linear XUV-XUYV interactions. The intrinsic alignment
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stability of the collinear layout minimizes the need for frequent recalibration and guaran-

tees consistent experimental conditions over extended measurement campaigns.
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FicUure 3.15: Compact beamline at ELI ALPS. The beam first passes
through a mask (a), forming an annular profile, and is then compressed
via reflections from chirped mirrors. The wavefront is optimized using a
deformable mirror, after which the beam is focused by 3m, 6 m, or 10m
focal-length mirrors into one or multiple pulse jets (d). Following genera-
tion, most of the residual IR can be removed with a skimmer (b), which
images the mask in (a), while the remaining IR is further suppressed using
reflection from a silica plate (¢). The generated XUV pulse and the IR
pump can be temporally delayed relative to each other by inserting a glass
plate into the residual low-energy IR path (e). For XUV-XUV pump-probe
measurements, a bisected mirror pair can be used to split the beam into

iagnostics

two beamlets and introduce a controllable delay between them (f).

Figure 3.15 (a)) depicts the formation of an annular infrared beam profile through

the use of a transmissive mask. This configuration enables the generation of high-order

harmonics in the central axis of the annular IR beam. Following the generation process,

residual infrared radiation must be effectively removed to isolate the XUV signal. As

illustrated in Figure 3.15 (b), most of the IR radiation can be blocked by inserting a

metallic skimmer downstream from the generation region, selectively allowing the centrally

generated XUV beam to pass. To further enhance the suppression of the residual IR pulse,

additional filtering can be achieved using specially coated silica plates. These coatings

are designed to reflect the XUV efficiently while simultaneously transmitting most of the

remaining infrared light, thereby providing an effective and compact method for spectral

separation. This multilayer approach ensures high XUV contrast while preserving the
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beam’s spatial and spectral properties, which is crucial for downstream experiments that
rely on clean XUV pulses with minimal background from the driving IR field.

Downstream of the diagnostics stage, the beamline diverges into multiple branches,
each dedicated to different types of experimental configurations. These include an end-
station interface for general-purpose XUV applications, a dedicated section for nonlinear
XUV studies, and a linear XUV measurement branch. This modular and highly adaptable
design supports a wide range of experimental requirements, enabling cutting-edge research
in ultrafast dynamics, attosecond science, and strong-field physics.

Figure 3.16 presents a comparison between the experimentally measured and numer-
ically simulated high harmonic spectra. The experimental measurement was carried out
using the SEA laser system (details about the system in section 2.2.1), which delivers
ultrashort pulses with an energy of 30 mJ, a pulse duration of 13fs, and a central wave-
length centered at 840nm. These parameters place the system well within the regime
suitable for efficient HHG. The agreement between the experimental data and simulation

validates the accuracy of the phase matching model and the numerical parameters used.
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FIGURE 3.16: Comparison between the measured high harmonic spectrum
(red line) and the simulated spectrum (dashed blue line) under optimized
pressure conditions.

3.9.1 Temporal resolved measurement

Temporal dynamics of the gas density distribution can be measured similarly to the
interferometric method case, by delaying the nozzle opening time compared to the time

of the laser interaction.
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FiGURE 3.17: Comparison of two experimental methods and simulations

for determining the temporal evolution of number density. The blue line

shows interferometric measurements (as presented in Fig. 3.12), while the

red dots represent XUV flux measured with a photodiode on the COM-
PACT beamline.

The harmonic yield was recorded using a calibrated photodiode, which integrates
the emitted signal over the spectral transmission range defined by an aluminum filter—
spanning from approximately 20 eV to 70 eV. This range encompasses the most prominent
harmonics typically generated in noble gases under such conditions.

Figure 3.17 presents the simulated harmonic yield (green circles) as the function of the
delay from the opening of the valve. The gas jet pressure for the simulation was calcu-
lated from the number density variation on Figure 3.12. Both the HHG measurements and
simulations show a remarkable resemblance to the jet density variation measured with
the interferometric technique. We note here that, in our simulations, the single atom
response is calculated within the strong field approximation formalism, using the Lewen-
stein integral [64, 65, 155]. In this case, the relative intensity of the HHG spectra and
hence the relative yield is calculated appropriately, but not in absolute photon numbers.
To calculate the absolute conversion efficiency, one would need to solve the time depen-
dent Schrodinger equation in 3D for the microscopic response, coupled with Maxwell’s
equations to take into account the propagation effects. The computational cost of such
an implementation is tremendously high, and it is far beyond the scope of the current
manuscript. In the simulations carried out here, we focus on the relative HHG yield to
compare with the experiments, and for this purpose this well-established computational

approach suffices.
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The simulation method described above assumes radial symmetry around the laser
propagation axis. For the laser spatio-temporal profile, we use the measured focal spot
distribution and experimental laser pulse duration in order to mimic the real experimental
conditions.

The simulations also revealed that under the circumstances that describe these ex-
periments, transient phase matching [156, 157] limits efficient generation to the first half
of the short laser pulse. At the same time, due to minimal reshaping of the pulsed laser
beam, there are spatially homogeneous phase matching conditions in the whole interac-
tion volume. This allows us to apply a simple model [80] to explain the variation of the

observable harmonic flux in the absorbing medium.

3.9.2 Laser induced strong-field ionization gas jet characteriza-

tion
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FIGURE 3.18: Captured laser plasma images. To achieve axial number

density information, the gas source had been moved vertically relative to the

laser focus. Figure (b) shows the recorded frame at the highest brightness

value, while (a) recorded when the source moved 1 mm downwards. The
focal point size had been around 400 pm for both cases.

At high intensities, the electric field of the laser becomes sufficiently strong to ionize the
gas, resulting in the formation of a laser-induced plasma. The characteristics of the plasma
emission—both in terms of brightness and spectral content—depend sensitively on the
local laser intensity as well as the spatial distribution of the gas density [158]. Because the
intensity of the emitted light correlates with the local gas density under known excitation
conditions, this emission can be used as a diagnostic tool to characterize the gas target in

situ. In principle, this method can provide absolute gas density measurements, provided
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that all relevant parameters of the interaction—such as laser pulse energy, beam profile,
focal geometry, and gas composition—are precisely known [159]. However, achieving such
a level of control is non-trivial in experimental systems utilizing high-power laser sources
and loose focusing geometries, where small variations in alignment or pulse parameters
can have significant effects on the local intensity distribution. Recorded images while the
laser and the gas jet position is different along the gas jet symmetry axis can be seen on
figure 3.18.

Nevertheless, since the gas source has already been characterized through indepen-
dent interferometric techniques, as detailed in Section 3.6, the plasma observation-based
method can be employed in a complementary manner. It provides a valuable cross-
validation mechanism and enables dynamic, real-time monitoring of the gas density dur-
ing HHG experiments. An additional advantage of this technique lies in its geometric
flexibility. The light emitted during ionization is radiated isotropically, which allows for
straightforward detection along directions transverse to the laser propagation axis. This
facilitates the implementation of online diagnostics without the need for complex optical
arrangements. By translating the gas jet along the nozzle axis while keeping the laser
beam fixed and aligned to the same axis, one can record the intensity of the plasma-
induced emission as a function of position. This scanning approach enables the mapping

of the gas density distribution with spatial resolution in the interaction region.
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FI1cGURE 3.19: Comparison of phase retrieval along the vertical axis using

different techniques. The blue dots represent results obtained with the

plasma-based method, which are fitted with an exponential function shown

as the blue dashed line. The red crosses indicate the reference measurement
performed with the interferometric technique.

Experimental results obtained through this laser plasma-based method show good
agreement with the gas density profiles reconstructed using interferometric measurements,

this can be seen on Figure 3.19. The agreement between the two techniques shows the
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consistency and reliability of the in-situ plasma-based technique for monitoring gas jet

characteristics under high-intensity laser interaction conditions.

3.10 Summary

These findings have broad relevance across several areas of research that rely on high-
repetition-rate gas jets. A precise knowledge of the gas density profile is crucial, as many
characteristic effects of the underlying phenomena are highly sensitive to it. For instance,
applications range from molecular and atomic quantum path interferometry [66, 160}, and
ion spectroscopy in dilute plasmas [161, 162], to the spatio-temporal shaping of attosecond
pulses [163] and their spatio-spectral control [164, 165]. Moreover, such control is also
significant in the development of gas-based refractive optics for the extreme ultraviolet

regime [166].

