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Abstract

A high photon flux Extreme Ultra Violet (XUV) attosecond source in the

spectral region of 15−25 eV was developed utilizing laser driven gas phase high

harmonic generation under the implementation of IR loose focusing geometry.

The obtained intensities, unique in this XUV spectral range, allowed the

observation of multi-XUV-photon multiple ionization of noble gases through a

series of sequential and direct paths. Furthermore, an attosecond delay line,

based on a wavefront split device, capable of performing XUV pump - XUV

probe experiments was built and tested via the 2nd order intensity volume

autocorrelation; a technique for the temporal characterisation of attosecond

pulses. Finally, the perspective of inducing non-resonant strong field effects

in the XUV domain utilizing the developed harmonic source is discussed.
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Chapter 1

Introduction

1.1 A brief historical overview and motivation

When strong radiating fields interact with atoms, more than a single-photon

absorption or emission may occur. In his first paper in "Annalen der Physik"

in his "Annus mirabilis" year of 1905, Albert Einstein [Einstein, 1905] apart

from the concept of “energy quantum of light” ("Lichquanten"), he had also

mentioned the possibility of several photon absorption.

It was only after 26 years when Maria Göppert Mayer, Nobel laureate in

1963, with her dissertation in the University of Göttingen, focused on "two

quanta jumps" (Über Elementarakten mit zwei Quantensprünge) [Göppert-Mayer,

1931], clearly proposed a multiphoton process.

The first experimental observation, however, came 30 years later from

Voronov and Delone [Voronov and Delone, 1965] investigating multiphoton

processes in Xenon atoms induced by Ruby laser radiation.

The advent of intense lasers led to the realization of High Harmonic Generation

(HHG) sources [McPherson et al., 1987; Ferray et al., 1988; Kulander and

Shore, 1989; Lewenstein et al., 1994; Corkum and Krausz, 2007; Krausz and

Ivanov, 2009] in the late of 80s and subsequently to studies aiming at the

understanding of strong field laser-atom interactions [Keldysh, 1965; Faisal,

1



1.1. A brief historical overview and motivation

1973; Becker et al., 2002; Blaga et al., 2009].

Some years later the first experimental observation of multi-XUV-photon

processes was realized [Kobayashi et al., 1998] paving the way for nonlinear

optics in the XUV regime. In order to serve this purpose effort has been made

to generate intense XUV coherent light pulses with temporal duration in the

attosecond timescale either utilizing HHG [Sansone et al., 2011; Takahashi

et al., 2013; Nayak et al., 2018; Makos et al., 2020] or Free Electron Laser

(FEL) sources [Duris et al., 2020; Maroju et al., 2020].

Nonlinear XUV processes induced by high intensity attosecond pulses constitute

an ideal tool for investigating electron correlation phenomena and ultrafast

dynamics in atoms and molecules and contribute in validation of according

numerical models [Lin, 1995; Tanner et al., 2000; González-Castrillo et al.,

2020].

This work contributes to this research direction demonstrating multiple

multi-XUV- photon ionization processes induced by an attosecond harmonic

source and reporting all the details that led to this demonstration.

2



1.2. Aim of this thesis

1.2 Aim of this thesis

In the course of this thesis a high photon flux XUV beam line was developed

that enables the investigation of nonlinear XUV processes and sets the stage

for strong field studies in the XUV regime.

Thus, a 20 GW class XUV source with photon energies spanning from 15 eV

to 30 eV utilizing laser driven gas phase HHG is presented. Loose focusing

geometry for the IR driving field enables a higher number of emitters and

photons to contribute to the generation process while at the same time driving

intensities are kept below the saturation intensity of the generating medium.

The obtained intensities, unique in this XUV spectral range for HHG sources,

allowed the observation of multi-XUV-photon multiple ionization of noble gases

(Helium, Neon, Argon), an accomplishment that up to now was feasible only

with FEL sources. Numerical calculations for the case of Argon atoms allow

the determination of the dominant ionization pathway among a series of direct

and sequential ones.

All the aforementioned results further advance the implementation of XUV

pump - XUV probe experiments, and hence, an attosecond delay line, based

on a wavefront split device, capable of performing such experiments was built.

Exploiting the 2nd order nonlinear response induced by the XUV radiation,

Intensity Volume Autocorrelation (IVAC) traces have been recorded allowing

the temporal characterisation of the generated attosecond pulse trains.

Finally, with the developed intense XUV source we can induce non-resonant

strong field effects in the XUV regime and here we discuss the prospects as

well as the experimental obstacles of such an observation.

3



1.3. The context of this thesis

1.3 The context of this thesis

The layout of the thesis is organized as follows:

Chapter 1 is the introduction, presenting a brief historical overview along

with the aim this thesis.

Chapter 2 presents theoretical elements of laser-atom interaction introducing

necessary concepts for the description of the HHG process and aids to the

comprehensiveness of the obtained experimental results.

Chapter 3 is dedicated to the derivation of the high harmonic generation

spectrum utilizing low frequency radiation fields. Starting form the quasi

static tunneling ionization and continuing with multiphoton processes in the

frame of Strong Field Approximation (SFA), the Fourier Transform (FT) of the

laser induced dipole moment will eventually yield the harmonic spectrum.

Chapter 4 considers the harmonic generation process in a macroscopic

level. The phase matching conditions are examined not from theoretical point

of view but as a tool to optimize harmonic yield.

Chapter 5 presents step by step the gigawatt XUV beam line, the obtained

XUV pulse energy along with the unprecedented high conversion efficiency of

the HHG process. Additionally, a detailed description is given for the volume

autocorrelator apparatus, proving its capability to perform XUV pump - XUV

probe experiments.

Chapter 6 reports on the observation of multi-XUV-photon ionization of

noble gases. First Argon ionization up to charge state of 4 followed by numerical

calculations and afterwards, double ionization of Neon as well as two photon

ionization of Helium, are reported. The first and the last ionization schemes

have been also utilized for the temporal characterization of the Attosecond

Pulse Trains (APTs) via 2nd order IVAC.

Chapter 7 presents experimental efforts of observing non-resonant strong

field effects in Helium induced by XUV attosecond pulses. A perspective is

4



1.3. The context of this thesis

given on extending the investigation of strong field effects from the IR and

visible spectral regimes to the XUV domain.
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Chapter 2

Theoretical elements of laser-atom

interaction

In this chapter, we shall discuss some theoretical aspects of laser–atom

interactions for better comprehension of the HHG process along with some

obtained results in the course of this thesis. In strong field laser physics a

semi-classical approach is generally followed in which the laser field is treated

classically, while the atom is described quantum mechanically.

We start with the derivation of the Hamiltonian of a charged particle under

the effect of an electromagnetic field in section 2.1.

Afterwards, in section 2.2 we write down the Time-Dependent Shrödinger

Equation (TDSE) describing the interaction of an atomic system with an electro-

magnetic field, neglecting the relativistic effects, and introduce the dipole

approximation in section 2.2.1, adequate to investigate multiphoton processes

over a wide range of laser field intensities and frequencies. In section 2.2.2

we briefly describe the behavior of the TDSE under gauge transformations.

Finally, in section 2.3, the TDSE is solved explicitly for the simple case of

a “free” electron in a laser field to obtain the non-relativistic Gordon–Volkov

wavefunctions.

6



2.1. Hamiltonian for charged particles in electro- magnetic fields

2.1 Hamiltonian for charged particles in electro-

magnetic fields

In this section we present the derivation of the Hamiltonian of a particle

with charge q and mass m under the effect of an electromagnetic field [Bransden

and Joachain, 1983]. Starting from the Lorentz force

~F = m~̇v = q (~E +~v ×~B) , (2.1)

if we substitute the following expressions for the electric ~E and the magnetic

~B field, respectively, as a function of the vector potential ~A(~r , t ) and the scalar

potential φ(~r , t )

~E =−~∇φ− ∂~A

∂t
, (2.2)

~B = ~∇×~A , (2.3)

in Eq. 2.1 we get

mv̇i = q

(
−∇iφ− ∂Ai

∂t
+εi j k v j Bk

)
= q

(
−∇iφ− ∂Ai

∂t
+εi j kεklm v j∇l Am

)
= q

(
−∇iφ− ∂Ai

∂t
+ v j∇i A j − v j∇ j Ai

)
= q

(
−∇iφ+ v j∇i A j − d Ai

d t

)
. (2.4)

Rearranging the factors we end up with

d

d t

(
m~v +q~A

)= ~∇ (
q ~v~A−qφ

)
. (2.5)

Considering the Euler-Lagrangian equations of motion

d

d t

(
∂L

∂ẋi

)
− ∂L

∂xi
= 0 , (2.6)

7



2.1. Hamiltonian for charged particles in electro- magnetic fields

the Lagrangian function for a charged particle in an electromagnetic field is

given by

L = 1

2
mv2 +q ~v~A−qφ . (2.7)

Thus, the canonical momentum according to Lagrangian mechanics is defined

as

p can
i = ∂L

∂ẋi
= mvi +q Ai . (2.8)

Note that the canonical momentum 1, from now on ~p can ≡ ~p, is a conserved

quantity, while the kinetic momentum is equal to

~p ki n = m~v = ~p −q~A . (2.9)

Finally, since the Hamiltonian is defined by

H =
3∑

i=1
pi ẋi −L , (2.10)

thus the Hamiltonian of a charged particle q with mass m, excluding the spin

dependent terms is given by:

Ĥ = 1

2m

(
~p −q~A

)2 +qφ . (2.11)

1In next chapters canonical momentum expressed in atomic units (see Appendix B) will be
used ~pcan =~v −~A , where the elementary charge q =−e has been substituted.

8



2.2. Interaction of atoms with electromagnetic fields

2.2 Interaction of atoms with electromagnetic fields

In order to describe a hydrogenic atom in an electromagnetic field the

atomic potential V (~r ) has to be taken into account, i.e. the electrostatic

Coulomb potential V (~r ) =− Z e2

4πε0 r between the electron and the nucleus of atomic

number Z , where the elementary charge q =−e has been substituted. Treating

the electrostatic interaction as an additional term, while the radiation field

perturbing the atom is described in terms of the vector potential ~A, then the

wavefunction |ψ(~r , t )〉 will satisfy the TDSE

iħ ∂

∂t
|ψ(~r , t )〉 =

(
1

2m

(
p̂ +e~A

)2 −eφ− Z e2

4πε0 r

)
|ψ(~r , t )〉 . (2.12)

If we substitute the momentum operator in position representation p̂ =−iħ~∇,

the TDSE will become as follows

iħ ∂

∂t
|ψ(~r , t )〉 =

(
− ħ2

2m
∇2 − Z e2

4πε0 r
− iħ e

2m

(
~A ·∇+∇·~A)+ e2

2m
~A 2 −eφ

)
|ψ(~r , t )〉 . (2.13)

However, the vector and scalar potentials are not completely defined from

Eq. 2.2, 2.3 and therefore, the following substitutions

~A(~r , t ) → ~A′ = ~A+∇χ , (2.14)

φ(~r , t ) →φ′ =φ− ∂χ

∂t
, (2.15)

where χ(~r , t ) stands for an arbitrary differentiable scalar function, leave the

electric and the magnetic field unchanged. This property, called gauge invariance,

allows us to choose a convenient condition for vector potential ~A

∇·~A = 0 , (2.16)

9



2.2. Interaction of atoms with electromagnetic fields

known as Coulomb gauge. Furthermore, since we are dealing with electromagnetic

fields in empty space we shall also set the scalar potential φ= 0.

Now returning to TDSE from Eq. 2.13 using the Coulomb gauge (see Eq. 2.16)

we can write

∇(
~A |ψ〉)= ~A (∇|ψ〉)+ (∇·~A |ψ〉)= ~A (∇|ψ〉) , (2.17)

so that ~A, ∇ commute. Thus, TDSE after the Coulomb gauge implementation

reduces to

iħ ∂

∂t
|ψ(~r , t )〉 =

(
− ħ2

2m
∇2 − Z e2

4πε0 r
− iħ e

m
~A ·∇+ e2

2m
~A 2

)
|ψ(~r , t )〉 . (2.18)

Finally, we can rewrite it in a more compact form

iħ ∂

∂t
|ψ(~r , t )〉 = (

Ĥ0 + Ĥi nt (t )
) |ψ(~r , t )〉 , (2.19)

where

Ĥ0 =− ħ2

2m
∇2 − Z e2

4πε0 r
, (2.20)

is the time-independent filed free Hamiltonian, describing the single-electron

atom in the absence of external fields, and

Ĥi nt =−iħ e

m
~A(~r , t ) ·∇+ e2

2m
~A 2(~r , t ) , (2.21)

the Hamiltonian describing the interaction with the radiation field.

We should stress that through this section we have neglected relativistic

effects as well as small effects due to the interaction between the nucleus and

the electromagnetic field and also consider the nucleus as the origin of the

coordinates.

10



2.2. Interaction of atoms with electromagnetic fields

2.2.1 Dipole approximation

Considering now the case of laser-atom interaction, the wavelength λ of

the laser field, (in the Infrared (IR), visible, Vacuum Ultraviolet (VUV) spectral

range but not for X-rays ) is orders of magnitude larger as compared to the

size of the investigated atomic system, thus the wavevector multiplied by the

Bohr radius |~k| α0 ¿ 1.

For an atom whose nucleus is located at the position ~r0 expanding the

exponential term as series we get

e i~k·(~r−~r0) = 1+ i~k · (~r −~r0)+ 1

2

(
i~k · (~r −~r0)

)2 + ... . (2.22)

An approximation can be made by keeping only the first term, known as dipole

approximation, i.e neglecting the spatial variation of the radiation field across

the atom.

Now returning to the vector potential ~A 2, the vector potential becomes

spatially homogeneous ~A(~r0, t ) ⇒ ~A(t ), expressed only as a function of time.

Consequently, the Coulomb gauge is now automatically satisfied. As a result

the TDSE under the dipole approximation reads as

iħ ∂

∂t
|ψ(~r , t )〉 =

(
− ħ2

2m
∇2 − Z e2

4πε0 r
− iħ e

m
~A(t ) ·∇+ e2

2m
~A(t ) 2

)
|ψ(~r , t )〉 . (2.23)

This property, of gauge invariance allows us to simplify the TDSE by choosing

the appropriate gauge.

2A monochromatic plane wave solution, refereed as normal mode, satisfies the Coulomb
gauge apart from the rather exotic case of longitudinal waves. However, dealing with laser
pulses, described as a superposition of normal modes, both in frequency and spatial domain,
we cannot conclude that Coulomb gauge is fulfilled.

11



2.2. Interaction of atoms with electromagnetic fields

2.2.2 Gauge invariance of the Schrödinger equation

The TDSE written in Eq. 2.13 remains unchanged under the quantum

mechanical gauge transformation for the scalar potential φ(~r , t ) and the vector

potential ~A(~r , t ) introduced in Eq. 2.14 and 2.15, respectively, as well as for

the wavefunction

ψ(~r , t ) →ψ′ = e− i e
ħ χ(~r ,t ) ψ , (2.24)

where χ(~r , t ) stands for an arbitrary differentiable scalar function. The new

wavefunction ψ
′
(~r , t ) satisfies the equation

iħ ∂

∂t
|ψ′(~r , t )〉 =

(
− ħ2

2m
∇2 − Z e2

4πε0 r
− iħ e

2m

(
~A′ ·∇+∇· ~A′

)
+ e2

2m
~A′ 2 −eφ′

)
|ψ′(~r , t )〉 .

(2.25)

Length gauge

Within the dipole approximation (i.e neglecting the spatial variation of the

radiation field across the atom, shown in section 2.2.1) by implementing

χ(~r , t ) =−~A(t ) ·~r . (2.26)

performing the gauge transformations we get for the potentials

~A′ = 0 , φ′ =−~E(t ) ·~r . (2.27)

while the wavefunction transforms as

|ψL(~r , t )〉 = e
i e
ħ ~A(t )·~r |ψ(~r , t )〉 . (2.28)

The new wavefunction ψL(~r , t ) satisfies the TDSE

iħ ∂

∂t
|ψL(~r , t )〉 = [

Ĥ0(t )+e~E(t ) ·~r ] |ψL(~r , t )〉 , (2.29)

12



2.2. Interaction of atoms with electromagnetic fields

which is said to be in the length gauge because the interaction Hamiltonian

couples the electric field ~E(t ) to the operator ~r .

Ĥ L
i nt (t ) = e~E(t ) ·~r =−~E(t ) ·~D , (2.30)

where we have introduced the electric dipole moment operator of the atom

~D =−e~r .

Velocity gauge

Now using the following function

χ=− e

2m

∫ t

−∞
~A 2(t ′) d t ′ . (2.31)

the gauge transformation yields

~A′ = ~A , φ′ = e

2m
~A 2(t ) . (2.32)

for the potentials, while the new wavefunction reads as

|ψV (~r , t )〉 = exp

(
i

ħ
e2

2m

∫ t

−∞
~A 2(t ′) d t ′

)
|ψ(~r , t )〉 . (2.33)

The obtained TDSE satisfied by the new wavefunction ψV (~r , t ), still under

dipole approximation, will be

iħ ∂

∂t
|ψV (~r , t )〉 =

[
Ĥ0(t )+ e

m
~A(t ) ·~p

]
|ψV (~r , t )〉 . (2.34)

which is said to be in the velocity gauge, since this time the interaction

Hamiltonian

ĤV
i nt (t ) = e

m
~A(t ) ·~p , (2.35)

couples the vector potential ~A(t ) to the operator ~p/m.
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2.3. Gordon- Volkov solutions

2.3 Gordon- Volkov solutions

Considering now the case of a "free" electron in the presence of a laser

field, by dropping the atomic potential term (i.e. V (~r ) = 0), the TDSE in velocity

gauge (Eq. 2.34) will reduce to

iħ ∂

∂t
X V (~r , t ) =

(
p̂2

2m
+ e

m
~A(t ) · p̂

)
X V (~r , t ) . (2.36)

The exponential e i~k·~r is an eigenfunction of momentum operator p̂ with eigenvalue

ħk. Therefore, we plug the following Ansatz

X V
~k

(~r , t ) = (2π)−3/2 e i~k·~r f~k (t ) , (2.37)

into the Eq. 2.36 and solving the first-order differential equation we obtain

f~k (t ) =C exp
{
−i Ek t/ħ− i~k ·~α(t )

}
, (2.38)

where C is a constant and Ek = ħ2k2

2m is the kinetic energy acquired by the

electron and

~α(t ) = e

m

∫ t

−∞
~A(t ′) d t ′ , (2.39)

is the displacement vector of a classical electron from its oscillation center

due to its quiver motion in the laser field. Substituting the above function

into Eq. 2.37 we obtain the Gordon-Volkov wavefunction in velocity gauge

X V
~k

(~r , t ) = (2π)−3/2 exp
{

i~k · [~r −~α(t )]− i Ek t/ħ
}

. (2.40)

The Gordon–Volkov wavefunction [Gordon, 1926; Volkov, 1935] is a “dressed”

free-particle wavefunction which describes the superposition of the quiver

motion of the electron in the laser field with a drift of constant momentum

ħ~k and energy Ek.
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2.3. Gordon- Volkov solutions

According to Eq. 2.24 and 2.31 the Gordon-Volkov solution of the untransformed

TDSE is

X~k (~r , t ) = (2π)−3/2 exp

{
i~k · [~r −~α(t )]− i

ħEk t − i

ħ
e2

2m

∫ t

−∞
~A 2(t ′) d t ′

}
, (2.41)

while in length gauge using Eq. 2.24 and 2.26 it takes the form

X L
~k

(~r , t ) = (2π)−3/2 exp

{
i

e

ħ
~A(~r , t ) ·~r + i~k · [~r −~α(t )]− i

ħEk t − i

ħ
e2

2m

∫ t

−∞
~A 2(t ′) d t ′

}
= (2π)−3/2 exp

{
i

ħ
[
ħ~k +e~A(t )

]
·~r − i

2mħ
∫ t

−∞

[
ħ~k +e~A(t ′)

]2
d t ′

}
. (2.42)

These states are usually interpreted as photon–dressed electron states,

containing all virtual interactions between the free electron and the photons.

However, no real transitions are involved, since a free electron cannot absorb

real photons due to energy and momentum conservation.

We will use Gordon-Volkov states in section 3.2 within the low frequency

SFA to calculate the approximate ionization rates.
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Chapter 3

Intense laser-atoms interaction in

the low frequency regime

This chapter is dedicated also to the intense laser-atom interaction and

describes the case of the low frequency regime, where the photon energy is

much smaller than the atomic potential. In this regime when the intensity

is sufficiently high, the Coulombic potential is severely distorted, forming a

time dependent barrier, and hence an electron can escape above the barrier

or tunnel through it.

First in section 3.1 we introduce the well known Keldysh parameter, a

dimensional parameter to quantify when the adiabatic approximation is valid.

In the next section 3.2 continuing in low frequency regime, we treat the

electric field as quasi-static since is oscillating with low frequency during the

ionization process. Consequently, the tunneling rate can be treated, in the

appropriate limit, as the DC tunneling ionization rate averaged over a single

period of the field. In this regime, it is appropriate to make use of the SFA

(section 3.3) in which one assumes that an active electron, after having been

ejected, interacts only with the laser field and not with its parent core.

Finally in section 3.4 we present the harmonic spectrum, which has been

the motivation for this chapter. The spectrum is obtained by performing the

FT of the laser induced atomic dipole moment.
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3.1. The Keldysh - adiabaticity parameter

3.1 The Keldysh - adiabaticity parameter

A proper description of atoms in strong laser fields should consider an

interplay between the field strength, the photon energy (ħω) as well as the

ionization potential (Ip ) of the investigated atom 1.

The field strength is expressed though the ponderomotive energy Up which

is equal to the mean kinetic energy acquired by a free electron oscillating in

the laser field

Up = 〈1

2
mẋ2〉 = 〈1

2
m

(
qE0

mω

)2

si n2(ωt )〉 = e2E0
2

4mω2
. (3.1)

A useful expression for the numerical evaluation of Up reads as

Up = 0.0933 · I

[
W

cm2

]
·λ2 [m] (3.2)

For high frequency fields, without strong intensities ħω > Ip À Up or Ip >
ħω À Up the non-vanishing Low Order Perturbation Theory (LOPT) can be

applied. The interaction of the XUV radiation with atoms in the framework

of this work lies in this regime and treated accordingly i.e. 20 eV photon

energy with intensity 1.5× 1015 W /cm2 leading to Up = 0.5 eV interacting with

Helium atoms of Ip = 24.58 eV .

Now if we increase the laser intensity and use photon energies smaller than

the binding energy of the initial state, i.e. low frequency regime, such as Ip >
Up >ħω (see Table 3.1), non-perturbative effects occur i.e. in Above Threshold

Ionization (ATI) or channel closing [Becker et al., 2002]. This regime is referred

to as non-perturbative Multiphoton Ionization (MPI) 2. We should note that

in both two cases, the photon aspects of the radiation prevails during the

1The pulse duration of the laser field plays also an important role. One implication of the
temporal distribution of the laser fields is discussed in section 3.2, investigating Xenon atoms
in Fig. 3.6.

2MPI can also occur in the perturbative regime along with the ATI or channel closing
process.
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3.1. The Keldysh - adiabaticity parameter

interaction leading to multiphoton processes.

Increasing the intensity further or decrease more the photon energy, still

in the low frequency regime, the inequality becomes Up > Ip > ħω (see Table

3.1). Here, the field aspect dominates and the electron can escape either

through the distorted atomic potential or may escape classically over the

barrier, refereed to as Tunneling Ionization (TI) and Over the Barrier Ionization

(OBI), respectively. Since the radiation field oscillates slowly comparing to

ionization dynamics, a quasi static field ionization picture can be applied. In

this regime the SFA is made, which also provides the framework to describe

the HHG process, presented in section 3.3.

In order to define how low should be the angular laser frequency for the

adiabatic approach to be valid, Keldysh defined a dimensionless parameter

equal to [Keldysh, 1965]

γ= ω
√

2Ip

E
=

√
Ip

2Up
, (3.3)

where ω stands for the angular frequency, E for the amplitude of the field,

and Ip for the ionization potential of the atom. Another expression for the

Keldysh parameter with more physical intuition could be the ratio of the time

the electron tunnels out of the barrier divided by the laser period.

Table 3.1: Keldysh- adiabaticity parameter for 800 nm and 62 nm oscillating
field interacting with Argon atoms (Ip = 15.76 eV ).

ħω [eV] Intensity [W /cm2] Up [eV] γ

1.55 1013 0.597 3.63

1.55 1014 5.97 1.15

1.55 1015 59.7 0.363

20 1015 0.359 4.69

20 1017 35.9 0.469
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3.1. The Keldysh - adiabaticity parameter

According to the values of this parameter we distinguish the MPI regime

for γ > 1 and the TI regime for γ < 1. However, the tunneling rates derived in

the next chapter (Eq. 3.34, 3.35) is safer to be used when γ¿ 1 where the

adiabatic approximation is valid [Popov, 2004].

Figure 3.1: The laser-atom interaction regimes. For an adiabaticity - Keldysh
parameter larger than unity γ> 1 the photon aspect of the interaction prevails
leading to MPI. When on the other hand it is lower than unity γ < 1 the field
aspect dominates, the field modifies the atomic potential forming oscillating
barriers and the process is initiated through TI or OBI. The figure has been
reproduced Orfanos et al. [2020].

Over the barrier ionization

If the field strength reaches a critical value, the electron may escape classically

over the barrier and this scenario is referred to as OBI. We can determine

this critical field strength and obtain the barrier suppression intensity IBS,

following a classical approach.

Assuming a static electric field along z-direction, the potential energy of

an active electron in this static electric field expressed in the length gauge, as
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3.1. The Keldysh - adiabaticity parameter

derived in Eq. 2.29 will be given by

V (ρ, z) =− Z√
ρ2 + z2

+E · z , (3.4)

expressed in atomic units (see Appendix B) and cylindrical coordinates (ρ,φ, z).

The classical motion of this electron will be restricted in a region where

Etot ≥V (ρ, z), where Etot = 1
2 ṙ 2 +V (ρ, z) corresponds to the total kinetic energy 3.

For ρ = 0 the potential energy presents a maximum at

zb =−
√

Z

E
. (3.5)

At this saddle point

V (ρ = 0, zb) =−2
p

Z E . (3.6)

Now setting the maximum of the potential energy equal to ionization potential

Ip, we can determine the critical electric field strength at which the electron

may escape over the barrier

−2
p

Z E
!=−Ip ⇒ EOB I =

Ip
2

4 Z
. (3.7)

A more useful formula would define the corresponding intensity over which

OBI occurs

IBS = Ip
4

16 Z 2
, (3.8)

with Ip the ionization potential energy and Z the ion charge, i.e. for single

ionization Z = 1.

At this point we should stress that for the determination of the critical field

strength we have assumed that the applied electric field does not change the

3The classical motion of an electron in central potentials contains an additional φ

dependent term and thus the inequality should be Etot ≥ Ve f f = L2

2r 2 +V (ρ, z). However, here
we refer to the case when the angular momentum barrier, which repels the electron from
z-axis, is set to be zero.
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3.1. The Keldysh - adiabaticity parameter

ionization potential significantly.
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3.2. Quasi-static tunneling ionization

3.2 Quasi-static tunneling ionization

3.2.1 Atoms in strong static fields

Working in the low frequency regime for strong laser fields, ionization

process can be treated as if the laser field were quasi-static. Therefore, in

this section we simplify the problem considering the external electric field to

be static.

Nevertheless, the following analysis describing the interaction with atoms

in strong static fields is useful for atoms in laser fields too and it will be

used for the derivation of tunneling rate [Landau et al., 1977; Bisgaard and

Madsen, 2004; Bauer, 2006].

Assuming a static electric field, ~E = E ẑ the Hamiltonian under the length

gauge transformation and the dipole approximation reads in atomic units as

(see Eq. 2.29) :

Ĥ = p̂2

2
+Ve f f , where Ve f f =−Z

r
+E · z . (3.9)

Figure 3.2: The Ve f f describes the tilted Coulomb potential.