T2 As part of my work, I carried out a complete spatial and temporal characteriza-
tion of cantilever piezo gas valves, which are employed for high-harmonic generation and
spectroscopy experiments in both the SYLOS GHHG Long and SYLOS GHHG Compact
beamlines. To achieve this, I designed and constructed a stand-alone gas characterization
end station, enabling precise measurements independent of the main beamline operation.
I simulated interferometric fringe patterns corresponding to the expected gas density dis-
tributions and developed a dedicated data analysis code capable of retrieving accurate
atomic number density profiles in the interaction region from these measurements. I vali-
dated the approach against the experimental data and ensured its applicability to a wide
range of operational conditions. Furthermore, I designed the system to be adaptable for
different gas delivery configurations, including slit nozzles or multiple gas jets aligned in
series, thus extending its utility for future experimental setups and user requirements.
The results related to this, published in [P1]

T3 1 conducted a series of measurements to verify the gas density results under realistic
experimental conditions relevant to both high-harmonic generation and plasma genera-
tion. For the HHG verification, I performed dedicated simulation runs replicating the
experimental geometry and operational parameters of the stand-alone gas characteriza-
tion end station. The simulated results showed excellent agreement with the measured
data, thereby confirming the accuracy and reliability of the density retrieval method. In
parallel, I investigated plasma emission as a diagnostic tool to monitor potential variations

in gas pressure during extended operation. This approach provided a practical, real-time
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monitoring tool, enabling the detection of gradual drifts or fluctuations in the gas deliv-

ery system without interrupting the experiment. This experimental result is presented in

P1].
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Chapter 4

Machine learning aided CEP

detection

4.1 Carrier-Envelope Phase measurement

CEP is a fundamental parameter for the characterization and control of ultrashort laser
pulses, especially in the few-cycle regime. An ultrashort pulse can be described as a
rapidly oscillating carrier wave under a slowly varying envelope, with the CEP defining
the phase offset between the envelope maximum and the nearest peak of the carrier wave.
For longer pulses (2 5 cycles) this phase is negligible, but in few-cycle pulses (< 2 cycles)
even a small CEP shift can drastically alter the instantaneous electric field profile. A
mathematical description is provided in Section 1.2.8. Since this phase offset is both
subtle and subject to shot-to-shot fluctuations, its measurement is highly nontrivial. Two

main approaches exist.

4.1.1 Stereo ATI

A widely used time-domain method for measuring the absolute carrier-envelope phase
relies on above-threshold ionization (ATI), a multiphoton ionization process occurring
at high laser intensities well above the Coulomb field limit (y > 1, with the Keldysh
parameter 7 defined in Section 1.2.1). Experimentally, this is realized by tightly focusing
the laser into a gas jet and collecting the ejected electrons with two opposing time-of-flight
detectors, an arrangement commonly referred to as stereo-ATI. Example results recorded
at ELI ALPS with the HR-1 laser are shown in Fig. 4.1.

As the laser field oscillates, electrons are emitted in both directions and detected
simultaneously. To quantify the directional asymmetry, the asymmetry parameter is
defined as

A(E) = (4.1)
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where N (E) and Ng(E) denote the electron yields in the left and right detectors,
respectively. Low-energy electrons are particularly sensitive to the temporal envelope of
the laser pulse, whereas high-energy electrons primarily reflect the strongest half-cycle
of the field. The dependence of this asymmetry on the CEP makes stereo-ATI a highly
sensitive diagnostic [167]. When the CEP is stabilized, the measured asymmetry values
cluster in a well-defined region (Fig. 4.1 (a)), while for fluctuating CEP the asymmetries
trace out an entire ellipse-like pattern (Fig. 4.1 (b)).
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FIGURE 4.1: Stereo ATI measurement for CEP stability using the HR-

1 laser. Panel (a) shows a trace with 500 mrad stability, while panel (b)
corresponds to 1700 mrad instability.

The main advantage of stereo-ATI lies in its inherently single-shot capability and its
applicability at any wavelength capable of ionizing the chosen medium. However, it re-
quires relatively high pulse energy, operation under vacuum conditions, and sophisticated
detection electronics. Additionally, real-time CEP stabilization using this method is chal-
lenging due to the complexity of the data evaluation process, which involves extracting

the asymmetry parameters from the measured electron distributions.

4.1.2 f-2f Interferometry

CEP can also be measured in the frequency domain using f-to-2f interferometry [168]. In
this method, a portion of the pulse spectrum is frequency-doubled and interfered with
another portion of the fundamental spectrum, allowing extraction of the CEP shift from
the resulting interference signal. This signal is typically fed back to a stabilization loop,
which may involve a piezo-controlled mirror or an acousto-optic modulator within the
laser oscillator or amplifier chain. Compared to stereo-ATI, this approach offers a simpler

and more compact solution, although single-shot measurements are not straightforward.
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Long-term CEP stability requires careful isolation from environmental noise, thermal
drifts, and mechanical vibrations. Additional CEP drifts can also arise during nonlinear
propagation or pulse compression, particularly in hollow-core fiber compression or fila-
mentation. Therefore, CEP monitoring after the final compression stage is essential for

high-fidelity phase control in experiments.
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FIGURE 4.2: Measured interference pattern between the fundamental and

its second harmonic. The CEP measurement and stabilization are based

on the position of an arbitrarily selected zero-crossing, indicated by the red
dot.

As the technique relies on frequency doubling the pulse and interfering the second
harmonic with the fundamental, a nonlinear crystal with sufficient bandwidth must be
available for the laser wavelength in use. While suitable crystals exist for IR and MIR
pulses, they are generally unavailable for UV or THz radiation. The zero-crossing of the
interference signal (Fig. 4.2) can be monitored using analog electronics, enabling rapid
CEP evaluation at rates in the hundreds of kHz or even MHz. In our experiments, a
commercial fast CEP-tagging device (Fringeezz, by FastLite) [169] was used. Because the
measurement is referenced to a single zero-crossing, it provides only the relative CEP.
Compared to stereo-ATI, this approach requires significantly less pulse energy and can be
conveniently implemented within the laser system after a simple beam sampler.

This technique relies on frequency doubling the pulse and interfering the second har-
monic with the fundamental. Therefore, a nonlinear crystal with sufficient bandwidth
must be available for the given laser. While suitable crystals exist for the IR and MIR
ranges, they are not available for UV or THz radiation. Monitoring the zero-crossing
(Fig. 4.2) can be realized with analog electronics, enabling CEP evaluation at very high
rates — in the hundreds of kHz or even MHz range. Since the measurement is refer-

enced to the zero point, it provides only the relative CEP. Compared to stereo-ATI, this



Chapter 4. Machine learning aided CEP detection 85

approach requires significantly less pulse energy and can be conveniently implemented

within the laser system after a simple beam sampler.

4.2 CEP Dependence of High Harmonic Generation

in GGases

The relationship between CEP and the high-harmonic spectra in gas-phase HHG is
highly nonlinear and intricate. This dependence arises from the strong-field nature of
the interaction, where even slight variations in the CEP can lead to significant changes
in the resulted dipole response. Consequently, the spectral phase, intensity modulation,
and cutoff energy of the generated harmonics exhibit pronounced sensitivity to the CEP,
particularly when ultrashort few cycle laser pulses are employed. Understanding and
characterizing this dependence is crucial for optimizing experimental conditions and for
developing robust CEP retrieval and stabilization techniques.

Given the complexity of the CEP influence on the HHG process, it is highly advan-
tageous to perform comprehensive numerical simulations before conducting experiments.
Such simulations provide a predictive understanding of how the CEP modulates the har-
monic yield and structure, enabling the evaluation and validation of phase-sensitive di-
agnostic methods under well-controlled conditions. For the experimental realization, we
aim to utilize the SYLOS2 laser system [170], operated in conjunction with the SYLOS
GHHG Long beamline [106] infrastructure at ELI ALPS (section 2.2. This state-of-the-
art laser system is capable of delivering pulses with energies up to 25mJ and durations
as short as 7fs at a central wavelength of 825nm, corresponding to approximately 2.5
optical cycles. The beamline is optimized for long-focal-length operation, employing an
18-meter focusing geometry that enables intensity control within the 1-5 TW /cm? range
at the interaction region.

The extended focusing geometry results in a confocal parameter of approximately
30cm. To match this spatial intensity profile, the HHG medium is confined within an
adjustable-length gas cell designed to span lengths from 32 to 72cm. This configuration
ensures that the gas target occupies the high-intensity portion of the focal region, facilitat-
ing efficient harmonic generation while maintaining favorable phase matching conditions.
The numerical tool employed to model CEP-sensitive HHG is described in detail in Sec-
tion 1.3. To systematically investigate the role of CEP, we performed parametric scans
across a full 2w phase range for different pulse durations, corresponding to 0.9 optical
cycles (2.835fs) and 2.5 optical cycles (7fs) at 825nm. In these simulations, all experi-
mental parameters other than pulse duration were held constant. While this inherently

results in slightly higher peak intensities for the shorter pulses, the comparative analysis
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remains valid, as the intensity variation does not qualitatively alter the trends observed
in CEP sensitivity. The resulting spectra, shown in Figure 4.3, clearly demonstrates the

amplified CEP sensitivity for the shorter, 0.9-cycle pulses.

le8 1e9
il e o]l
2.5
- 2.0
- 1.5
- 1.0
0.5
.5 cycle 0.9 cycle
20 30 40 50 20 30 40 50
Harmonic order Harmonic order

FIGURE 4.3: Simulated CEP-dependent spectra are shown for laser pulses

of different durations. In panel (a), the driving laser has a pulse duration

corresponding to 2.5 carrier cycles, while in panel (b) a much shorter, 0.9-

cycle pulse is applied. Although some CEP dependence is visible in the

case of the longer pulse, this effect becomes much stronger for the shorter

pulse, where variations in CEP lead to significant changes in the resulting
high-harmonic spectra.