22



3.2. Quasi-static tunneling ionization

Using parabolic coordinates (ξ,η,φ) 4

ξ= r + z , η= r − z , φ= ar ct an
( y

x

)
(3.10)

the Hamiltonian can be written as

Ĥ =− 2

ξ+η
[
∂ξ

(
ξ∂ξ

)+∂η (
η∂η

)]− 1

2ξη
∂2
φ−Z

2

ξ+η +E
ξ−η

2
. (3.11)

Substituting the Ansatz

ψ= f1(ξ) f2(η) e i mφ , (3.12)

with f1,2 functions of each coordinate and m the magnetic quantum number,

into the Schrödinger Equation (SE) Ĥψ= Eψ, the latter can be decoupled into

two equations {
−1

2

(
d 2

d 2ξ
+ 1

ξ

d

dξ
− m2

4ξ2

)
− Z1

2ξ
+ E

8
ξ

}
f1 = E

4
f1 , (3.13)

{
−1

2

(
d 2

d 2η
+ 1

η

d

dη
− m2

4η2

)
− Z2

2η
− E

8
η

}
f2 = E

4
f2 . (3.14)

where we have multiplied with ξ+η
2 , divided by ψ (see Eq. 3.12) and subsequently

by 2ξ and 2η the two decoupled equations, respectively. Thus, we get two new

SE with potentials

Vξ =−Z1

2ξ
+ E

8
ξ , (3.15)

and

Vη =−Z2

2η
− E

8
η . (3.16)

with Z1 +Z2 = Z .

For E = 0 i.e. absence of the electric field, both Eq. 3.13 and 3.14 are

identical. Assuming E > 0 and since ξ,η > 0; Vξ has only bound states and

is referred to as "uphill" potential. On the other hand, Vη displays a barrier,

4The Cartesian coordinates in terms of the parabolic ones are: x = √
ξη cosφ , y =√

ξη si nφ , z = 1
2 (ξ−η)
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3.2. Quasi-static tunneling ionization

as depicted in Fig. 3.3, and is referred to as as "downhill" potential. Hence,

in parabolic coordinates ionization occurs in η direction while the electron

remains confined in ξ.

Figure 3.3: The "uphill" Vξ and "downhill" Vη potentials.

3.2.2 Tunneling ionization under static electric fields

Considering the "downhill" potential we treat the electron motion through

the barrier semi-classically. The electron is initially is in the ground state of

an atomic hydrogen |1s〉. Thus, the SE (Eq. 3.14) for m = 0, Z2 = 1/2, E = −1/2

takes the form (in atomic units)

[
−1

2

(
d 2

d 2η
+ 1

η

d

dη

)
− 1

4η
− E

8
η

]
f2 =−1

8
f2 , (3.17)

making the substitution

f2(η) = χ(η)p
η

, (3.18)

the SE (Eq. 3.17) reads as

− 1

2

∂2 χ(η)

∂ η2
− 1

2

(
1

2η
+ 1

4η2
+ 1

4
Eη

)
χ(η) =−1

8
χ(η) . (3.19)

Comparing with

− 1

2

∂2 χ(η)

∂ η2
+V (η) χ(η) = ε χ(η) , (3.20)
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3.2. Quasi-static tunneling ionization

it is evident that the electron motion is governed by the one-dimensional

effective potential

V (η) =−1

2

(
1

2η
+ 1

4η2
+ 1

4
Eη

)
, (3.21)

while the total energy is equal to

ε=−1

8
. (3.22)

Wentzel- Kramers- Brilluin approximation

The problem is treated semi-classically under the Wentzel- Kramers- Brilluin

(WKB) approximation i.e. considering a slow spatially varying potential meaning

that the variation interval in space is very large compared to the de Broglie

wavelength λ= h
p(x) .

Figure 3.4: Tunneling in the WKB approximation. The potential is considered
to be wide and smooth, while the energy ε is smaller than the height of the
barrier. The amplitude of the incident wave is denoted with A, of the reflected
with B and of the transmitted with F , respectively.

In the framework of WKB approximation we consider an incident wave,

a reflected and a transmitted wave with corresponding amplitudes A, B , F ,

respectively as depicted in Fig. 3.4. The probability flux that goes through

the barrier is expected to be small |A| ' |B |, while for ηÀ b there is only the

outgoing wave with amplitude F .

The transmitted right-moving wave in the classically allowed region will be

given by

χtr (η) = F√
p(η)

exp

(
i
∫ η

b
p(η′) dη′− i

π

4

)
, ηÀ b , (3.23)
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3.2. Quasi-static tunneling ionization

with

p(η) =
√

2
[
ε−V (η)

]
. (3.24)

The phase term e−iπ/4 corresponds to a phase change for passing from the

classically forbidden to the classically allowed region. If we expand the exponential

term according to Euler’s formula, we can match the sinusoidal term with an

exponential that grows as we move to the left of η = b, corresponding to the

classically forbidden region

χbar (η) =− i F√|p(η)| exp

(∫ b

η
|p(η′)| dη′

)
, a ¿ η¿ b . (3.25)

We note that the momentum under the barrier is purely imaginary. Then, we

can refer this solution to the point η= a by changing the integral limits

χbar (η) =− i Feγ√|p(η)| exp

(
−

∫ η

a
|p(η′)| dη′

)
, a ¿ η¿ b . (3.26)

where γ= ∫ b
a |p(η′)| dη′ . Now since the solution is a pure decaying exponential

to the right of η = a the solution to the left of η = a is accurately determined

and given by a phase-shifted cosine function

χ(η) =−2i F eγ√
p(η)

cos

(∫ a

η
p(η′) dη′− π

4

)
, η< a . (3.27)

This expression is a superposition of two waves, an incident on the barrier

and a reflected from that, as shown in Fig.3.4. The incident wave would be

χi nc (η) =− i F eγ√
p(η)

exp

(
−i

∫ a

η
p(η′) dη′+ i

π

4

)
, η< a . (3.28)

At this point we should note that the semi-classical approach is bound to fail

at turning points a,b because ε = V (η) and hence λ → ∞. Thus, the slowly

spatial variation of the potential comparing to wavelength is not valid any

more.
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3.2. Quasi-static tunneling ionization

The transmission coefficient T will be given by the the ratio of the transmitted

probability current over the incident probability current

T = probability current of χtr

probability current of χi nc
= e−2γ . (3.29)

Landau rate for atomic hydrogen and a more general formula

For atomic hydrogen, as we have considered from the beginning of this

section, the rate of tunneling ionization can be calculated by

ΓDC ' 4

E
exp

(
− 2

3E

)
. (3.30)

This is the Landau rate [Landau et al., 1977] for tunneling ionization of atomic

hydrogen from the ground state. The tunneling rate does not depend on the

direction of the field since the initial state acquires spherical symmetry.
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Figure 3.5: Landau rate for atomic hydrogen.

The extension of Eq. 3.30 to arbitrary bound states and non-hydrogenic

systems can be obtained under the Single active electron (SAE) approximation,

assuming that the electron–core interaction is Coulombic in the vicinity of

turning points and neglecting electron correlation effects. As a result, it is

allowed to take the continuity between the wavefunction under the barrier

and the unperturbed wavefunction of the initial bound state, neglecting the

Stark shift.
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3.2. Quasi-static tunneling ionization

A general formula for tunneling ionization rate applying a static electric

field is [Smirnov and Chibisov, 1966]

ΓDC =C 2
as A(l ,m)

κ2

2

(
2κ3

E

)2n∗−|m|−1

exp

(
−2κ3

3E

)
, (3.31)

where

A(l ,m) = (2l +1)

2|m||m|!
(l +|m|)!

(l −|m|)!
, n∗ = Z

κ
= Z√

2Ip
, (3.32)

and l ,m the azimuthial and magnetic quantum numbers respectively while

the n∗ denotes the effective principal quantum number.

The asymptotic coefficient is given according to Hartree [Hartree, 1928] by

Cas '
[

22n∗

n∗(n∗+ l )! (n∗− l −1)!

]1/2

. (3.33)

3.2.3 Tunneling ionization for low frequency fields

For slowly oscillating laser fields the adiabatic approximation is still valid,

i.e. the time the electron spends to tunnel through the barrier is much shorter

than an optical period. As a result the instantaneous ionization rate can be

obtained by inserting E(t ) = E0 cos(ωt ) in the Eq. 3.31, obtained for a static

field.

Taking the cycle averaged rate, which is the observed one, we end up for a

linear polarized monochromatic laser field to the Perelomov- Popov- Terent’ev

(PPT) formula which was first introduced in 1966 [Perelomov et al., 1966]

ΓPPT '
(

3E0

πκ3

)1/2

ΓDC . (3.34)

However, the most commonly used tunneling formula is the so called Ammosov–

Delone– Krainov (ADK) formula [Ammosov et al., 1986]

ΓADK =C 2
ADK A(l ,m)

κ2

2

(
3E0

πκ3

)1/2 (
2κ3

E

)2n∗−|m|−1

exp

(
−2κ3

3E

)
, (3.35)
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3.2. Quasi-static tunneling ionization

with

C ADK =
[

1

2πn∗

(
4e2

n∗2 − l∗2

)n∗ (
n∗− l∗

n∗+ l∗

)l∗+1/2
]1/2

, (3.36)

and quantum number l being replaced by l∗ = n∗−1.

Utilizing the above formula the ionization probability

ρ = 1−exp

(
−

∫ +∞

−∞
w(t )d t

)
, (3.37)

of Xenon is depicted in Fig. 3.6
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Figure 3.6: Calculation of ionization rate using time dependent ADK formula
for Xenon gas and laser pulse intensity (a) IL = 0.3× 1014 W /cm2 and (b) IL =
0.5×1014 W /cm2, in both cases τL = 9 To. The barrier suppression intensity for
Xenon without considering the AC Stark effect of the bound states [Delone
and Krainov, 1998] is equal to IBS = 8.65×1013 W /cm2.

As we discussed in section 3.1 increasing the the field intensity and therefore

the ponderomotive potential has an upper limit set by the depletion of the

medium. Indeed, a laser pulse acquires a temporal distribution, usually

Gaussian. Thus, increasing the intensity, after a certain point ionization

occurring at the leading edge of the pulse depletes the medium before the

top of the pulse will reach the medium [Lambropoulos, 1985], as depicted in

Fig. 3.6b.

This effect sometimes referred to as ‘The Lambropoulos curse’ [Agostini

et al., 2012], because it invalidated as unrealistic several fascinating effects

predicted in high intensity laser-matter interactions in the 80’s.
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3.3. Multiphoton processes in the SFA & HHG

3.3 Multiphoton processes in the SFA & HHG

In this section we will describe interactions of strong laser fields with atoms

in the low frequency regime. In this regime is appropriate to make the so

called SFA, where the influence of the atomic potential on an ionized electron

is either neglected, so that the electron quivers only under the effect of laser

field, or the potential treated as a perturbation.

Hence, the ionization amplitude can be described by a transition from the

initial ground state of the atom to a final Gordon–Volkov state. The SFA is

important since it provides a framework to understand the physical origin of

the processes, embodied in the semi-classical three step model, which was

introduced by Lewenstein et al. [1994].

3.3.1 Laser induced atomic dipole moment in SFA

For an atom described within the SAE approximation the Hamiltonian is

given by

Ĥ(t ) = Ĥ0 + Ĥi nt (t ) , (3.38)

with Ĥ0 the unperturbed Hamiltonian and Ĥi nt (t ) the interaction. It is convenient

to introduce a Hamiltonian governing the "free" electron in the laser field

ĤF (t ) := Ĥ(t )− V̂ = K̂ + Ĥi nt (t ) , (3.39)

where V̂ is atomic potential , K̂ = p̂
2 the kinetic energy operator, expressed in

atomic units. The solution of TDSE expressed in terms of an integral equation

involving the evolution operator reads as

|ψ(t )〉 = |φ0(t )〉− i
∫ t

t0

d t ′ U (t , t ′)Hi nt (t ′) |φ0(t ′)〉 . (3.40)
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3.3. Multiphoton processes in the SFA & HHG

The laser field is applied at time t0 interacting with the ground state |φ0(t0)〉 =
|ψ0〉e−iE0t0. U (t , t ′) stands for the evolution operator and |ψ0〉 is the eigenstate

of the unperturbed Hamiltonian

H0 |ψ0〉 = E0 |ψ0〉 , with E0 =−Ip . (3.41)

However, it is not possible to obtain exact expressions for this operator,

thus, we will work in analogy to perturbation theory. In that case, the evolution

operator U (t , t ′) can be expanded as a series and each term expressed in terms

of the laser-atom interaction Hamiltonian Hi nt (t ) and the evolution operator

U0(t , t ′) of the unperturbed Hamiltonian H0.

For intense low frequency laser fields the atomic potential is treated as a

perturbation, and hence usually referred to as Strong Field perturbation. This

appropriate expansion reads as

U (t , t ′) =UF (t , t ′)− i
∫ t

t ′
d t ′′ UF (t , t ′′) V̂ U (t ′′, t ′) , (3.42)

with UF (t , t ′) stands for the Gordon-Volkov evolution operator and satisfies the

equation

iħ ∂

∂t
UF (t , t ′) = ĤF (t ) UF (t , t ′) , (3.43)

where the ĤF (t ) denotes the Hamiltonian governing the "free" electron in the

laser field (see Eq. 3.39). Now if we take an iteration

U (t , t ′) =
+∞∑
n=0

U
(n)

(t , t ′) , (3.44)

we can obtain the solutions in the form

|ψ(t )〉 = |φ0(t )〉+
+∞∑
n=0

|ψ(n)(t )〉 . (3.45)

The first term |φ0(t )〉 is simply the time evolved initial ground state. The second

term |ψ(0)(t )〉, for n = 0, describes the direct ionization contribution to the state
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3.3. Multiphoton processes in the SFA & HHG

vector |ψ(t )〉
|ψ(0)(t )〉 = |φ0(t )〉− i

∫ t

t0

d t ′ UF (t , t ′) ·Hi nt (t ′) |φ0(t ′)〉 . (3.46)

where we have used the the Gordon–Volkov evolution operator resulted from

Eq 3.44 for n = 0 U
(0)

(t , t ′) =UF (t , t ′).

Equation 3.46 represents the process whereby the initial state interacts

with the laser field at time t ′ and forms a superposition of Gordon–Volkov

states

For n ≥ 1 the superposition of Gordon-Volkov states evolve according to the

operator UF (t , t ′) and and interacts with its parent core at time tn−1, interpreting

each interaction as a recollision event.

Accordingly, the ionization amplitude after the laser-atom interaction takes

the forms of

T f 0 =
+∞∑
n=0

T
(n)
f 0 . (3.47)

Now if we set n = 0, we get the SFA transition amplitude corresponding only to

direct ionization

T
SF A
f 0 = T

(0)
f 0 = 〈φ f (t )|ψ(0)(t )〉 =−i

∫ t

t0

d t ′ 〈X~p (t ′)| ·Hi nt (t ′) |φ0(t ′)〉 , (3.48)

where 〈φ f (t )| is a continuum eigenstate of Ĥ0 and 〈X~p (t ′)| the Gordon-Volkov

state.

The SFA ionization transition amplitude describes a transition from the

initial ground state |φ0(t )〉 to a final Gordon- Volkov state.

An electron is in a field free ground state |ψ0〉 until time t0 when the laser

field is applied. Subsequently, the electron is detached from the atom and

propagates as a “free” particle only under the interaction of the laser field. At

time t after the field is no longer applied, the electron wavepacket will acquire

a drift momentum k f .

We should stress that this amplitude, does not include any recollision

process taking only the initial ground state and neglects the atomic bound
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3.3. Multiphoton processes in the SFA & HHG

states i.e. not including Resonantly enhanced Multiphoton Ionization (REMPI).

Furthermore, the non- ponderomotive AC Stark shift originating from dressing

the bound state by the laser field is also neglected.

In this framework the dipole expectation value of a single atom in length

gauge will be given by

~DL(t ) =−〈ψ(0)(t )| r̂ |ψ(0)(t )〉 (3.49)

=−〈φ0(t )| r̂ |φ0(t )〉

+ i
∫ t

t0

d t ′ 〈φ0(t )| r̂ ·U L
F (t , t ′) ·H L

i nt (t ′) |φ0(t ′)〉

− i
∫ t

t0

d t ′ 〈φ0(t ′)|H L
i nt (t ′) ·U L

F (t ′, t ) · r̂ |φ0(t )〉

− i
∫ t

t0

d t ′
∫ t

t0

d t ′′ 〈φ0(t ′)|H L †
i nt (t ′) ·U L

F (t ′, t ) · r̂ ·U L
F (t , t ′′) ·H L

i nt (t ′′) |φ0(t ′′)〉 , (3.50)

where H L
i nt (t ′) stands for the interaction Hamiltonian and U L(t ′, t ) for the Gordon-Volkov

evolution operator, respectively, both expressed in length gauge.

The first term vanishes for a spherically symmetric binding potential, since

r̂ acquires odd parity. The second and its complex conjugate third term

describe ionization (H L
i nt (t ′)), propagation (U L(t ′, t )), and recombination (r̂ ) in

different time-ordering. These terms describe the emission of high harmonic

generation. Furthermore, the last term can be neglected since it refers to

continuum- continuum transitions. Therefore, the dipole moment becomes

~DL(t ) = i
∫ t

t0

d t ′ 〈φ0(t )| r̂ ·U L
F (t , t ′) ·H L

i nt (t ′) |φ0(t ′)〉+ c.c. . (3.51)

The Gordon-Volkov operator in length gauge from the above expression reads

as

U L
F (t , t ′) =

∫
d 3~p |X L

~p (t )〉 〈X L
~p (t ′)| , (3.52)

and the Gordon-Volkov wavefunction is given by Eq. 2.42 expressed in atomic
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3.3. Multiphoton processes in the SFA & HHG

units

|X L
~p (t )〉 = exp

(
− i

2

∫ t

t0

d t ′′
[
~p +~A(t ′′)

]2
)
|~p +~A(t )〉 , (3.53)

where ~p the canonical momentum (see Eq. 2.8) and ~A the vector potential (see

Eq. 2.2).

For |φ0(t )〉 = |ψ0〉e i Ip t and H L
i nt (t ) = ~E(t ) ·~r we get the final expression for the

dipole moment

~D(t ) = i
∫ t

t0

d t ′
∫

d 3~p 〈ψ0| r̂ |~p +~A(t )〉 〈~p +~A(t ′)|~E(t ′) · r̂ |ψ0〉 e−i S(~p,t ,t ′) + c.c. . (3.54)

The semi-classical action (or modified action) 5 was used in above expression

S(~p, t , t ′) =
∫ t

t ′
d t

′′
([
~p +~A(t ′′)

]2

2
+ Ip

)
, (3.55)

with the exponent of Eq. 3.54 describing the phase accumulated during the

excursion of the "free" electron. If we introduce the dipole ionization amplitude

from a ground state to a continuum state at time t ′

d̂i on
[
~p +~A(t ′)

]= 〈~p +~A(t ′)| r̂ |ψ0〉 , (3.56)

and the dipole recombination amplitude back to the ground state

d̂∗
r ec

[
~p +~A(t )

]= 〈ψ0| r̂ |~p +~A(t )〉 , (3.57)

the laser-induced dipole moment (Eq. 3.54) takes a familiar form obtained

by Lewenstein et al. [1994] formulating the three step model : ionization,

propagation, recombination:

~D(t ) = i
∫ t

t0

d t ′
∫

d 3~p d̂∗
r ec

[
~p +~A(t )

]
e−i S(~p,t ,t ′) ~E(t ′) · d̂i on

[
~p +~A(t ′), t ′

]+ c.c. . (3.58)

5Not to be confused with the integral of the classical Lagrangian of the system.
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3.3. Multiphoton processes in the SFA & HHG

3.3.2 Saddle point equations

Subsequently, the harmonic spectrum can be obtained by FT of the dipole

moment

s(ωq ) ∝ω4
q | ~̃D(ωq ) |2 , (3.59)

where ωq =ωL ·q is the angular frequency of the emitted harmonic q and ωL of

the driving field’s. Taking the FT of the dipole moment of Eq. 3.58 we obtain

~̃D(ωq ) = i
∫ +∞

−∞
d t

∫ t

t0

d t ′
∫

d 3~p d̂∗
r ec

[
~p +~A(t )

]
e iωq t−i S(~p,t ,t ′) ~E(t ′) · d̂i on

[
~p +~A(t ′), t ′

]+ c.c. .

(3.60)

The integral can be solved by the Saddle Point (SP) method [Nayak et al.,

2019], also known as stationary phase method. Since the exponent is a fast

oscillating term, we assume that the main contribution to the integral comes

from the point where the dipole phase Θ(~p, t , t ′) changes the least [Scrinzi,

2011]

Θ(~p, t , t ′) =ωq t −S(~p, t , t ′) . (3.61)

To obtain these stationary points we take the first derivative with respect to

all integration variables (~p, t , t ′) yielding

∇~pΘ(~p, t , t ′) =−
∫ t

t ′
d t

′′ (
~p +~A(t ′′)

)=~r (t ′)−~r (t ) = 0 , (3.62)

which dictates that an electron ionized at time t ′ ≡ ti recombines at the same

position at time t ≡ tr . Furthermore, we get the stationary momentum

~Pst (tr , ti ) =− 1

tr − ti

∫ tr

ti

~A(t ′′)d t ′′ . (3.63)

The second derivation with respect to t ′ yields

∂Θ

∂t ′

∣∣∣
ti
=

[
~Pst (tr , ti )+~A(ti )

]2

2
+ Ip = 0 . (3.64)
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3.3. Multiphoton processes in the SFA & HHG

The electron kinetic energy is negative at time ti since Ip > 0, meaning that ti

should be complex. Thus, the imaginary part of ti can be interpreted as the

time the electron enters the barrier, whereas the real part corresponds to the

time the electron tunnels out in the continuum.

The last stationary condition equal to

∂Θ

∂t

∣∣∣
tr
=

[
~Pst (tr , ti )+~A(tr )

]2

2
+ Ip −ωq = 0 , (3.65)

manifests the energy conservation, expressing the photon energy emitted when

the electron recombines with the ion core at time tr .

For a linear polarized laser field the solution of the SP equations (3.63,

3.64, 3.65) yield the ti ionization and tr recombination times as well as the

stationary momentum ~Pst (tr , ti ). Searching for solutions within one laser cycle

we obtain for each harmonic order q a pair of stationary ionization and recombination

times which are attributed to two families of quantum orbits, called short (S)

and long (L) trajectories. These trajectories, as shown in Fig. 3.7, merge at a

certain point indicating the maximum return energy, that is, near the cutoff of

the harmonic spectrum [Smirnova and Ivanov, 2014; Lewenstein et al., 1994;

Sansone et al., 2004].

We should note that there are also solutions lying outside one laser cycle

and are described as the second, third and so on visit of the electron to the

ion core but their contribution to the harmonic emission is negligible due to

phase matching effects, discussed in the next chapter 4.

Figures 3.7 and 3.8 present the obtained SP solutions for Xenon and Argon

atoms, respectively.
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Figure 3.7: Solutions of the SP equations for Xenon gas. The ionization (light
blue line) and recombination (red line) times during a single cycle of a laser
field with peak intensity I = 8×1013 W /cm2 and central wavelength λ= 800 nm.
The dashed lines denote the short while the solid ones the long trajectories,
respectively

ionization

recombination

0.0 0.2 0.4 0.6 0.8 1.0

15

20

25

30

35

Time [optical cycles]

H
ar
m
o
n
ic
o
rd
er

Saddle Point solutions for Argon

Short trajectories

Long trajectories

Figure 3.8: Solutions of the SP equations for Argon gas. The ionization (blue
line) and recombination (red line) times during a single cycle of a laser field
with peak intensity I = 1.5× 1014 W /cm2 and central wavelength λ = 800 nm.
The dashed lines denote the short while the solid ones the long trajectories,
respectively.

The atomic dipole phase

The atomic dipole phase introduced in Eq. 3.61, depends also on the

quantum orbit j = (S,L) as well as on the harmonic order q. Figures 3.9,

3.10 shows the variation of the phase Θq
j along with its derivative ∂Θ

∂I with the

driving field intensity in Argon and Xenon atoms, respectively.
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Figure 3.9: (a) Phase Θ19
S,L and its derivative (b) ∂Θ

∂I as a function of laser
intensity for the SP solutions obtained for the 19th harmonic of Argon atoms.
The calculation was performed using τL = 9 To. The slope at I = 1.5×1014 W /cm2

for short and long trajectories corresponding to phase coefficient a was found
to be: aS =−0.9525×10−14 cm2/W and aL =−22.62×10−14 cm2/W , which is in good
agreement with He et al. [2009].
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Figure 3.10: (a) Phase Θ15
S,L and its derivative (b) ∂Θ

∂I as a function of laser
intensity for the SP solutions obtained for the 15th harmonic of Xenon atoms.
The calculation was performed using τL = 9 To. The slope at I = 8×1013 W /cm2

for short and long trajectories corresponding to phase coefficient a was found
to be: aS = −2.24×10−14 cm2/W and aL = −21.19×10−14 cm2/W , which is in good
agreement with Quintard et al. [2019].

The phase reveals a linear dependence as a function of intensity for harmonics

taken form the plateau, and this slope is denoted as the α coefficient [Carlström

et al., 2016]

α=
∂Θ

q
j

∂I
, (3.66)
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The values of this coefficient that are presented in Table 3.2 will be used for

the estimation of the divergence of the generated harmonics in section 6.2.1

and are in good agreement with [Quintard et al., 2019; He et al., 2009].

Table 3.2: Phase coefficient α
[
10−14 r ad cm2/W

]
as a function of intensity for

Xenon gas. (*extrapolation was used since for 0.63× 1014 W /cm2 the the 17th

harmonics lies beyond the cutoff.)

Intensity 0.5 0.6 0.7 0.8 0.9 1.0
[×1014 W /cm2

]
α9

S 1.98 1.7 1.45 1.24 1.14 1.01

α9
L -24.23 -24.28 -24.15 -24.06 -24.14 -24.02

α11
S 0.471 0.497 0.532 0.492 0.468 0.423

α11
L -23.04 -23.26 -23.43 -23.52 -23.56 -23.81

α13
S -1.96 -1.31 -0.906 -0.672 -0.464 -0.381

α13
L -20.92 -21.74 -22.23 -22.59 -22.8 -22.98

α15
S -6.17 -4.07 -2.90 -2.24 -1.81 -1.49

α15
L -16.94 -19.23 -20.44 -21.19 -21.68 -22.04

α17
S -15.4* -9.33* -6.02 -4.51 -3.53 -2.87

α17
L -10.65* -14.70* -17.50 -19.14 -20.14 -20.85

Figures 3.12, 3.11 show the variation of the phase Θ
q
j along with the

derivative and its derivative ∂Θ
∂q with the harmonic order q for the two first

trajectories in Argon and Xenon atoms, respectively. The harmonic order

where the imaginary phase of short and long trajectories coincide (not plotted

here) is denoted as the cutoff Im
(
Θ

q
S

)= Im
(
Θ

q
L

)
.
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Figure 3.11: (a) Phase Θq
S,L and its derivative (b) ∂Θ

∂q as a function of harmonic
order for the SP solutions obtained for intensity I = 0.8×1014 W /cm2 in Argon
atoms. The calculation was performed using τL = 9 To.
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Figure 3.12: (a) Phase Θq
S,L and its derivative (b) ∂Θ

∂q as a function of harmonic
order for the SP solutions obtained for intensity I = 0.8×1014 W /cm2 in Xenon
atoms. The calculation was performed using τL = 9 To.
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3.4. High harmonic spectrum

3.4 High harmonic spectrum

Taking the Eq. 3.59 it is possible to determined the harmonic emission

rate associated with the each electron quantum path. Figure 3.13 presents

the emission rate for the two first quantum paths, denoted as short and long,

respectively.

If someone observes carefully the y-axis of both graphs, it becomes clear

that the contributions of the long paths are larger than those of the short ones.