Pronounced modulation in the spectral intensity, harmonic cutoff, and spectral shap-
ing can be observed across the phase scan. In contrast, the 2.5-cycle pulse simulations
show relatively reduced CEP dependence, as the averaging over multiple optical cycles
diminishes the influence of the absolute carrier-envelope phase. These results not only
highlight the importance of pulse duration in CEP-dependent HHG, but also underscore
the need for precise phase stabilization and characterization in few-cycle laser systems
aimed at generating isolated attosecond pulses or conducting ultrafast spectroscopy.

The coherence of this emission process across multiple cycles gives rise to the well-
known pattern of odd harmonic orders. It is possible to generate isolated attosecond
pulses by spectrally filtering the high-energy cutoff region of the harmonic spectrum [27],
where the spectrum is continuous. However, such a technique is often accompanied by
limitations, including significantly reduced photon flux and restricted spectral bandwidth,

which may compromise the efficiency and applicability of the attosecond source [171].
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In the ideal single-cycle pulse with a sine-like carrier-envelope configuration, the HHG
process is confined to a single half-cycle of the field (Figure 4.4), resulting in the generation
of a clean, broadband attosecond pulse. However, the realization of such ideal driving
conditions remains technologically demanding, especially in the near-infrared regime and
for high-energy laser systems, where dispersion management, optical damage thresholds,

and gain bandwidths impose practical limitations.
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FIGURE 4.4: Simulated HHG spectra with different duration laser pulses.
Around the cutoff, the spectra become continuous as the driving funda-
mental pulse becomes shorter.

At ELI ALPS facility [107-109], significant progress has been achieved toward this
objective. Using the SEA laser, pulse durations as short as 4 fs—corresponding to roughly
1.4 optical cycles—have been demonstrated [20] on a dedicated endstation. These pulses
already enter the regime in which HHG becomes strongly dependent on the CEP and
enable the possibility of generating isolated attosecond bursts. However, integrating the
required optics into the SYLOS GHHG Long beamline remains a challenge, as the setup
demands a substantial footprint and the management of such a broad spectrum at high
pulse energies is technically demanding. Also, the higher repetition rate of the SYLOS
laser would be important for pump and probe measurements, creating sub 4 fs pulses with

this laser yet to be demonstrated.

4.3 Machine Learning-Based Regression Models for
Scientific Applications

The rapid development of machine learning (ML) techniques has opened new avenues for
addressing complex regression problems in scientific research [172, 173]. Regression mod-
els, which aim to predict continuous outputs from a given set of input features, have long
been foundational in data analysis [174-176]. However, traditional statistical methods of-

ten struggle with nonlinear relationships, high-dimensional data, and noisy environments
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that are common in modern scientific experiments. Machine learning-based regression
models, particularly those employing supervised learning paradigms, offer powerful alter-
natives that can capture intricate dependencies between variables, enabling more accurate
predictions and deeper understanding of underlying physical phenomena.

In scientific contexts, machine learning tasks, including regression, appear in a wide
range of domains. For instance, in materials science, machine learning is employed to
predict the band gap [177], mechanical strength [178], or thermal conductivity [179] of
novel compounds based on compositional and structural descriptors [180]. In fluid dy-
namics, machine learning models are used to approximate solutions to the Navier-Stokes
equations [181] under various boundary conditions, providing real-time estimation of flow
fields [182]. In optical physics, ML-based regression can estimate pulse characteristics
such as duration, chirp, and peak intensity from indirect measurements, thereby simpli-
fying diagnostics [183-185]. In astronomy, the models can predict stellar parameters such
as temperature, metallicity, and luminosity from spectral data [186, 187].

Several types of machine learning models have proven effective for regression in sci-
entific settings. Linear regression [188, 189] remains a useful baseline for interpretable
models, especially when paired with regularization techniques like ridge or LASSO (Least
Absolute Shrinkage and Selection Operator) [190] to handle multicollinearity. However,
many scientific relationships are inherently nonlinear. Neural networks, particularly deep
feedforward and convolutional architectures, can approximate arbitrarily complex func-
tions given sufficient data and training. Kernel-based methods such as support vector
regression (SVR) offer strong performance in moderate-dimensional spaces by leveraging
similarity measures. Ensemble methods, such as random forests and gradient-boosted
trees, provide robustness and strong generalization, particularly when the input features
are heterogeneous or exhibit nonstationary distributions and are more protected from
overfitting.

One of the main advantages of ML regression in science is the ability to incorporate
high-dimensional data without requiring explicit models of the system. For example,
hyperspectral imaging data, time-series measurements, or volumetric simulations can all
be used directly as input, provided an appropriate feature extraction or dimensionality
reduction step is included. Techniques such as principal component analysis (PCA), au-
toencoders, and t-distributed stochastic neighbor embedding (t-SNE) are often employed
in preprocessing pipelines to uncover latent structures in the data. This flexibility allows
scientists to move beyond simplified models or limited analytical approximations and
instead leverage empirical relationships directly learned from experimental or simulated
datasets. Despite their power, machine learning regression models come with challenges in
scientific applications. Overfitting is a critical concern, particularly when data is limited

or when noise levels are high. Careful cross-validation, regularization, and model selection
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must be applied to ensure that predictions generalize well to unseen data. Interpretability
is another significant issue. While models such as decision trees [176] or linear regressions
are naturally interpretable, complex architectures like deep neural networks [191, 192] are
often treated as black boxes. These support our choice of ExtraTree model [193] in the

following chapters.

4.4 ML based CEP prediction for gas harmonics

An alternative approach for determining the CEP of ultrashort laser pulses involves the
analysis of the HHG spectra produced by these pulses. Due to the complex and highly
nonlinear dependence of the HHG spectrum on the CEP, direct analytical inversion or
parametric fitting methods are often insufficient or unreliable for precise CEP estimation.
This challenge underlines the necessity for advanced strategies capable of decoding the
implicit CEP information encoded in the spectral features of the generated harmonics.
One such promising strategy is the use of data-driven techniques, particularly those based

on machine learning regression models.

5 1.00
o { ]
g ® Test o
a 0.751 Train o®
o
£ 0.50- ®
g ot MSE%=0.053
S 0.25- =
D °®
L ®
D— O-OO T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

True CEP (rad)

FIGURE 4.5: Results of the ML, model trained on the simulated gas HHG
dataset. The data were split 80%-20% into training and testing sets. The
figure shows a low test MSE%, validating the approach.

Machine learning methods, particularly supervised regression algorithms, offer a flex-
ible framework for learning the mapping between spectral signatures and corresponding
CEP values. By constructing a training dataset composed of HHG spectra paired with
known CEP values, a regression model can be trained to learn the underlying correla-
tions. Once trained, this model can be used to infer the CEP corresponding to previously
unseen spectral inputs, effectively allowing the retrieval of CEP values from experimental
HHG data. To validate this approach, a comprehensive numerical simulation of HHG
was conducted in which the CEP was systematically varied across a full 27 range. The
resulting spectral data were divided into two subsets: a training set, used to build the

regression model, and a test set, containing randomly selected CEP values excluded from
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the training data. Since the test values were not present during the training phase, the
model’s task resembles interpolation, where it must predict the CEP based on previously
observed input-output relationships.

The Mean Squared Error (MSE) is a common loss function in regression tasks defined

as
N

MSE = + 37 (5~ )7, (42)

i=1
where y; and g; are the true and predicted values, respectively, and NN is the total number
of samples. It measures the average squared difference between predicted and actual
values, penalizing large errors more strongly.

For phase values, which are naturally defined modulo 27, it is convenient to normalize
the error so that it falls within a standard range between 0 and 1. To achieve this, MSE%
for phases, denoted as MSE%), is defined as

MSE

™

MSE% =

(4.3)

This definition has a clear rationale: taking the square root converts the MSE from
squared units to the same units as the phase (radians), making the error directly in-
terpretable. Dividing by 7 then normalizes the error to the full phase range, naturally
bounding MSE% between 0 and 1. In this way, MSE% provides a convenient, unitless
metric for quantifying phase prediction accuracy, where 0 represents perfect agreement
and 1 corresponds to the maximum possible phase deviation.

The results of this machine learning-based prediction are illustrated in Figure 4.5.
The simulations were performed using 4.3 fs (1.5-cycle) pulses at a central wavelength of
840nm. The dataset consists of 120 spectra and was randomly split into training and
testing subsets, with 80% of the data used for training and the remaining 20% for testing.

Even with a relatively modest number of training examples, the regression model
demonstrates remarkable accuracy, achieving an MSE% of approximately 0.053%. This
means, that even in the case of these relatively long pulses the CEP maps one-to-one with
the high harmonic spectrum, making the technique applicable for real circumstances.

At ELI ALPS, near single-cycle pulse durations have been demonstrated using a mid-
infrared laser [194]. Using this laser, the group of Mathias Kiibel showed the CEP de-
pendence of HHG in ZnO crystals [195]. To test our hypothesis that a machine learning
model can estimate the CEP from HHG spectra, we perform experiments on HHG from

bulk crystals driven by the mid-infrared laser.
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4.5 CEP Dependence of HHG in solid

The theory of solid HHG had been briefly introduced in section 1.4. To understand the
CEP dependence, one has to use length gauge, where intra-band and inter-band transitions
can be discussed separately.

In gases, high-harmonic generation is highly sensitive to CEP, since the ionization and
recombination times depend directly on the instantaneous electric field of the laser. In the
case of interband high-harmonic generation in solids, the harmonic emission arises from
the coherent recombination of electron-hole pairs that have been excited across the band
gap [101]. Once excited, the electrons and holes traverse the conduction and valence bands
according to the crystal’s band structure. The resulting emission is determined primarily
by the energy dispersion and symmetry of the bands, which are periodic in the crystal
lattice. Because these properties are intrinsic to the material and largely independent
of the absolute phase of the driving carrier wave, the overall harmonic response is not
strongly sensitive to the carrier-envelope phase.

The intraband current follows the time dependence of the band structure. Emission
occurs at points of largest band curvature, which correspond to instants when the vector
potential vanishes, i.e. when the electric field reaches an extremum [101]. The symmetry
properties of the target material strongly influence the harmonic response to changes in
CEP.

In the case of a randomly distributed interatomic structure on a scale much smaller
than the laser wavelength, the harmonic spectrum exhibits a m-periodicity with respect
to CEP. This arises because each half-cycle of the driving field produces, on average, the
same response, as observed for fused silica [196].

In contrast, for non-centrosymmetric crystals, each half-cycle of the driving field ex-
periences a different collective response. This leads to a 2 CEP dependence of the
emitted harmonics. Such a one-to-one mapping between laser CEP and the HHG spec-
trum requires a crystal with broken inversion symmetry. In our experiments, we therefore
chose zinc oxide (ZnO) as the target material. ZnO, being a non-centrosymmetric crystal,
supports both even and odd harmonics. Therefore, while interband HHG [195] and gas-
phase HHG [197] can exhibit strong CEP dependence, intraband HHG in solids remains
essentially insensitive to the CEP [198].

4.6 Simulation Support and Model Performance for
Solid-State High Harmonic Generation (SHHG)

Although the comprehensive setup and execution of the numerical simulations presented

here fall beyond the direct scope of this thesis work, it is essential to provide a brief
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overview of the associated efforts as they significantly support and validate the experi-
mental measurements. Detailed descriptions and methodologies related to the simulations
can be found in ref [199] which includes an in-depth discussion of the numerical framework

and its theoretical underpinnings.
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FIGURE 4.6: A theoretical CEP scan was performed in ZnO using an 19 fs
pulse at an intensity of 1.36 x 10'2 W/cm? and a central wavelength of
3.2 um. Figure (a) shows the simulated HHG spectrum in the solid-state
medium, together with the corresponding machine-learning-based CEP re-
gression (b). Similarly to the gas-phase case, with 400 training points the
MSE% is already low, reaching a value of 0.06%, which corresponds to a
regression line with a slope close to the ideal 45° diagonal.

An example result, analogous to that shown in Figure 4.4 for the gas-phase case, is
illustrated in Figure 4.6 (a)).

This figure depicts the simulated HHG spectrum obtained using a mid-infrared driving
pulse with 3.2 pm central wavelength with 19fs pulse duration and 80 pJ pulse energy,
alongside the corresponding machine learning model predictions. Notably, the success
of the machine learning-based CEP estimation in the solid-state regime demonstrates
that the approach remains valid despite the more intricate spectral structure commonly
observed in solid harmonics compared to their gas-phase counterparts.

It is also important to highlight the fundamental difference in the periodicity of CEP
sensitivity between gas and solid media. Figure 4.7 presents the performance comparison
of various regression models trained on datasets of different sizes. Among the models
evaluated, the Extra Trees (ExtraTree) [193] regressor was found to be particularly ef-
fective. Even with a relatively modest dataset comprising only 100 training points, the
model achieved high prediction accuracy, indicating its robustness and efficiency in cap-
turing the complex mapping between spectral features and CEP values. The model’s low
prediction error highlights its suitability for experimental applications where extensive

datasets may not always be feasible to acquire. Additionally, the simulations investigated
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FIGURE 4.7: A comparative analysis of model predictive accuracy using

two training data sampling strategies: (a) random and (b) equidistant CEP

sampling. Predictive precision is evaluated based on the MSE% of a lin-

ear fit applied to predictions from 150 test datasets, each with randomly
selected novel CEP values.

the influence of training set distribution on model performance. Specifically, two sampling
strategies were compared: randomly spaced and equidistantly spaced CEP values. The
results indicate that equidistant sampling yields significantly improved performance over
random spacing for the same dataset size. This finding has practical implications for the
experimental implementation of CEP tagging using machine learning, suggesting that a
deliberate choice of training data spacing can enhance the model’s predictive accuracy

and reliability.

4.7 Experimental setup

The high-harmonic generation experiments presented in this work were conducted using
the mid-infrared laser system at ELI ALPS [200]. This laser operates at a central wave-
length of 3.2 pm, with a high repetition rate of 100 kHz and a pulse energy of up to 140 nJ.
A typical measured spectrum of the MIR driving field is displayed in Figure 4.10 (a). The
laser pulses initially have a temporal duration of approximately 45 fs, which corresponds
to several optical cycles at this wavelength. To achieve sub-two-cycle pulses, spectral
broadening was implemented using nonlinear propagation through a combination of bar-
ium fluoride (BaF3) and silicon (Si) optical windows (Figure 4.8). Subsequent pulse

compression was carried out using additional bulk BaF, windows along with a set of
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three dispersive mirrors exhibiting negative third-order dispersion (TOD). This configu-
ration enabled the generation of laser pulses with durations as short as 18fs, equivalent

to approximately 1.4 optical cycles at 3.2 nm.

Fused silica
plate

FIGURE 4.8: Schematic experimental setup. The pulses from the MIR

laser broadened spectrally and post-compressed, then HHG takes place in

a ZnO crystal. The CEP tagging takes place on a sampled beam right

after the laser system with a commercial device for CEP tagging, called

Fringeezz, which can be installed after an f-2f interferometer. To filter out

the mid-infrared pulses before the visible spectrometer, fused silica plates
are applied.

Accurate temporal characterization of these ultrashort pulses was essential and was
performed using the TIPTOE technique [201]. The diagnostic beam was extracted prior
to the focusing optics via a beam splitter, allowing undisturbed measurement of the tem-
poral electric field envelope. Since HHG in solids is strongly CEP-dependent, particularly
for few-cycle pulses, carrier-envelope phase stabilization and tagging were imperative. To
this end, we employed the Fringeezz, which can be installed after an f-2f interferometric
setup, and can provide fast CEP detection using analog electronics. Operating at 10 kHz,
this system provides shot-to-shot CEP measurements and was used to close the feed-
back loop controlling an acousto-optic programmable dispersive filter (AOPDF, Dazzler,
Fastlite [116]) within the OPCPA front-end. This feedback mechanism ensured CEP sta-
bilization, better than 100 mrad RMS over long acquisition times. For the HHG process

itself, we used a 90 pm-thick single-crystal ZnO target. Several crystallographic cuts are
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available for ZnO. The c-cut crystal possesses inversion symmetry and therefore generates
only odd-order harmonics [202], whereas the a-cut variant allows the generation of both
even- and odd-order harmonics. In this work, we used the latter.

The MIR pulses were focused onto the crystal surface using an off-axis parabolic mirror
with a focal length of 100 mm. At full compression, the on-target pulse energy was 1.3 1J,
yielding an estimated peak intensity of approximately 1.3 x 10'2 W /ecm?. To explore the
influence of intensity on the harmonic emission, chirped pulses were also applied, which

reduced the peak intensity to around 6.6 x 10'* W /cm?.

4.8 Experimental results

Following post-compression, the duration of the laser pulse was reduced to below two op-
tical cycles. To characterize such ultrashort waveforms in the time domain, we employed
the technique of Tunneling Ionization with a Perturbation for the Time-domain Obser-
vation of an Electric field (TIPTOE) [203]. This method provides a direct, field-resolved
measurement of the electric field of ultrashort laser pulses based on the nonlinear response

of gas-phase media.
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FIGURE 4.9: Results of TIPTOE measurement. (a) Measured and recon-
structed electric field and (b) spectral amplitude and spectral phase.