This is attributed to the different ionization times, i.e. for the long paths the

electrons escape the atomic potential when the electric field acquires almost

its maximum value. On the contrary for the short paths the electrons escape

when the field is smaller, and therefore the emission rate is lower.

However, as it will be discussed in section 6.2, the short quantum paths are

preferable for synthesizing attosecond pulses since due to the short excursion

in the continuum accumulate less phase and this among other characteristics

favors attosecond temporal confinement.
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Figure 3.13: Harmonic emission rate of the first two quantum paths. (a)
is labeled as short quantum path while (b) as long respectively. The higher
revisits of the electron to the ion core have negligible contribution to harmonic
generation. The dashed line in (a) illustrates nonphysical solutions of the SP
equations and they are not taken into consideration later. The calculations
are performed for a laser field with peak intensity I = 8×1013 W /cm2 and central
wavelength λ= 800 nm in Xenon atoms, similar to Fig. 3.7.
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Finally, the SP method allows us to approximate the multi–dimensional

integral of Eq. 3.58 as a sum over the different SP quantum trajectories. Thus,

the dipole moment now reads

~̃D(ωq ) ≈∑
s

[
π

ε+ i (tr − ti )/2

]3/2 2πip
det (Θ′′)

d̂∗
r ec

[
~p +~A(tr )

]
(3.67)

× ~E(ti ) · d̂i on
[
~p +~A(ti ), ti

]
e iωq tr −i S(~p,tr ,ti ) , (3.68)

where det
(
Θ′′) is the determinant of the second derivative of the phase Θ(~p, tr , ti )

with respect to tr and ti which reduces to det
(
S′′). The first term is related to

the wavepacket spreading and ε is a regularization constant.

det
(
S′′)= ([

~Pst +~A(tr )
][
~Pst +~A(ti )

]
tr − ti

)2

−
(

2(Ip −ω)

tr − ti
−E(tr )

[
~Pst +~A(tr )

])
(3.69)

×
(

2Ip

tr − ti
+E(ti )

[
~Pst +~A(ti )

])
. (3.70)

The dipole matrix element can be approximated as

d̂(~p) = i

(
1

πα

)3/4 ~p

α
exp

(
−~p

2

2α

)
. (3.71)

Figure 3.14 shows the obtained harmonic spectrum, utilizing the Eq. 3.59,

resulted by the coherent sum of the short trajectory contributions over four

cycles of the laser pulse.
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Figure 3.14: HHG spectrum obtained solving the SP equations for Xenon
gas. The resulted spectrum is obtained by the coherent sum of electron
trajectories during four optical cycles of a laser pulse centered at 800 nm with
peak intensity I = 8×1013 W /cm2.

43



Chapter 4

Macroscopic effects of high

harmonic generation

Thus far HHG process was described in the microscopic level, discussing

about the single atom response and calculating the single atom emission

spectrum. However, HHG is a superposition of the elementary contributions

from the single atoms interacting with the laser field. Hence, a more complete

description would also require the consideration of macroscopic effects.

In this section the macroscopic conditions affecting the generation process,

usually referred as phase matching conditions are briefly presented, not from

theoretical point of view but as a tool to optimize the harmonic yield. Indeed

the obtained calculations are utilized in section 5.2.
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4.1 Phase Matching

HHG is a coherent process, thus the constructive interference from all

radiating sources along the generating medium will enhance the total harmonic

yield. As a result, with proper relative phasing the harmonic field will add

constructively in the forward direction, and the generated medium will act as

an array of in phase XUV emitters when a certain condition, known as phase

matching, is fulfilled.

Phase matching was firstly introduced in perturbative nonlinear optics and

is well studied giving insight in many interesting nonlinear phenomena [Boyd,

2008]. However, HHG is a highly nonlinear process, in the non-perturbative

regime, meaning that the induced dipole moment oscillating at the q th harmonic

frequency does not vary simply as the the q th power of the incident electric

field. As a consequence a different approach must be followed since the spatial

and temporal coherence properties of the incident laser field are not directly

transmitted to the generated fields, as it happens in the perturbative case.

For purposes of clarity we will describe the phase matching conditions in

two parts. The first will be the phase accumulated while the q th harmonic

propagates along the interaction area (from ~r1 to ~r2 as denoted in Fig. 4.1)

and the second will describe the differences in phase between harmonics

generated at different parts of the medium.

Phase accumulated along harmonic propagation depends on the refractive

index of the medium. Thus, for a specific direction the wavevector reads as

~kq = nq ωq

c
k̂ , (4.1)

where nq stands for the refractive index of the q th harmonic.

45



4.1. Phase Matching

Figure 4.1: Considering off-axis emitters interference (top sketch) and plane
waves (bottom sketch).

Now considering the second part, the harmonic fields generated at any

points ~r1, ~r2 of the interaction area in order to interfere constructively along

the direction ~kq , the arguments of the induced atomic polarizations have to be

equal [Balcou et al., 1997].

ar g
[
~Pq (~r1) exp

{
i~kq (~r2 −~r1)

}]
= ar g

[
~Pq (~r2)

]
, (4.2)

where ~Pq denotes the Fourier component of the atomic polarization in the

medium. Considering an infinitesimal distance between the points ~r1, ~r2 the

above expression becomes

~kq =∇ar g
[
~Pq (~r )

]
, (4.3)

In case of incident plane waves and with harmonics laying in the perturbative

regime phase matching conditions are satisfied just by ~kq = q~k1, where ~k1

corresponds to the wavevector of the fundamental field.

In our case two additional factors have to be taken into account: the

intrinsic (attributed to atomic response) intensity dependent phase and the

phase induced by focusing a Gaussian beam. So the condition for optimum
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phase matching reads as

~kq = q~k1 + ~K . (4.4)

In the above expression (Eq. 4.4) ~K denotes the effective atomic wavevector

in the focal region and is given by the spatial derivative of the atomic phase

[Gaarde et al., 2008] expressed in cylindrical coordinates

~K (ρ, z) =∇φdi pol e (ρ, z) =−α′ ∇Up

ħω =−α ∇I (ρ, z) . (4.5)

Up is the ponderomotive energy defined in Eq. 3.1, and α the phase coefficient

which can be determined by solving the SP equations (see section 3.3.2) .

For the interpretation of the first term ~k1 in Eq. 4.4 we should recall the

equation which dictates the Gaussian beam evolution along the z-axis under

paraxial approximation [Saleh and Teich, 2007]

~E(x, y, z) =
~E0

1+ i z
zR

exp

− x2 + y2

w 2
0

(
1+ i z

zR

)
 exp (−i k1z) . (4.6)

where |~E0| denotes the field amplitude with the vector corresponding to the

polarization direction of the field, w0 the beam waist and zR the Rayleigh

length, which is given by

zR = πw0

λ
. (4.7)

Using cylindrical coordinates and simplifying the complex numbers in the

denominator we obtain

~E(ρ, z) = ~E0
w0

w(z)
exp

(
− ρ2

w 2(z)

)
exp

(
−i k1z − i k1

ρ2

2R(z)
+ iζ(z)

)
. (4.8)

the well known formula describing the propagation of a Gaussian beam along

z-axis. Let us now write down the new introduced parameters, beginning with

the beam radius

w(z) = w0

√
1+

(
z

zR

)2

, (4.9)
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where w0 stands for the minimum value at the waist (z = 0) and zR is the

Rayleigh length where beam radius becomes
p

2w0.

The radius of curvature is given by

R(z) = z

[
1+

(zR

z

)2
]

. (4.10)

The argument of Eq. 4.8 yields the phase of the Gaussian beam

φGauss(ρ, z) = k1z + k1ρ
2

2R(z)
−ζ(z) . (4.11)

The last term ζ(z) describes the phase retardation of the Gaussian beam

relative to a plane wave at the position z along the propagation axis

ζ(z) = ar ct an

(
z

zR

)
. (4.12)

This retardation is known as the Gouy effect, hence the phase term set by

φGouy (z) ≡−ζ(z) =−ar ct an

(
z

zR

)
, (4.13)

is known in bibliography as the Gouy phase or geometrical phase [Siegman,

1986].

Consequently the total wavevector ~k1 for the fundamental Gaussian beam

is space dependent and can be expressed as

~k1(ρ, z) =∇φGauss(ρ, z) . (4.14)

Adding all these together the condition for perfect phase matching (Eq. 4.4)

becomes

~kq = q ∇φGauss(ρ, z)+∇φdi pol e (ρ, z) . (4.15)

48



4.2. Sources of phase mismatch

4.2 Sources of phase mismatch

In the previous section the condition for optimum phase matching (Eq. 4.4)

is presented and then expressed in terms of phase arguments (Eq. 4.15).A

perfect phase match is achieved when the wavevector of the q th harmonic in

the medium is equal with the wavevector of the q th component of the induced

polarization. However, this is not always experimentally feasible and thus a

space dependent mismatch vector ∆~kq (ρ, z) is introduced

∆~kq =~kq −q~k1 − ~K . (4.16)

Considering only on-axis propagation (ρ = 0) we can evaluate the harmonic

signal. In this framework all the above mentioned wavevectors reduce to the

projected on z-axis wavenumbers.

∆k = (
kq −qk1

)
neutr al +

(
kq −qk1

)
pl asma −∆kGouy −∆kdi pol e

= ωq

c

[
na(ωq )−na(ω)+ne (ωq )−ne (ω)

]+q
∂

∂z
ar ct an

(
z

zR

)
+α ∂

∂z
I (ρ = 0, z), (4.17)

where na stands for the refractive index for neutral atoms, ne for the free

electron contribution to the refractive index, q for the harmonic order, zR

for the Rayleigh length, α for alpha coefficient introduced in Eq. 3.66. The

wavevectors from Eq. 4.14 and 4.5 have been reduced to

k1(ρ = 0, z) = ∂

∂z
φGauss = k1 − ∂

∂z
ar ct an

(
z

zR

)
, (4.18)

K (ρ = 0, z) = ∂

∂z
φdi pol e =−α ∂

∂z
I (ρ = 0, z) . (4.19)
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4.2. Sources of phase mismatch

Furthermore, it is more convenient to set a reference frame, travelling with

speed of light c along the propagation direction, like propagating in vacuum.

Thus, we can substitute 1 k to k ′ = k −ω/c . In this frame when the phase

velocity vph =ω/k is higher than c (for n < 1) the wavenumber becomes negative.

On the contrary a positive wavenumber is assigned when vph < c (for n > 1).

Neutral dispersion

First we should calculate the neutral dispersion, for the harmonics. The

wavenumber of the propagating XUV in the moving reference is kq = ωq (n −
1)/c. The refractive index for neutral atoms in the XUV region is expected

to be lower than one, since the harmonic spectrum lies above the ionization

potential of noble gases, usually used for gas HHG 2, where the absorption is

weaker.
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Figure 4.3: Atomic absorption cross sections for Argon obtained using f1, f2

coefficients from NIST for Argon gas [Kramida and Ralchenko, n.d.].

The estimation of the refractive index in the XUV regime, shown in Fig. 4.4,

is done utilizing the experimentally determined scattering factors. Databases

[Kramida and Ralchenko, n.d.] contain the values of atomic scattering factors

1In the following part the prime symbol (’) in the notation is dropped for simplicity.
2Ionization potential for Argon Ip = 15.76 eV and for Xenon Ip = 12.13 eV .
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4.2. Sources of phase mismatch

f1, f2, which are related to the refractive index nXUV
atom and the atomic absorption

cross section σ for frequency ωq (shown in Fig. 4.3) via the following formulas

[Attwood, 1999]

nXUV
atom(ωq ) = 1−2π

Natom re c2

ω2
q

[
f1(ωq )+ i f2(ωq )

]
, (4.20)

σ(ωq ) = 4πcre

ωq
f2(ωq ) , (4.21)

where re = e2

4πε0me c2 denotes the classical electron radius and the atomic density

Natom is calculated considering an ideal gas

Natom = P

KB T

(
1−η)

, (4.22)

with η the ionization probability, KB the Boltzmann constant, and P,T the

pressure and temperature conditions respectively.
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Figure 4.4: Refractive index of Argon at pressure P = 1 bar , 0.038 % ionization
rate and temperature T = 273 K , calculated for XUV radiation. For clarity
reasons nXUV −1 as a function of photon energy is depicted.

On the other hand the refractive index for neutral atoms n I R
atom at wavelengths

in the visible and infrared region is given by Sellmeier formula

n I R
atom(λ) =

√
1+ P T0

P0 T

(
B1 λ2

λ2 −C1
+ B2 λ2

λ2 −C2

)
(4.23)
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4.2. Sources of phase mismatch

where B1, B2, C1, C2 are also experimentally determined coefficients (see Table 4.1)

for conditions P0,T0, while P,T denote the pressure and temperature of the

utilized gas respectively.

Table 4.1: Sellmeier coefficients for Argon and Xenon at P0 = 1 bar and T0 =
273 K taken from Börzsönyi et al. [2008].

Gas B1
(×10−8

)
C1

(×10−6
)

B2
(×10−8

)
C2

(×10−3
)

Argon 20332.29 206.12 34458.31 8.066

Xenon 103701.61 12.75 56946.82 0.561

The wavelength of the driving field, delivered by Ti:Sapphire laser, is 800 nm

lying in the IR region, well below of ionization potential Ip of noble gases. As a

consequence, in this region, the medium presents normal dispersion, hence,

the refractive index is higher than unity as depicted in Fig. 4.5.

Argon
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×
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-
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Refractive Index of IR

Figure 4.5: Refractive index of Argon at pressure P = 1 bar , 0.038 % ionization
rate and temperature T = 273 K , calculated for IR, using Sellmeier coefficients
from Table 4.1. For clarity reasons nI R − 1 as a function of wavelength is
depicted.