In the TIPTOE device, the incident laser pulse is divided into two spatially separated
beamlets using a reflective optic consisting of two concentric mirrors. The outer mirror
reflects the main (fundamental) pulse, while the inner mirror reflects a weaker, delayed

reference pulse. These two components are subsequently recombined and focused into



Chapter 4. Machine learning aided CEP detection 96

a common interaction region by a concave mirror. At the focal point, the pulses ionize
ambient air through strong-field ionization. The resulting free electrons are accelerated
by the local electric field and collected by a pair of electrodes positioned downstream of
the interaction region. The detected current signal is sensitive to the instantaneous field
strength, enabling the reconstruction of the time-dependent electric field.

To optimize the temporal overlap and achieve the shortest possible pulse duration,
dispersion control was implemented using a pair of BK7 glass wedges. By fine-tuning
the insertion depth of the wedges, it is possible to introduce variable amounts of group
delay dispersion, compensating for residual chirp in the compressed pulse. The resulting
ionization signal, modulated by the interference of the fundamental and reference beams,
is processed using a proprietary retrieval algorithm provided by the manufacturer of the
TIPTOE system.

This algorithm yields a complete temporal characterization of the electric field, includ-
ing both amplitude and phase (as shown in Figure 4.9 (a)). Furthermore, it allows for the
reconstruction of the corresponding optical spectrum and spectral phase (Figure 4.9 (b)),
offering detailed insight into the pulse’s frequency-domain characteristics. This infor-
mation is crucial for validating the performance of the post-compression setup and for
ensuring that the waveform meets the stringent requirements necessary for subsequent

high-field experiments.
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FIGURE 4.10: Spectrum for MIR (a) and for the generated high order
harmonics (b).

After the harmonic generation stage, a 50 mm-long BK7 optical block was inserted to
remove the residual MIR driving beam. This filter effectively transmits harmonics in the
visible and near-UV range, while strongly attenuating radiation below 350 nm.

Figure 4.10 show the measured spectrum with a commercial fiber-coupled spectrometer
(AvaSpec-ULS2048, Avantes), (a) show the spectrum of the IR, this is similar to 4.9 (b),
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but this recorded before the experimental setup, while 4.10 (b) shows the visible portion
of the HHG spectrum spanning from the third to the ninth harmonic.

Each CEP value was sampled across a full 27 scan, using 100 evenly spaced phase
steps between —7 and 7. For each CEP setting, 100 single-shot spectra were acquired and
averaged to improve the signal-to-noise ratio. Characteristic CEP-dependent features are
clearly observed in the harmonic spectra, particularly in the form of modulated intensity
patterns across the harmonic orders. It is important to note that the fringe pattern
extending into the near-infrared region in Figure 4.11 originates from the interference of
HHG emission generated at the front and rear surfaces of the ZnO crystal, a known effect
independent of CEP [195]. However, the strong modulation of the harmonic intensity as
a function of CEP, especially evident through the appearance of spectral minima, results
from constructive and destructive interference of XUV bursts emitted in successive laser
half-cycles [196, 204].
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FIGURE 4.11: Measured CEP dependence and the trained ML model.

Figure (a) shows the measured high harmonic spectra while scanning the

CEP values. The performance of the ExtraTree machine learning algorithm

in predicting the measured relative laser CEP using (b) 80% of the data

for training (red line) and 20% for testing (open blue circles). The MSE%
for this case is 0.75.

A direct comparison between the results of numerical simulations and experimental
observations presents several challenges. One of the primary difficulties arises from the
fact that CEP is treated in fundamentally different ways in the two approaches. In the
case of simulations, the CEP is specified in absolute units, whereas in experimental mea-
surements, only relative values are accessible. In addition, the numerical model, which
is based on a one-dimensional (1D) framework, inherently lacks the ability to capture

certain key aspects of the experimental setup. Specifically, it cannot replicate the full
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three-dimensional (3D) symmetry of the actual crystal structure, nor can it account for
propagation-related phenomena such as phase matching conditions. These limitations
imply that while simulations can offer qualitative insights, they are not expected to re-
produce all spectral details observed in experiments. Nevertheless, both theoretical and
experimental results exhibit a consistent trend: a clear shift in the position of spectral
minima as a function of the CEP is observed. This coherence between datasets under-
scores the fundamental role of CEP in shaping HHG spectra. It is also well-established
that the degree of CEP sensitivity is influenced by ultrafast structural dynamics occurring
within the laser-excited lattice. These transient effects are neglected in our simulations,
which might contribute to discrepancies between the simulated and measured spectral fea-
tures. Importantly, the CEP scan performed experimentally demonstrates a one-to-one
correspondence between the laser CEP and the generated harmonic spectra. This char-
acteristic is critical, as it ensures the feasibility of employing supervised machine learning
techniques to infer the CEP from spectral measurements.

In our analysis, the experimental dataset shown in Fig. 4.11 (b) was divided into two
subsets using a random sampling strategy: 80% of the data was allocated for training
and the remaining 20% for testing. An ExtraTrees regression model was trained on the
spectral input data to predict the corresponding CEP values. The model’s accuracy on
the training set is illustrated by orange rectangles in the figure, which show a near-perfect
match between predicted and actual CEP values. When applied to the previously unseen
test data (blue circles), the model continues to perform well, achieving MSE% of 0.75.
A noticeable deviation between the predicted and true CEP appears in a region where
the training data has a sampling gap, indicated by the discontinuity in that range of the
CEP domain. To address this issue, the training dataset was restructured to ensure even
sampling of CEP values. In a follow-up experiment shown in Fig.4.12 (a) and Fig.4.12 (b),
we redistributed the dataset into equal halves for training and testing, while controlling
the sampling to be uniform over the CEP range. This modification resulted in improved
predictive performance. Specifically, the evenly sampled dataset yielded an MSE% of 0.61,
in contrast to an MSE% of 1.15 obtained from a randomly sampled dataset of equal size.
Thus, a factor of approximately two improvements in prediction accuracy was achieved
by enforcing uniform sampling during training. These results provide strong evidence
that our CEP prediction approach is robust and effective. Moreover, they emphasize the
importance of careful dataset construction: achieving high predictive accuracy depends
critically on the density and uniformity of CEP values used during the training phase.
Such considerations are vital for implementing real-time CEP monitoring in experimental

HHG studies using machine learning.
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FIGURE 4.12: Measured CEP sampling effect of the trained model. (a)

Evenly and (b) randomly sampled datasets were split into 50% training

and 50% testing sets. In both scenarios, the slope of the prediction line is

nearly 45 degrees, indicating near-perfect estimation performance. MSE%
on the test sets are as follows: (a) 0.61%, and (b) 1.15%.

To summarize the findings of this work, we have established and experimentally val-
idated a novel conceptual framework for estimating the carrier-envelope phase of mid-
infrared laser pulses using the high-harmonic generation spectrum emitted from a solid-
state crystal target. This approach leverages the capability of machine learning (ML)
models—specifically, ensemble-based regressors—to recognize intricate spectral features
that are uniquely sensitive to variations in the CEP. By exploiting this one-to-one map-
ping between the CEP and the HHG spectral structure in semiconducting crystals, the
model is capable of providing robust, efficient, and cost-effective CEP estimation.

The concept was demonstrated through a combination of theoretical simulations and
experimental measurements using a ZnO crystal as the nonlinear medium. The agreement
between the simulated and observed trends confirms the viability of this strategy for real-
time CEP characterization. Importantly, the methodology requires minimal sampling of
the beam—only around 1% of the total pulse energy was used for HHG diagnostics—
allowing the rest of the beam to be used in a main experiment. This configuration paves
the way for CEP tagging in experiments driven by lasers with randomly varying CEP,
offering the possibility of post-sorting experimental data based on the associated CEP. In
this study, training of the ML model was performed using reference CEP values obtained
by Fringeezz. The underlying framework allows for further generalization: with improved
simulation fidelity, it becomes possible to train the model using entirely synthetic data,
as previously demonstrated in the context of FROG trace reconstruction [205]. Such an

approach could eliminate the need for reference hardware and, in addition, enable direct
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retrieval of the absolute CEP from the simulations themselves, since the CEP is a known
input parameter in the numerical models.