As shown above, a phase mismatch is evident in the HHG process, due

to the difference in phase velocities between the driving IR field and the XUV

field.
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4.2. Sources of phase mismatch

Plasma dispersion

However, there are also other contributions to the phase velocities as described

in Eq. 4.17. The most significant one originates from the presence of free

electrons, due to ionization. The free electron contribution to the refractive

index n I R,XUV
pl asma for frequency ω reads as

n I R,XUV
pl asma (ω) =

√
1−

ω2
pl asma

ω2
. (4.24)

where ωpl asma stands for the plasma frequency

ωpl asma =
√

Nel ectr one2

ε0me
, (4.25)

where Nel ectr on = η ·Natom denotes the free electron density, e electron charge

and me the mass of electron. Figure 4.6 shows the obtained plasma refractive

indices as a function of photon energy for both XUV and IR fields.
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Figure 4.6: Refractive indices of Argon at pressure P = 1 bar , 0.038 % ionization
rate and temperature T = 273 K , calculated for IR and XUV radiation. For
clarity reasons npl asma −1 as a function of photon energy is depicted.

Keeping the first order of the Taylor expansion for the plasma refractive

index, it scales linearly with the particle density, similarly with neutral refractive

index. Thereby, at a fixed ionization rate, depends linearly on the gas pressure.

Additionally due to the square dependence of the frequency in the denominator,
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4.2. Sources of phase mismatch

the free electron contribution becomes negligible for XUV wavelengths.

Gouy phase

As discussed in Eq. 4.13 a phase shift of π takes place around the focus of

the Gaussian beam, increasing the phase velocity of the focused laser field on

axis comparing to a plane wave.
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Figure 4.7: (a) Gouy phase (φG ) around the focus of a Gaussian beam, and
(b) its spatial derivative (∇φG ) calculated for 800 nm central wavelength and
beam waist of w0 = 250 µm. The blue shaded area illustrates the depth of focus
2zR = 49.08 cm.

Apparently, from Fig. 4.7, the Gouy phase shift is steeper for tight focusing,

i.e. small depth of focus 2zR, and thus making this effect less pronounced for

loose focusing geometry.

Atomic phase

The last contribution to the wavenumber mismatch (Eq. 4.17) is the atomic

phase. For the determination of the latter we introduce the intensity of a

Gaussian beam expressed in cylindrical coordinates

I (ρ, z) = I0

[
w0

w(z)

]2

exp

[
− 2ρ2

w 2(z)

]
, (4.26)
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4.2. Sources of phase mismatch

where I0 = 1
2 cε0n|E0|2. However, since we are considering only on axis propagation

(ρ = 0) we can neglect the exponent. The a intensity dependent phase coefficient

was taken from Fig. 3.9.

Atomic phase introduces a contribution which depends not only on the

focusing geometry, but also on the peak intensity of the laser beam as well

as on the trajectory length i.e. short or long trajectory. We note that the

contribution of the atomic phase for short trajectories may be neglected since

the α coefficient is small [Rudawski et al., 2013].

Figure 4.8 shows the dipole phase along with its spatial derivative as a

function of position on z propagation axis.
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Figure 4.8: (a) Dipole phase (φdi pol e ) around the focus of a Gaussian beam,
and (b) its spatial derivative (∇φdi pol e ) calculated for 800 nm central wavelength
and beam waist of w0 = 250 µm. The shaded area illustrates the depth of focus
2zR = 49.08 cm.

4.2.1 Coherence length

Putting all the aforementioned factors together the phase mismatch ∆k,

defined in Eq. 4.17, can be determined. At this point we will introduce a new

term, also used in perturbative nonlinear optics, the coherence length Lcoh or

the coherent buildup length given by

Lcoh = π

∆k
. (4.27)
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Figure 4.9 presents the calculated coherence length as a function of gas

pressure and ionization rate for 17th harmonic in Argon atoms. The loose

focusing configuration, shown in Fig. 4.9b, leading to a beam waist of w0 =
250 µm for the IR driving filed decreases the geometrical term contribution to

the mismatch and thus we obtain a similar behavior to plane waves. Furthermore,

since only the short trajectories are taken into account the dipole mismatch

is also negligible.

The coherence length is an important factor since along with absorption

length, and the length of the generating medium, play an important role

to achieve the highest photon flux of a harmonic source. This discussion

in conjunction with the optimization of the harmonic yield by implementing

different conditions takes place in section 5.2.1.
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(b) Loose focused driving field.

Figure 4.9: Coherence length for the 17th harmonic of Argon gas, calculated
for driving field of 800 nm central wavelength and beam waist of (a) w0 = 50 µµ

i.e. strong focusing geometry (b) w0 = 250 µm i.e. loose focusing geometry. For
both cases laser intensity was set to be I = 1.5× 1014 W /cm2, temperature at
T = 273 k, and only the short trajectories were into consideration.
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Chapter 5

A gigawatt attosecond source for

XUV nonlinear optics and XUV

pump- XUV probe studies

A high photon flux XUV source is developed in the course of this thesis

based on laser driven HHG in rare gases. A loose focusing geometry along

with the implementation of Quasi Phase Matching (QPM) conditions leads to

a GW class average peak power attosecond source in the XUV spectral region

of 15–25 eV .

This chapter is devoted to the presentation of the GW XUV beam line

starting with a step by step description of it in section 5.1 along with the

optimization procedure. In section 5.2 the obtained XUV pulse energy is

determined in conjunction with the unprecedented high conversion efficiency

of the HHG process. Finally, section 5.3 presents the volume autocorrelator

apparatus, based on wavefront splitting, which is capable of performing XUV

pump - XUV probe experiments [Tzallas et al., 2011; Carpeggiani et al., 2014].

The interferometric stability of the autocorrelator device was determined and

proved sufficient by performing higher-order Interferometric Volume Autocorrelation

(VAC) by IR laser pulses.
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5.1 The high photon flux XUV source

The gigawatt XUV source relies on the increase of the XUV emitters exploiting

on the one hand loose IR focusing geometry and on the other hand the precise

control of phase-matching conditions. The latter has been accomplished by

utilizing thin single-gas targets in a dual jet configuration with adjustable

distance between the gas jets.

The ' 18 m long beam line has been recently developed in the Attosecond

Science and Technology laboratory hosted by the Institute of Electronic Structure

and Laser of the Foundation of Research and Technology- Hellas (IESL-FORTH).

An optical layout of the beam line in depicted in Fig. 5.1 and consists of:

(a) the Compressor chamber followed by the IR steering optics and Polarization

Gating chamber, where first the IR beam is temporally compressed by a pair

of gratings and then steered by a set of sliver flat mirrors, (b) the IR focusing

optics chamber, where the IR beam is focused (c) the HHG chamber, where the

harmonic generation process takes place, followed by the (d) XUV separation/

steering chamber, where the XUV radiation is separated/ steered. Subsequently,

two branches emerge having on both (e) an XUV filtering and diagnostics

chamber as well as (f) an End Station chamber. Only the first branch was

utilized in the course of this thesis (the lower one as sketched in Fig. 5.1) and

was equipped with XUV temporal and spectral characterization devices.
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5.1. The high photon flux XUV source

Figure 5.1: A drawing of the 20-GW XUV beam line. SMI R: Spherical mirror
of 9 m focal length; G J1,2: Dual-pulsed-jet configuration placed on translation
stages; Si: Silicon plate; F : Al or Sn filter; BPXUV : XUV beam profiler; SMXUV :
Gold coated spherical mirror of 5 cm focal length; Ar-G J : Argon gas jet;
MB-TOF : Magnetic bottle Time of Flight spectrometer; PDXUV : Calibrated XUV
photodiode; FFS: Flat field spectrometer. The figure has been reproduced from
Makos et al. [2020].

The Laser System

The XUV source is driven by a 10 H z repetition rate Ti:Sapphire laser

system (Pulsar, Amplitude Technologies with an oscillator Rainbow, Femtolasers

GmbH), which delivers τL ' 24 f s pulses at 800 nm carrier wavelength (IR) and

energy up to ' 400 m J/pul se.

However, in most experiments an IR pulse of 25–45 m J is sufficient since

more energy would deplete the generation medium. The ray trace of the IR

beam, as depicted in Fig. 5.1, begins at the Compressor consisting of a pair of

gratings (Amplitude Technologies Ti:Sapphire chain).

IR Steering and Focusing Optics chambers

The IR beam is then steered by a set of silver protected plane mirrors into

the focusing unit. It is worth mentioning that this chamber also hosts the

Polarization Gating (PG) apparatus for the generation of Isolated Attosecond
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5.1. The high photon flux XUV source

pulses (IAP) built in the course of the thesis. However, since it is beyond

the scope of the thesis it will not be presented here. Nevertheless an adequate

description can be found in other works [Tzallas et al., 2007; Skantzakis et al.,

2009; Kolliopoulos et al., 2012].

The polarization of the driving field was set to be parallel to the optical

table. The collimated laser beam of a diameter D = 2.2 cm is focused by means

of a spherical mirror with −18 m Radius of Curvature (ROC) into the HHG

area. Loose focusing configuration has also been implemented by Takahashi

et al. [2002]; Hergott et al. [2002]; Rudawski et al. [2013]; Senfftleben et al.

[2020]. As shown in Fig. 5.1 an arrangement of three silver protected mirrors

aims to reduce the angle of incidence < 5 deg on the spherical mirror and

thus decreasing the astigmatism introduced due to the deviation from normal

incidence. The focal length in the tangential direction is given by ft an =
cos(θ) ROC

2 , and in sagittal direction fsag = 1
cos(θ)

ROC
2 , therefore even for such

angles of incidence (θ) the astigmatism is not negligible as shown in Fig. 5.2.

Figure 5.2: IR beam profile around the focus measured with a CCD camera
(Win CamD - UCD23, DataRay Inc). A 2.2 cm diameter IR beam focused by
a 9 m spherical mirror yields a beam waist along i) the x-axis wx = 440 µm at
1/e2 with experimentally determined zRx = 60 cm and ii) the y-axis wy = 270 µm
at 1/e2 with experimentally determined zR y = 35 cm. Compering the confocal
parameter of bexper i ment ' 70 cm with the calculated one bcalcul ated = 2πw0

2

λL
we

determine the M 2 = 1.22. The figure has been reproduced from Makos et al.
[2020].
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Figure 5.2 shows the IR beam profile measured with a commercial CCD

camera (Win CamD - UCD23, DataRay Inc.) at various positions along propagation

axis. The beam radius wx,y versus z-axis reveals a small degree of elongation

along the x-axis. The confocal parameter was experimentally determined to

be b ' 70 cm which is a factor of ' 1.22 larger than the value obtained according

to the relation b = 2πw(z)
λL

applicable in Gaussian optics. This aberration in the

IR beam, however, does not affect the XUV beam profile, as shown in Fig. 5.3,

but may introduce distortions in the XUV wavefront [Dacasa et al., 2019] and

thereby influence the temporal duration of the attosecond pulses at the “End

Station” where the XUV beam is tightly refocused.

(a) IR Beam Profile. (b) XUV Beam Profile.
(c) XUV beam profile with
Knife Edge technique.

Figure 5.3: IR and XUV beam profiles. (a) IR beam profile at the focal plane
measured by a commercial CCD camera. (b) The XUV beam profile was
recorded using the XUV Beam Profiler (BP). (c) Knife edge measurement of the
XUV beam profile is presented by black dots, while the red dots correspond to
the obtained intensity distribution. The colored area is defined by a Gaussian
fit to the measured data. In both (b,c) measurements, Xenon gas was utilized
as generating medium with the G J placed at the IR focus. The figure has been
reproduced from Makos et al. [2020].

High harmonic generation chamber

The HHG occurs in the next chamber where a four gas jet configuration is

installed. The gas jets are home made and operated by piezoelectrically driven

pulsed nozzles with a slit shaped orifice of dimensions 0.3×2 mm.
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5.1. The high photon flux XUV source

Furthermore, the jets are mounted on x, y, z translation stages allowing

optimization of the laser gas interaction. Varying the position along the z-axis

(driving field propagation direction) optimization of phase matching conditions

is achieved, since each jet is moved relative to the IR focal plane. A minimum

step of 5 µm allows a precise control of the latter, although in the implemented

loose focusing conditions the needed accuracy is in the range of several cm.

During this work for the study of QPM conditions, see section 5.2, only

two gas jets have been utilized, setting the scanning step along z-axis equal

to 0.75 cm. Figures 5.4a and 5.4b show the optimization of each gas jet’s

operating conditions. Both of them show the XUV yield, obtained by integrating

the signal of an XUV calibrated Photodiode (PD), as a function of the time delay

between the trigger pulse responsible for the operation of the gas jet and the

arrival time of the driving laser pulse. In this way, the gas pressure of the

HHG gas target (in this case Argon) is altered. Additionally, Fig. 5.4c shows

comparison measurements between a single gas jet and a 10 cm long gas cell

bounded by two pinholes (entrance-exit pinholes) of 2 mm diameter, i.e. the

emitted XUV by (i) G J1 as a function of the pulsed nozzle time delay and (ii) by

the gas cell as a function of the cell gas pressure.
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(a) Gas Jet 1. (b) Gas Jet 2. (c) Gas Jet vs Gas Cell.

Figure 5.4: Harmonic emission using a single pulsed gas jet and the
comparison with a single gas cell. (a,b) Pulse energy of the XUV radiation
emitted by G J1 and G J2, respectively, as a function of the delay between the
laser pulse arrival at the focus and the opening of the nozzle. Both jets are
positioned at z = 0. The time delay of ' 99.6 ms (the x-axis of the graph shows
the zoomed area in µs) corresponds to the value where the laser pulse meets
the maximum atomic density. The dots correspond to the measured data and
the red line to a Gaussian fit. (c) Comparison of a single gas jet vs 10 cm long
gas cell yield for optimized conditions. The upper part axis represents the
time delay of the pulsed nozzle while the lower one the measured pressure of
the gas cell. In all panels the generated medium was Argon, while the XUV
energy was determined by an XUV- PD placed behind an Al filter. The figures
have been reproduced from Makos et al. [2020].

As shown above the emission maximizes for a time delay of ' 99.6 ms. At

this value the harmonic signal was then further optimized by setting the IR

intensity just below of the ionization saturation intensity. Figure 5.4a and

5.4b show essentially the same behavior for both gas jets, G J1 and G J2, while

Fig. 5.4c is devoted to the comparison between the generated XUV pulse

energy either utilizing a single gas jet or a cell in the present beam line.

Additionally, it reveals that the optimum operating pressure of the gas cell

for a maximum yield is around ≈ 9 mbar .