It is worth emphasizing that the present implementation assumes a fixed laser intensity
for both training and deployment of the ML model. However, preliminary investigations
indicate that the model retains its predictive power across a range of intensities and field
configurations, highlighting a certain degree of robustness against experimental fluctu-
ations. Nevertheless, a more comprehensive analysis of the sensitivity of the model to
laser intensity variations is ongoing and will be essential for translating this method into
a fully generalized, user-independent CEP characterization tool. The broader implica-
tions of this work suggest a pathway toward real-time, multi-parameter monitoring and
optimization in strong-field physics experiments. Solid-state HHG, particularly in semi-
conducting media like ZnO, offers a compact and scalable platform where the measurable
harmonic spectra are directly shaped by laser properties such as intensity, pulse duration,
and CEP. This inherent sensitivity, when coupled with modern ML techniques, enables
the development of adaptive diagnostic tools that can support and enhance complex laser-
matter interaction experiments. Ultimately, our approach offers a practical and scalable
solution for CEP retrieval that significantly reduces the experimental overhead typically
associated with spectral phase diagnostics. By requiring fewer measurements and min-
imizing the complexity of the instrumentation, this method is especially well-suited for
high-repetition-rate user facilities such as ELI ALPS, where cost, speed, and accuracy are

critical.

4.9 Summary

T4 In order to investigate whether machine learning can be used to predict the carrier-
envelope phase of a laser source from high-harmonic generation spectra, I carried out
simulations of gas harmonics under conditions matching those of the SYLOS GHHG
Long beamline. I then trained a machine learning model using pairs of harmonic spectra
and their corresponding CEP values. Finally, I tested the model on spectra it had not
seen during training. The predictions reproduced the correct CEP values with only a
small error, which confirms the validity of the approach. The demonstrated metrology
and conclusion had been shown in [P2] in the context of bulk HHG.

I designed and constructed a dedicated experimental setup. I carried out the com-
plete measurement campaign, which included aligning the beamline, optimizing the HHG
process for stable spectral acquisition, and recording a large dataset under controlled
experimental conditions. I subsequently performed a detailed analysis of the collected
spectra, applying machine learning algorithms to establish the correlation between the

spectral features and the CEP of the driving laser pulse. The results demonstrated that
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this approach is viable, offering the possibility of deploying it as an online diagnostic tool
for CEP monitoring. Given its robustness, the method has the potential to be scaled and
implemented in larger and more complex HHG beamlines, such as the SYLOS GHHG
Long beamline, where real-time CEP tracking could significantly improve experimental

stability and reproducibility. This experimental result is presented in [P2].
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Summary

Attosecond pulses, produced through high harmonic generation, have become a key tool
for exploring atomic and molecular dynamics on their natural timescale [26, 27, 50, 51].
The award of the 2023 Nobel Prize in Physics to Pierre Agostini, Ferenc Krausz, and
Anne L’Huillier reflects not only the maturity of this field, but also the importance of
their pioneering contributions [206-208]. During the same period, laser technology has
advanced at an impressive pace [209]. High—average-power sources with few-cycle pulse
durations are now accessible [210], opening the door to new opportunities while also in-
troducing serious challenges. Achieving efficient HHG with such lasers requires more than
incremental refinements; it calls for expanded approaches to metrology and diagnostics.
In this thesis, I present several attosecond beamlines built around these advanced laser
systems, focusing on both on their technical realization and the scientific opportunities

they make possible.

Aims

The central aim of this work was to develop and apply characterization techniques for
different aspects of HHG. Using multi-tens of millijoule laser drivers, two distinct ex-
perimental approaches to achieve optimal phase matching had been carried out. One
approach relied on short interaction lengths, such as gas jets, while the other used ex-
tended gas cells. As part of a user experiment, The aim was to investigate these two
regimes systematically, comparing their performance under realistic conditions. [T1]
With the recent availability of multi-tens of millijoule lasers operating at 1kHz repe-
tition rate, such as the SYLOS?2 system, HHG beamlines can now be driven at conditions
that are highly attractive for applications requiring statistical averaging. At the same
time, this repetition rate remains compatible with pulsed jet targets, which can serve
both as generation media and as end-station targets. A new type of high repetition rate
gas valve, promising high gas densities in the multi-kHz range, has recently emerged,
though its characterization is not straightforward. The aim was to carry out detailed
simulations and experiments to characterize this source with high spatial and temporal

resolution, providing insight into its performance and limitations [T2, T3].
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When the laser pulse duration approaches fewer than two optical cycles, the carrier-
envelope phase becomes a critical parameter for HHG. One of my aims was to develop
a method to estimate the CEP directly from measured harmonic spectra using machine
learning. Through simulations of gas harmonics driven by the SYLOS laser, this technique
feasibility can be evaluated under experimental conditions.

Solid state targets offer the possibility of probing material properties while generating
broadband harmonic radiation from the infrared into the ultraviolet. At ELI ALPS,
the MIR laser delivers pulses of only 1.5 optical cycles, which, when combined with a
suitable crystal, allow strong CEP sensitivity to emerge. My goal was to measure this
CEP dependence and to investigate whether machine learning methods could again be

applied for CEP estimation, drawing a parallel to the gas-phase case [T4].

Results

T1 Part of the results presented in this thesis point were obtained during a user ex-
periment with a research group from Lund University, investigating the dependence of
high-order harmonic generation on medium length and gas pressure. For this experiment,
I prepared the beamline and ensured that all subsystems were operating under optimal
conditions. I characterized both the temporal and spatial properties of the driving infrared
pulse and measured the characteristics of the generated XUV radiation. I optimized the
generation conditions for the selected gas targets by adjusting the alignment, focusing ge-
ometry, and gas pressure. I also assembled, installed, and configured the gas cells, making
sure they were suitable for the required medium lengths and buffer gas conditions. As
part of the preparation, I performed preliminary measurements to verify the stability and
performance of the setup. During the experimental campaign, I actively assisted the users
with their measurements and supported them in analyzing and interpreting the recorded
data.

The results confirm that there is an equivalence in terms of HHG yield between a
short high pressure and a long low pressure medium. This predicted hyperbolic behavior
of the medium length-pressure dependence had been confirmed. The model is not too
sensitive to the laser intensity, which also confirmed by the measurements, since without
it, it would have been difficult to tackle the issue with the energy loss due to the coupling
of the laser beam into the cell between the different experimental cells. The difference
between the XUV beamprofile in different medium length was also confirmed.

These findings are important during the designing phase of a new HHG beamline.
When the XUV beam profile is not important as the high flux of photons, short high

pressure jets has the advantage. Also, these are easier to implement compared to the
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generation in gas cell to loose focusing condition, and it can be the better choice when
the laser energy is lower. The advantage of using long gas cells is that the XUV beam
quality is better, and it is less sensitive to the pressure changes in the gas jets, and it is

easier to implement a stable generation medium. This result had been published at [P3].

T2 1 performed a complete spatial and temporal characterization of cantilever piezo gas
valves, which are used for high-harmonic generation and spectroscopy experiments in both
the SYLOS GHHG Long and SYLOS GHHG Compact beamlines. To accomplish this,
I designed and built a stand-alone gas characterization end station that allowed precise
measurements independent of the main beamline operation. I simulated interferometric
fringe patterns corresponding to the expected gas density distributions and developed a
dedicated data analysis code to retrieve accurate atomic number density profiles in the
interaction region. I validated this approach against experimental data and demonstrated
its reliability across a wide range of operating conditions. In addition, I designed the
system to be flexible and adaptable to different gas delivery configurations, such as slit
nozzles or multiple gas jets arranged in series, thereby extending its usefulness for future

experimental setups and user needs. The results of this work were published in [P1].

T3 1 conducted a series of measurements with high-harmonic generation to record the
HHG yield fluctuation caused by gas density changes. For the HHG, I performed simu-
lations using the gas density results recorded with the stand-alone gas characterization
end station. The simulated results showed excellent agreement with the measured data,
thereby confirming the accuracy and reliability of the density retrieval method. In paral-
lel, T investigated light emitted by the generated plasma as a diagnostic tool to monitor
potential variations in gas pressure during extended operation. This approach provided
a practical, real-time monitoring tool, enabling the detection of gradual drifts or fluctua-
tions in the gas delivery system without interrupting the experiment. These experimental

result is presented in [P1].

T4 To investigate whether machine learning can be used to predict the carrier-envelope
phase of a laser source from high-harmonic generation spectra, I carried out simulations
of gas HHG, under conditions matching those of the SYLOS GHHG Long beamline. I
trained a machine learning model using pairs of harmonic spectra and their corresponding
CEP values. Finally, I tested the model on spectra it had not seen during training. The
predictions reproduced the correct CEP values with only a small error, which confirms
the validity of the approach.

I designed and constructed a dedicated experimental setup and I carried out the

complete measurement campaign, which included aligning the beamline, optimizing the
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HHG process for stable spectral acquisition, and recording a large dataset under controlled
experimental conditions. I subsequently performed a detailed analysis of the collected
spectra, applying machine learning algorithms to establish the correlation between the
spectral features and the CEP of the driving laser pulse. The results demonstrated that
this approach is viable, offering the possibility of deploying it as an online diagnostic tool
for CEP monitoring. Given its robustness, the method has the potential to be scaled and
implemented in larger and more complex HHG beamlines, such as the SYLOS GHHG
Long beamline, where real-time CEP tracking could significantly improve experimental

stability and reproducibility. This experimental result is presented in [P2].
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Magyar nyelvii osszefoglald

A 1ézer feltalalasaval [1] lehetévé valt rovid, koherens fényimpulzusok eléallitasa, lehetéséget
adva az anyagok idOben tranziens folyamatainak vizsgdlatara. A fényimpulzushosszak

folyamatos roviditésére val torekvés a lézertechnoldgia fejlédését motivalta [2], hiszen

hogy minél révidebb a fényimpulzus, anndl részletesebben és lokalizaltabban tarhaték

fel a dinamikai folyamatok [3, 4]. Ez a kutatdsi irdny nemcsak az ultragyors jelenségek

mélyebb megértését eredményezte, hanem 1j lendiiletet adott az alkalmazott kutatasok-

nak [5], és innovacikat inditott el olyan ipari teriileteken, ahol a pontos idézités és a

gyors vezérlés kulcsfontossagu [6].

A kozeg altal biztositott véges spektralis savszélesség, valamint a spektralis fazis
kezekésének kihivasai alapveto korlatokat szabtak arra, hogy milyen rovid impulzusokat
lehet kozvetleniil eléallitani hagyoményos 1ézererosito kozegekbdl. Fejlett rendszerekkel
— példaul Ti:zafir 1ézerekkel és optikai paraméteres erositokkel — tipikusan 5-6 fs korili
minimdlis impulzushossz érhet6 el [8, 9]. Néhény optikai ciklusos tartomany eléréséhez
a kozeli infravoros régioban (kozel 2 fs) mér utékompresszids technikdkra van sziikség,
amelyekhez a sziikséges spektralis kiszélesitést nemlinearis optikai kozegben valositjak
meg [10-13], majd ezt a fényimpulzus idébeli kompresszalasa koveti, amely csorpolt
tiikrokkel és akuszto-optikai modulatorokkal diszperzikompenzacion keresztiil torténik.
A legujabb fejlesztések kozé tartoznak a tobbutas celldk [17, 18], valamint a kristalyokon
vagy liveglemezen alapulé kompressziés séméak [19, 20].

A femtoszekundumosnal révidebb fényimpulzusok keltéséhez sziikséges savszélesség
miatt rovidebb hulldimhossz-tartomanyba kell atlépni, ahol mar nem all rendelkezésre
erosité kozeg, valamint posztkomresszalasnal az intenzitas novelésével a spektralis kisze-
lesedés telitodik, hatart szabva az igy elérheto legszélesebb spektrumnak.

Femtoszekundumnal révidebb impulzushossz elérésének érdekében tobb megkozelités
keriilt javaslatra és megvalGsitasra, ezek koziil a magasrendii harmonikus keltés (HHG)
bizonyult az egyik legérettebb és kisérletileg leginkabb hozzaférhet$ megkozelitésnek [21,
22]. Mas irdnyok — példaul az ultranagy sévszélességii fény szintézise koherens fazisvezér-
léssel [23], vagy a plazma wakefield gyorsitokkal hajtott szabad-elektron lézerek (FEL-
ek) [24] — szintén igéretesek, de jellemz6en nagyméretii infrastruktirat és bonyolult kisér-
leti elrendezéseket igényelnek [25]. Ezzel szemben a HHG labor kérnyezetben is meg-

valésithato, femto- illetve attoszekundumos impulzusok eléallitasat teszi lehetové magas
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tér- és id6beli koherencidval [26-28].

A HHG egy nemlinearis folyamat, amely soran intenziv 1ézermezoben 1év6 atomok
vagy molekulak a fundamentalis 1ézer frekvencia tobbszoroseit sugarozzak ki paros vagy
paratlan felharmoénikusok forméjaban, a koézeg szimmetriatulajdonsagaitol [29] vagy az
elektromos tér tulajdonsdgaitol [30, 31| fiiggéen. A spektrum kiterjedhet az extrém ul-
traibolya (XUV) tartoménytdl egészen a lagy rontgenig [32-34]. A korai 2000-es években
tortént attorések megmutattak, hogy a HHG felhasznalhaté izolalt attoszekundumos im-
pulzusok [27] vagy impulzussorozatok [26] eléllitasara, megalapozva ezzel az attoszekun-
dumos tudomanyt, lehetévé téve az elektronok mozgasanak vizsgalatat atomokban és
molekuldkban.

A HHG els6 kisérleti megfigyelése 1987-ben tortént két fiiggetlen kutatdcsoport al-
tal Chicagbéban [35] és a CEA Saclay-ban [36]. A korai kisérletek ritka nemesgazokkal
— argonnal, kriptonttal és xenonnal — zajlottak, amelyeket az akkori legfejlettebb 1ézerek
hajtottak: Nd:YAG rendszerek 1064 nm-en [36], KrF excimer lézerek 248 nm-en [37,
38], valamint Ti:zafir 1ézereck 800 nm-en [38-40]. Az 1990-es évektdl kezdve a magashar-
monikusokkal kapcsolatos kutatas kiterjedt molekularis célpontokra is [41-43], feltarva
a molekuldris palyak és a nukledris mozgasok szerepét az erés mez6 dinamikajaban. Az
attoszekundumos impulzusok egyediilallo képessége, hogy valds idében kdvetheto az elek-
tronikus, vibracios és szerkezeti dinamika.

Ezt jelentos mérfoldkovek kovették, példaul a HHG demonstracidja plazmafeliiletekrol
ultra-magas intenzitasokon [44-46], illetve a magas harmonikusok eléallitasa kristalyokbél
2010-ben [48, 49, 211]. Ez az attorés uj fejezetet nyitott, és ravilagitott a kondenzalt anyag
rendszerek potencialjara kompakt, hatékony attoszekundumos fényforrasként. A gdzokhoz
képest a szilardtestek nagyobb anyagstirtiséget és jobb integracios lehetdségeket kinalnak a
fotonikai technologidkkal, azonban ezen forrasok viselkedése 0sszetettebb tulajdonsiagokat
hordoznak, példaul interband atmeneteket és savstruktura-hatasokat.

A HHG-val létrehozott attoszekundomos impulzusok mara egyszerre erételjes fényfor-
rasa és preciziés diagnosztikai eszkozzé valtak, lehetové téve az alkalmazasukat az ultragy-
ors spektroszképiatol [26, 27, 50, 51] a koherens diffraktiv képalkotdson [52, 53], a rela-
tivisztikus plazmaoptikan [54-56] at egészen az id6felbontott elektron-dinamikéig. Pierre
Agostini, Krausz Ferenc és Anne L’Huillier 2023-as Fizikai Nobel-dijjal valé kitiintetése
nemcsak a teriilet érettségét bizonyitja, hanem uttoréo munkajuk kiemelkedd jelentoségét
is [206-208]. Ezzel parhuzamosan a lézertechnoldgia is lenytigoz6 iitemben fejlédott [209):
mara mar elérheték nagy atlagteljesitményti, néhanyciklusos impulzusokat el6allito forra-
sok [210], amelyek 1j lehet6ségeket nyitnak meg, ugyanakkor 0j kihivasokat is teremtenek,
hatékony HHG elérése nem egyszeri feladat, atfogd ujitasokat igényel a metrologia és a

diagnosztika teriiletén is.
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Célok

Ezen dolgozatban szamos olyan attoszekundumos nyalabvonalat mutatok be, amelyek
korszerii 1ézerrendszerekre épiilnek. Munkdm kozponti célja a HHG kiilonboz6 as-
pektusainak karakterizalasi modszereinek fejlesztése és alkalmazasa volt. Nagy cstc-
steljesitményii 1ézerrel, az optimalis fazisillesztés elérése érdekében, eltérd kisérleti
megkozelitéseket vizsgaltam. Az egyik megoldasnal a magas harmonikus keltés révid
kozegben, példaul gaz jet-ben tortént, mig a masik megoldasnal hosszu gazcella lett
alkalmazva. Egy felhaszndléi kisérlet keretében ezen két kondicidt vizsgaltam szisztem-
atikusan, oOsszehasonlitva a numerikus modell altal megjosolt kovetkeztetéseket valos
kisérleti kortlmények kozott. [T1]

Az utobbi idében elérhetové valtak a tobb tiz millijoule energidja, 1kHz ismétlési
frekvencian tizemel6 1ézerek, példaul a SYLOS2 lézer. Ezen forrasok olyan kortilményeket
teremtenek HHG-hez, amelyek mar lehetévé teszik a statisztikai atlagolast igénylé alka-
Imazasokat is. Ezen ismétlési frekvencian pulzald gazforrasok még alkalmazhatoak, igy
szolgalhatnak generdld kozegként vagy céltargyként is. Egy 10j tipust, piezo lap moz-
gatasan alapuld, nagy ismétlési frekvencian mikodo gézszelep valt elérhetové, amely a
tobb kilohertzes tartomanyban is nagy gazstriiséget igér, de karakterizalasa nem trivialis
feladat. Célom szimulaciékon és kisérleteken keresziil ezen forras tér- és idobeli felbontasu
vizsgalata volt, amelyek 1j betekintést adtak, hogyan viselkedik a vakuumba jutatott gaz
sugar, vagy gaz jet [T2, T3].