XUV separation/steering chamber

Both the generated XUV and the IR beams co-propagate towards the next

chamber, where a Silicon plate is placed at the Brewster angle (' 75.8 deg)

of the fundamental 800 nm field. The IR is significantly decreased while the
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5.1. The high photon flux XUV source

XUV radiation is reflected into the XUV filtering and diagnostics chamber.

Figure 5.5 shows reflectivities for 800 nm and 50 nm wavelengths respectively

according to Fresnel equations [Saleh and Teich, 2007]. For the determination

of the refractive index of the XUV radiation the following formula was used

[Attwood, 1999] (same to Eq. 4.20 only in this case the atomic density is

determined otherwise since it does not referred to gas)

nxuv (ω) = 1− nareλ
2

2π

[
f1(ω)− i f2(ω)

]
, (5.1)

where na the average density of atoms, re the classical electron radius, λ

the wavelength in vacuum, and f1, f2 the atomic scattering factors ascended

to refraction and absorption, respectively, which have been imported from

[Kramida and Ralchenko, n.d.] .
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Figure 5.5: Reflectivity of Si for 800 nm (red line) and 60 nm (blue line) as a
function of angle of incidence. The IR, impinging the Silicon plate at ' 75.8 deg
angle of incidence, is diminished while the reflection for λ = 60 nm is around
50 %.

XUV filtering and diagnostics chamber

After the Silicon plate the beam is passing through an aperture of 7 mm

diameter and subsequently through metallic foils for XUV spectral selection.

The foils filter out the residual IR and select the suitable for each experiment
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5.1. The high photon flux XUV source

XUV wavelengths. A tin (Sn) filter of thickness of 150 nm, was used to select a

spectral range of 17−23 eV with a transmission of 20 % while an aluminum (Al)

filter was utilized to select a spectral range spanning from 17 to 60 eV with a

transmission of only 5 %. The transmission of both filters was determined by

measuring the Photoelectron (PE) spectra with and without the filters.

Figure 5.6 shows a harmonic comb recorded by means of the Flat Field

Spectrometer (FFS), generated using Xenon and Argon gas as nonlinear media,

after being frequency selected by Al and Sn metallic foils respectively, both of

thickness of 150 nm. Also, the transmission curves calculated utilizing the

database of Henke et al. [1993] are drawn with dotted lines.

(a) (b)

Figure 5.6: Spectral selected harmonic combs recorded by the FFS. The
generation medium was (a) Xe and (b) Ar gas. In both panels, the blue and
red peaks correspond to harmonics after spectral selection by 150 nm thick
Al and Sn filters respectively. The normalized transmission curves calculated
using Henke et al. [1993] database are illustrated by red dash-dotted lines for
Al and black dashed lines for Sn. The figure has been reproduced from Makos
et al. [2020].

In this chamber two diagnostics tools are also installed: an XUV calibrated

PD (AXUV-100G OPTO DIODE Corp.) and a homemade XUV BP consisting

of a pair of Multi-channel Plates (MCPs) and a phosphor screen, followed by

a commercial CCD camera (Basler acA1300-30um, Basler AG) to image the

illuminated area.
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5.1. The high photon flux XUV source

Figure 5.3b illustrates the recorded XUV beam profile. The XUV radiation,

filtered by an Al foil, was generated using G J1 filled with Xenon and being

placed at the focusing position of the driving field. We should stress that

during this measurement, the diameter of the aperture that has been placed

before the BP was reduced to 5 mm. Thus, selecting mainly the short trajectory

harmonics, without excluding the presence of the long trajectories for harmonics

lying close to the cut-off spectral region.

The spatial intensity distribution of the XUV beam has been also recorded

by the knife edge technique. The XUV radiation photoionizes Argon atoms

and the PE yield is measured as a function of the knife edge position. The

measured curve shown in Fig. 5.3c is then differentiated resulting in the

intensity distribution and subsequently, a Gaussian fit to the measured data

is performed. The results of the knife edge measurements are in agreement

with the obtained values of the XUV beam radius when the XUV BP was

utilized.
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Figure 5.7: The XUV PD quantum efficiency as a function of photon energy
provided by the manufacturing company Opto Diode Corp.

The XUV energy was measured by using an XUV calibrated PD. After

the optimization of the harmonic yield, the XUV PD is placed behind the

Sn filter. The signal was measured by means of an oscilloscope (Digital

Storage Oscilloscope DSO7054A InfiniiVision, Agilent Technologies) setting

the channel’s input impedance at 50 Ω and the measured trace was integrated.
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5.1. The high photon flux XUV source

An additional recording was performed, with harmonic generation switched

off, in order to determine the leak of the IR hitting the PD.

To obtain the energy form the integrated signal, first we calculate the

photoelectron number npe

npe = Stot −S I R

qe RLoad
, (5.2)

where Stot is the total signal both IR and XUV, the S I R is signal attributed only

to IR (with G J s switched off), qe the elementary charge and RLoad the impedance

of the oscilloscope. Then the energy will be given by

Epul se =
∑
q

npe ħωq wq qe

ηq RSi
q T Sn

q

, (5.3)

with wq the statistical weight of the q th harmonic, ħωq the corresponding

photon energy and ηq the quantum efficiency of the PD, as shown in Fig. 5.7.

Furthermore, to determine the generated XUV energy (see section 5.2.2)

two additional factors have to be taken into consideration: i) the reflection of

the Si plate RSi
q (according to Fig. 5.5 around ' 500 % ) and ii) the transmission

of metallic foil (see Fig. 5.6).The transmission of the Sn filter was experimentally

determined by recording the PE spectra resulted by single photo-ionization of

Argon gas induced by the harmonic comb with and without filter, and was

found to be T Sn
q = 4 %, meaning that it was degraded from its nominal value.

End Station

The last chamber hosts the wavefront split device, a Magnetic Bottle (MB)-

Time of flight (TOF), the detection gas jet (D J ) and a FFS. A split spherical gold

coated mirror of 5 cm focal length, fixed on a multiple translation rotation

stage (piezosystem Jena GmbH) is used to introduce delay times with a step

in the attosecond range.

This stage enables control in 3 degrees of freedom for the one half of the

mirror and one degree for the other half. For the first half allows displacement
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along the z-axis (i.e. the beam propagation axis) with minimum step of 1.5 nm

and maximum translation of 80 µm (ENV 300 CAP, piezosystem Jena GmbH)

as well as rotation both in the x − z and y − z plane (ENV 300 nanoX SG,

piezosystem Jena GmbH). Additionally, for the other half the position is altered

only along the propagation direction with a maximum translation of 400 µm

(ENV 300 nanoX CAP, piezosystem Jena GmbH). All stages are controlled

by piezo crystals operated in closed loop mode and equipped by either a

capacitive or strain gauge controller sensor.

The translation along the propagation axis for each half of the Split Spherical

Mirror (SSM), as described above, introduces a temporal delay between the

two parts of the beam allowing to run an XUV pump - XUV probe experiment.

It is worth noting that even for the maximum translation of 80 µm, the effects

of spatial displacements of the two parts of the focused beam are negligibly

small [Faucher et al., 2009].

The XUV beam is focused in front of a pulsed gas jet whose forefront serves

also as a repeller for the MB TOF spectrometer. The latter option is used when

the TOF is set to record mass ion spectra while an alternative configuration

recording PE spectra is also feasible. Finally, an imaging XUV FFS (H+P

Spectroscopy, Dr. Hoerlein & Partner), covering a spectral range spanning

form 5 nm to 80 nm, is placed behind the SSM monitoring and recording the

XUV radiation that is “leaking” through the slit of the aforementioned bisected

mirror.
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Figure 5.8: Reflectivity for an uncoated Au mirror for 4 deg angle of incidence
(AOI) as a function of harmonic order. Since it is almost normal incidence
both polarizations (Parallel and Senkrecht) yield similar reflectivity. Atomic
scattering factors for Au was taken from Kramida and Ralchenko [n.d.].

5.1.1 Vacuum conditions

The rest vacuum, i.e. the vacuum when all gas jets are off, in all chambers

of the beam line is: ∼ 10−6 mbar apart from the End Station chamber in which

it is ∼ 10−7 mbar . The generating nozzles are operating with different backing

pressure depending the utilized gases: for Helium 5.5 bar , for Neon 3 bar ,

for Argon 3.5 bar and for Xenon 1.5 bar . The estimated gas pressure for the

generation jet in the interaction area according to calculation presented in

section 4, is ∼ 25 mbar , when it is filled with Argon.

In the HHG chamber when two gas jets are operating simultaneously,

the pressure in the chamber raises to ∼ 10−4 mbar , hence a turbo-molecular

pump with pumping speed up to 1900 l /s (Turbo HiPace 2300, Pfeiffer Vacuum

GmbH) is dedicated to maintain the desirable vacuum conditions. In the End

Station in order to sustain high vacuum during the operation of the gas target

jet, a turbo-molecular pump with pumping speed 1100 l/s (Turbovac 1000 C,

Leybold GmbH) is utilized. An additional turbo pump differentially pumping

the FFS spectrometer ensures that the pressure where the Multi-channel

Plate (MCP) detector is placed, is lower than ∼ 10−6 mbar .
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5.2. Pulse energy and conversion efficiency of the XUV source

5.2 Pulse energy and conversion efficiency of the

XUV source

As we presented in Chapter 3, for obtaining a better understanding of the

HHG process one should examine both the microscopic ( i.e. SAE) and the

macroscopic (atomic ensemble) response of the medium. On a microscopic

level, the maximum harmonic yield is achieved for laser intensities just before

the saturation threshold, when the intensity is so high that depletes the

ground state of the interacting atom. This intensity for Xenon is found to

be at 3× 1014 W /cm2 [Tzallas et al., 2005] (also see Fig. 3.6 ). However, the

enhancement of the XUV emission requires also a precise control of the phase

matching conditions optimizing the macroscopic factors of the process.

5.2.1 Loose focusing geometry and quasi phase matching

conditions

The approach followed during this work in order to enhance the harmonic

yield was to increase the number of the atomic XUV emitters considering the

macroscopic response of the medium. The latter is achieved by increasing

the interaction volume while the intensity was kept constant just below the

saturation level. A loose focusing configuration was applied by utilizing a

spherical mirror of 9 m focal length as depicted in the experimental setup in

Fig. 5.1.

The optimization of the harmonic yield taking into account the phase matching

conditions as well as the reabsorption of generated XUV as this propagates

in the atomic medium can be adequately described by an one-dimensional

models reported by Constant et al. [1999]; Midorikawa et al. [2008]; Dachraoui

et al. [2009]; Heyl et al. [2017]. Thus, the total number of the emitted q th

harmonic photons along the z direction, driving field propagation axis and
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neglecting off- axis emission, per unit of time and of area will be given by

yi eld q
H H = 4 L2

abs N 2
atom

1+4π2
(

Labs
Lcoh

)2

[
1+exp

(
−Lmed

Labs

)
− 2cos

(
πLmed

Lcoh

)
exp

(
− Lmed

2Labs

)]
. (5.4)

The absorption length Labs is defined as

Labs =
1

Natom σ(ωq )
, (5.5)

where Natom is the atomic density (Eq. 4.22) and σ(ωq ) the single photon

ionization cross section (Eq. 4.21) . Furthermore the coherence length Lcoh

discussed in section 4 is given by

Lcoh = π

∆k
, (5.6)

where ∆k refers to the mismatch introduced in Eq. 4.17.

Figure 5.9 presents the XUV photon flux as a function of the medium

length, utilizing the expression from Eq. 5.4. It is evident that when the

coherence length is comparable to the absorption length Lcoh ' Labs, the yield

saturates as soon as the medium length becomes longer than the absorption

length (red line). Therefore, in order to increase the harmonic yield, the

coherence length should be extended much longer than the absorption length

Lcoh >> Labs (black line).
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Figure 5.9: Number of on-axis emitted photons (arbitrary units) as a function
of the medium length (in units of absorption length). The orange dashed line
corresponds to absorption free HHG.The black line corresponds to Lcoh >> Labs,
while the green one to Lcoh > 5Labs. The red line indicates the yield when
Lcoh = Labs and the blue when Lcoh = 0.2Labs.

Moreover when the coherence length is much longer both than the absorption

and the medium length the net harmonic output is proportional to the squares

of the medium length and the pressure ∼ P 2L2
med .

Figure 5.10 illustrates the dependence of the harmonic yield using Argon

atoms as a function of the gas pressure and the medium length, while the

color-map indicate the normalized yield. From the obtained results it becomes

clear that there is an optimum range of a values, corresponding to a constant

pressure - length product, where the yield becomes maximum (dark red area).

During this work experimental conditions were set accordingly, for the pressure

P ' 25 mbar s and for the medium length of L ' 1.5 mm.

The light green area in Fig. 5.10 depicts approximately 50% reduction in

generation efficiency. This area corresponds to media under high pressure

and along large length, which leads to stronger absorption effects and IR-XUV

mismatch induced by the neutral atoms and plasma generation in the medium

(see section 4).The latter confines the coherent harmonic buildup to a short

propagation length. This limitation can be overcome by applying QPM conditions

discussed below.
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Figure 5.10: Yield of the 17th harmonic in Argon gas as a function of the gas
pressure (P ) and the medium length (Lmed ) for IL = 1.5×1014 W /cm2, considering
only the short trajectories. The values for pressure and medium length set
during the experimental measurements, P ' 25 mbar s and Lmed ' 1.5 mm, are
in agreement with the maximum yield according to this calculation.

Experimental manifestation of Quasi phase matching conditions

The experimental optimization of the generated XUV energy in the dual

jet configuration was achieved after maximizing the harmonic yield of the

single-gas jet (G J1). Searching for the best interplay between the driving IR

field intensity (IL), the medium length (Lmed ), the gas pressure (P ), as well as

the position of the G J relative to the focal plane of the IR beam was a tedious

task, especially when the second G J was utilized.

The contour plots of Fig. 5.11 depict the harmonic spectra recorded in the

End Station by the means of a MB TOF. We have to stress that the recorded

single-photon PE spectra were produced by the interaction of the incoming

XUV beam with Argon gas (Djet) in a configuration without the use of the SSM.