Az impulzushossz két optikai ciklus ald csokkenésével, a vivéburkold fazis (CEP)
kulcsfontossédgu paraméterré valik HHG szempontjabol. Egyik célom az volt, hogy olyan
modszert fejlesszek ki, amely a mért felharmonikus spektrumokboél képes kozvetlentil
meghatarozni a CEP értékét gépi tanulas segitségével. A koncepciot szimulacidkon
keresztiil a SYLOS lézer altal hajtott gazfelharmonikusokon teszteltem.

Végiil ezt az elképzelést kiterjesztettem a szilardtest HHG-re is. A szildrd céltargyak
lehetoséget kinalnak anyagtulajdonsagok vizsgalatara, mikdzben szélessavi felharmonikus
sugarzast bocsatanak ki az infravorostol az ultraibolya tartomanyig. Az ELI ALPS
MIR lézere 1,5 optikai ciklus hossziisagi impulzusokat biztosit, amelyekkel a megfelelo
kristdlyban keltett harmonikusok erds CEP-érzékenységet mutatnak. A célom az volt,
hogy megmérjem ezt a CEP-fiiggést, és megvizsgaljam, vajon a gépi tanuldsi modszerek

alkalmazhatok-e itt is a CEP becslésére, hasonléan a gézfazisu esethez [T4].
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Eredmények

T1 Egy felhaszndléi kisérlet soran, Lundi egyetem kutatéival egyiittmiikodve, a mag-
asrendii felharmonikus generalas kozeghossziisag- és nyomasfiiggését vizsgaltuk. Ennek
keretében el6készitettem a nyalabvonalat, és gondoskodtam arrél, hogy minden alrendszer
optimalis kortlmények kozott miikodjon. Karakterizaltam a generalast végzo infravoros
impulzus idobeli és térbeli tulajdonsagait, valamint megmértem a keletkezo6 extrém ultrai-
bolya (XUV) sugarzas jellemz6it. A vélasztott gazcélpontokra optimalizaltam a generalasi
koriilményeket a fazisillesztés szempontjabol, a fokuszgeometria és a gaznyomas bedl-
litasaval. Részt vettem a kisérlet soran hasznalt gaz celldk tervezésében, valamint tesztel-
tem ezeket kisérleti koriilmények kozott. Az elokésziiletek részeként elézetes méréseket
is végeztem, hogy ellendérizzem a rendszer stabilitasat és teljesitményét. A kisérleti kam-
pany alatt segitettem a felhasznalokat a mérésekben, valamint tamogattam 6ket az adatok
kiértékelésében és értelmezésében.

Az eredmények megerositették, hogy a HHG hozama szempontjabdl egy rovid,
nagy nyomasu kozeg, valamint egy hosszi, alacsony nyomasu kozeg ekvivalens. Ez a
kozeghossz—nyomas Osszefliggés varhaté hiperbolikus viselkedése tehat igazolast nyert.
A modell nem tul érzékeny a lézer intenzitasara, amit a mérések is aldtamasztottak.
Ez kiilonosen fontos, hiszen ennek hianyaban a lézernyalab cellaba torténd csatolasabol
adddd energiaveszteséget a kiillonbozé cellak kozott nem lehetett volna kompenzalni.
Megerositést nyert az XUV-nyaldb profiljanak kiilonbsége is a kiilonb6z6 kozeghossztisa-
gok esetén.

Ezek a eredmények fontosak lehetnek 1j HHG-nyalabvonalak tervezésekor. Ha a ki-
men6 XUV-nyalab profiljanak mindsége kevésbé fontos, mint a nagy fotonfluxus, akkor a
rovid, nagy nyomasu gazsugarak elonyt jelenthetnek. Ennek megvaldsitasa egyszeriibb,
mint a gazcellas generalas, amely altalaban hosszabb fokuszalast igényel. Rovid kozeg
hasznalata az alacsonyabb rendelkezésre all6 lézerenergiaknal is jobb valasztas lehet. A
hosszu gazcelldk elénye ezzel szemben a jobb nyaldbmindség, a kisebb érzékenység a ny-
oméasingadozasokra, valamint az, hogy stabilabb generald kozeget és igy XUV forréast lehet

velitk kialakitani. Ezen eredmények a [P3]-as publikdciéban keriiletek bemutatésra.

T2 Teljeskorti karakterizdlast végeztem a pulzalé piezo gazszelepeken térben és idében
felbontva. Ezen gazforrasok a SYLOS GHHG Long és a SYLOS GHHG Compact nyalab-
vonalakon is alkalmazva vannak magasrendii felharmonikus keltési és spektroszképiai
kisérletekben. Az interferometrikus méréshez egy onallé gazkarakterizald végallomast
terveztem és épitettem, amely lehetové tette pontos részecskeszam mérését. Interferen-

ciaképeket szimulaltam le a varhato gazstiriiség-eloszlasokhoz, és olyan adatelemzé kodot
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fejlesztettem ki, amely pontos atomstiriiség-profilokat tudott visszanyerni. Az eljarast
kisérleti adatokkal hasonlitottam 6ssze, és meghizonyosodtam roéla, hogy az eljaras széles
kort mukodési feltételek mellett is alkalmazhaté. A rendszert ugy terveztem, hogy rugal-
mas legyen kiillonb6z6 geometriaju fuvokakhoz, példaul résfavokakhoz vagy sorban elhe-
lyezett tobb gazsugarhoz is, ezzel kiterjesztve jovobeli kisérletek és felhasznaloi igények

szamara. Ezen eredmény a [P1]-es publikdcioban talalhato.

T3 A gdzsugar részecskeszamanak térbeli és idébeli eloszldsat ellenériztem magashar-
monikus keltéssel. A kisérlethez kotodo HHG szimulacidkat futattam le felhasznalva az in-
terferometrikus technikaval szerzett eredményeket. A szimuldcidk kivald egyezést mutat-
tak a mért adatokkal, ezaltal megerdsitve a stirliség meghatarozasi modszer pontossagat
és meghizhatésagat. Ezzel parhuzamosan a keltett plazma fényerejét is vizsgaltam, mint
diagnosztikai eszkozt a gaznyomas esetleges valtozédsainak monitorozasara hosszan tarto
miikodés kozben. Ez a megkozelités praktikus, valos idejit monitorozasi lehetoséget adott,
amely lehet6vé teszi a lassi és gyors gazeloszlas valtozasok detektalasat a kisérlet megsza-

kitdsa nélkil. A mért eredmények 6sszevetése a [P1]-es pubikdciéban kertilt bemutatasra.

T4 Annak vizsgalatara, hogy a gépi tanuldssal magasrendii felharmonikus spektrumok-
bol a lézerforras vivoburkold fazisa meghatarozhato-e, szimuldcidkat végeztem gazfel-
harmonikusokra a SYLOS GHHG Long nyaldbvonal kisérleti feltételeinek megfelelo
koriilmények kozott. Ezutan egy gépi tanulasi modellt tanitottam be felharmonikus
spektrum—CEP pérok segitségével. Végiil olyan spektrumokon teszteltem a modellt,
amelyeket még nem latott a model a tanitds soran. Az eldrejelzések kis hibaval re-
produkaltdk a helyes CEP-értékeket, amely megerdsitette a mddszer érvényességét. A
dolgozat irasakor ilyen kisérletek az ELI ALPS-ban gazfazisit HHG esetében még nem
végezhetok el.

A szimulaciokon keresztiil bemutatatott eredményeket ezutan szilardtest magas har-
monikusokon keresztiil validaltam. FEgy dedikalt kisérleti berendezést terveztem és
épitettem, majd végrehajtottam a méréseket. Ez magaban foglalta a nyalabvonal bedl-
litasat és a HHG optimalizaldsat a stabil spektralis adatgytijtés érdekében. A mért spek-
trumokat részletesen elemeztem, és gépi tanulasi algoritmusokat alkalmaztam a mért
spektrumok és a lézer CEP kozotti osszefliggés feltarasara. Az eredmények igazoltdk a
modszer alkalmazhatosagat, és ramutattak arra, hogy ez online diagnosztikai eszkozként
is hasznalhaté a CEP monitorozasara. Robusztussaganak koszonhetéen a modszer alka-
lmazhaté nagyobb és Gsszetettebb HHG-nyalabvonalakban is, példaul a SYLOS GHHG
Long rendszeren, ahol a valds idejii CEP-kovetés hozzdjarulhat a kisérletek stabilitasdhoz

és reprodukélhatésidgahoz. Az eredmények a [P2]-es cikkben kertiltek publikalasra.
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