The upper panels, though, show the dependence of the XUV energy (derived

by integrating the TOF PE spectrum) as a function of the G J1 position. For

this investigation both Argon and Xenon were utilized as generating media.
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Therefore, the maximum yield was achieved when G J1 was set to be around

the focal position of the IR beam (z = 0) with the driving intensity set just below

the ionization saturation intensity of Xenon and Argon atoms, for P ' 25 mbar s

and Lmed ' 1.5 mm.
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Figure 5.11: XUV harmonic yield along the propagation axis. The upper
panels show the dependence of the XUV energy (integrated over the spectrum
passing through the Al filter) generated in Argon and Xenon gas on the
position of the G J1 relative to the laser focus, respectively. For obtaining
the energy values at the harmonic generation area, the measured by the
XUV- PD energy values were divided by the reflectivity of the Si plate and
the transmission of the Al filter. The error bars represent the standard
deviation from the mean. The lower panels show the corresponding harmonic
spectrum measured in the target area by recording the single-photon PE
spectra produced by the interaction of Ar gas with the incoming XUV beam.
The x-axis depicts the distance of the gas jet from the position of the IR focus,
the y-axis reveals the harmonic order, measured in the PE spectrum which
was produced by the unfocused XUV beam, and the z-axis the XUV pulse
energy.

The exploitation of a dual gas jet configuration applying QPM conditions

leads to a further enhancement [Seres et al., 2007; Pirri et al., 2008]. This

time the position of G J1 is fixed at z ' 0 while for G J2 is varied, setting for both

jets the same medium length as well as pressure.

Figure 5.12 shows the dependence of the XUV energy, generated either by
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Xenon or Argon gas, on the distance between G J1 and G J2. In both cases, an

energy enhancement by a factor of ' 1.7 is observed when the second jet G J2 is

placed at z '±5 cm. Calculations based on Tao et al. [2017], shown in Fig. 5.13

and taking into account the propagation effects in the dual-gas medium are

in fair agreement with the latter result. The reduction of the energy around

the focal plane z ' 0 is attributed mainly to depletion of the generating medium

and other phase-mismatch effects due to the increase of the medium pressure

and/or medium length. Furthermore the signal modulation, observed as a

function of the jet distance is due to the Gouy phase shift of the focused IR

beam [Laban et al., 2012].
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Figure 5.12: XUV harmonic yield along the propagation axis as function of
distance between the two generating jets. The upper panels show the XUV
energy (integrated over the spectrum passing through the Al filter) generated
in Argon and Xenon gas varying the distance between G J2 and G J1 (placed
at z = 0). The error bars represent the standard deviation. The lower panels
show the harmonic spectrum measured in the target area by recording the
PE produced by the single photon of Argon gas. The x-axis denotes the
distance between the two jets, the y-axis the harmonic order and the z-axis
the XUV pulse energy. G J1 fixed at z ' 0 while G J2 translates along the laser
field propagation axis.

75



5.2. Pulse energy and conversion efficiency of the XUV source

Figure 5.13: Calculated yield of the 17th harmonic generated in Argon gas as
a function of the distance between the gas jets (black solid line). The yield
was calculated for IL ' 1.5×1014 W /cm2 and L ' 1.5 mm, P ' 25 mbar s for both
jets. For comparison, the dependence of the XUV energy generated in a single
Ar gas jet on the position of the G J1 relative to the laser focus is shown (black
dashed line). The figure has been reproduced from Nayak et al. [2018].

5.2.2 XUV energy determination

The determination of the generated XUV energy was made by means of

an XUV-PD. Figure 5.14 shows the PD signal of the radiation transmitted

through a Sn filter and produced with either a single (blue shaded area)

or a dual (red shaded area) G J configuration. The black line correspond to

IR light detected by the XUV PD, when both generating gas jets were off.

Although significantly small, this signal was subtracted from the measured

total one, obtained when HHG was on. The signal was recorded by means of

an oscilloscope (Digital Storage Oscilloscope DSO7054A InfiniiVision, Agilent

Technologies) and the obtained trace was integrated. Furthermore, to estimate

the XUV energy at the source the filter transmission, the reflectivity of Si plate

as well as the quantum efficiency (see Fig. 5.7) of the XUV-PD were also taken

into account, as described in Eq. 5.3.
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Figure 5.14: Measurement of the XUV energy. The blue shaded area
corresponds to XUV PD signal obtained with a single G J configuration while
the red one corresponds to a dual G J s configuration. The recorded signal with
both jets switched off is depicted by a black line. For the extraction of the
pulse energy the XUV photodiode quantum efficiency as a function of photon
energy (inset) provided by the manufacturing company Opto Diode Corp. was
utilized. The figure has been reproduced from Makos et al. [2020].

For the single jet configuration applying the optimum generating conditions,

the maximum obtained XUV energy was ' 135 µJ and ' 75 µJ per pulse for

Xenon and Argon, respectively. To estimate the conversion efficiency for the

HHG process the energy per harmonic were divided by the total driving field

energy as

C(q) =
E XUV

(q)

E I R
. (5.7)

Considering that Argon gas medium was driven by 45 m J IR pulse energy and

the yield was ' 10 µJ per harmonic, the corresponding conversion efficiency is

equal to ' 2×10−4. For Xenon a 45 m J IR pulse was utilized yielding E XUV
(q=11,13,15) '

30 µJ , considering that the total energy is shared equally between the plateau

harmonics, the conversion efficiencies attained for 11th , 13th , 15th harmonics

were C (11) 'C (13) 'C (15) ' 1×10−3.

This constitutes a remarkable result comparing to previous works [Takahashi

et al., 2002; Hergott et al., 2002; Rudawski et al., 2013; Hädrich et al., 2014],
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where e.g. up to C ′(11) ' 5 × 10−4 was reported by Takahashi et al. [2002],

improving the conversion efficiency by a factor of > 2. This is attributed to the

enlarged interaction volume and is in agreement with the energy scaling law

introduced by Midorikawa et al. [2008]; Takahashi et al. [2002]; Heyl et al.

[2017].

The dual jet configuration enables XUV pulses up to 130 µJ when Argon

and 230 µJ when Xenon gas are utilized, respectively. This value corresponds

to ≈ 5× 1013 photons/pulse, a photon flux comparable with that of FELs in

this spectral region, realizing a powerful gas target HHG source. The attained

conversion efficiencies were ' 2 × 10−3 and ' 3 × 10−4, for Xenon and Argon,

respectively.

Experimental runs were performed exploiting more than two gas jets, up to

four, however without obtaining any further enhancement, mainly due to the

reabsorption of the generated XUV as it propagates through the successive

generating media.
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5.3 XUV volume autocorrelator

The temporal characterization of the XUV radiation has been performed

utilizing a split wavefront device, depicted in Fig. 5.15, in which a pair of split

mirrors acts both as a beam splitter and as an optical delay line. The technical

characteristics of the delay line have been presented in detail in section 5.1.

This section though is devoted to the optimization steps of the apparatus as

well as to the main principles of the volume autocorrelation.

The incident beam splits equally into two parts with one of them being

temporally delayed. Both parts are superimposed at the focal plane having

the same intensity profiles, although the wavefronts tilt in opposite directions

to each other. As a result, the spatial distribution of the synthesized electric

field at the focal plane depends on the relative phase, i.e. the introduced delay

by the bisected mirror. Recording the two-photon ionization products of an

appropriate atomic system one can make use the apparatus as a second order

autocorrelator.

Figure 5.15: Split spherical mirror apparatus. A schematic of the
experimental set-up of the volume autocorrelator consisting of a gold coated
SSM and a TOF spectrometer. The figure has been reproduced from Makos
et al. [2020].
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5.3.1 Spatial profile of split beams at the focal point

Considering a collimated Gaussian beam (see Eq. 4.8 ) we can derive the

spatial profile of split beams at the focal point of the focusing mirror. According

to Fraunhofer diffraction theory this is obtained by the FT of the optical field

at the object plane similar to a 2 f -setup [Hecht, 2002]

Ũ (x, y) =− i

λ f
exp

(
i

4π f

λ

) ∫ +∞

±δ/2
exp

(
− x2

1

w 2
0

− i
2π

λ f
x1x

)
d x1

∫ +∞

−∞
exp

(
− y2

1

w 2
0

− i
2π

λ f
y1 y

)
d y1 ,

(5.8)

where λ is the carrier wavelength of the field, f the focal length of the focusing

SSM, δ the gap between the bisected parts, and w0 the initial spot size of the

Gaussian.

However, the gap between the two parts of the SSM can be neglected under

the condition of δ < √
λ f . The two split beams have the same electric field

profiles at the focal point, but the wavefronts tilt is in opposite directions to

each other as shown in Fig. 5.16.
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Figure 5.16: Spatial profiles of the electric field amplitude (a) before focusing
and (b) at the focal point. c) Phase at the focal point for the right part of
the mirror, note that the other part will acquire opposite phase. The initial
beam used for the calculation has a Gaussian profile of a beam waist of 2 mm,
centered at 62 nm, while the focal length of the focusing SSM is f = 5 cm.

When both beams are superimposed on the focal plane the spatial intensity

distribution reads as [Mashiko et al., 2003]:

ŨS =
∣∣∣∣(Ũ1(x, y, z) e iφ1(x) +Ũ2(x, y, z) e iφ2(x) e iωo∆τ

)2
∣∣∣∣2

, (5.9)

where Ũ1,2(x, y, z) and φ1,2(x) describe the amplitude and the phase of each

part, respectively. The additional exponential in the second term denotes the

relative phase due to the introduced delay ∆τ after translating one part of the
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5.3. XUV volume autocorrelator

SSM.

Ũ1,2(x, y, z) = 1/2√
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φ1,2(x) = π
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1F1

{
1

2
;
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2
;

(
x

w f

)2}]
. (5.11)

In the above expression 1F1 stands for the hypergeometric function, zR for the

Rayleigh length and w f for the beam waist. Figure 5.17 shows the spatial

profiles of the synthesized field for various relative phases.
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Figure 5.17: Spatial profiles of a synthesized field for various values of
temporal phase corresponding to the delay between two pulses. (a) ∆φ = 0 ,
(b) ∆φ= 0.8π, and (c) ∆φ=π. The focused Gaussian beam has a beam spot size
of 2 µm, centered at 62 nm.

82



5.3. XUV volume autocorrelator

However, the assumption we made above neglecting the gap is important

and should be fulfilled by the experimental conditions. Otherwise if the gap

between the mirrors is increased we obtain a different image in the focal

plane as shown in Fig. 5.18. Thus, extra care should be taken during the

experimental optimization to fulfil the aforementioned condition.

(a) (b)

(c) (d)

Figure 5.18: Calculated 3D spatial distribution of synthesized fields at the
focal plane varying the gap between the bisected parts of SSM. (a, c) plots
correspond to a time delay ∆τd = 0 while (b, d) to ∆τd = TL

2 . The gap between
two parts of SSM is set to be equal to (a, b) 1 mm and (c, d) 500µm, respectively.
For all calculations a beam with initial beam waist of 1 mm with central
wavelength λ = 532 nm focused by the f = 5 cm SSM was used. These
parameters were chosen in order to allow comparison with the experimentally
obtained spatial distributions presented in section 5.3.3.
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5.3. XUV volume autocorrelator

5.3.2 Autocorrelation functions

The second-order autocorrelation signal can be obtained by integrating the

square of the intensity over the area as a function of the introduced time

delay, described by

G2(τ) =
∫ +∞

−∞
d t

∫ +∞

−∞
dV

∣∣Ẽ(x, y, z; t )
∣∣4 /( ∫ +∞

−∞
dV

∣∣Ũ (x, y, z)
∣∣4

)
= FDC (τ)+ Fω(τ) [S1 cos(ω0τ)+S2 si n(ω0τ)]

+F2ω(τ) [S3 cos(2ω0τ)+S4 si n(2ω0τ)] . (5.12)

In the above expression [Mashiko et al., 2003] we have introduced the synthesized

electric field considering both the spatial and the temporal aspects of the field

Ẽ(x, y, z; t ) =
(

A(t ) Ũ1(x, y, z) e iφ1(x) + A(t −∆τ) Ũ2(x, y, z) e iφ2(x) e iωo∆τ
)

, (5.13)

where A(t ) stands for the temporal envelope of the pulse and Ũ1,2(x, y, z), φ1,2(x)

stand for the spatial amplitude and phase defined in Eq. 5.10, 5.11 respectively.

Additionally, F(DC , ω, 2ω)(τ) describe the temporal parameters

FDC (τ) =
∫ +∞

−∞
d t

{
A4(t )+2 A2(t ) A2(t −τ)

}
, (5.14)

Fω(τ) =
∫ +∞

−∞
d t

{
2 A(t ) A(t −τ)

[
A2(t )+ A2(t −τ)

]}
, (5.15)

F2ω(τ) =
∫ +∞

−∞
d t

{
A2(t ) A2(t −τ)

}
, (5.16)

and S(1,2,3,4) the spatial factors

S1 =
∫ +∞

−∞
dV

∣∣Ũ (x, y, z)
∣∣4

cos
(
φ1(x, y)−φ2(x, y)

)/
Ũi nt . (5.17)

S2 =
∫ +∞

−∞
dV

∣∣Ũ (x, y, z)
∣∣4

si n
(
φ1(x, y)−φ2(x, y)

)/
Ũi nt . (5.18)

S3 =
∫ +∞

−∞
dV

∣∣Ũ (x, y, z)
∣∣4

cos
[
2
(
φ1(x, y)−φ2(x, y)

)]/
Ũi nt . (5.19)
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5.3. XUV volume autocorrelator

S4 =
∫ +∞

−∞
dV

∣∣Ũ (x, y, z)
∣∣4

si n
[
2
(
φ1(x, y)−φ2(x, y)

)]/
Ũi nt . (5.20)

with Ũi nt =
∫ +∞
−∞ dV

∣∣Ũ (x, y, z)
∣∣4.

For a conventional Michelson interferometer the spatial parameters would

reduce to (S1,S2,S3,S4) = (1,0,1,0) since the two beams are superimposed with

the same spatial amplitude and phase i.e. φ1(x, y) = φ2(x, y). However, in our

case, using a wavefront splitting device, the spatial phase at the focal point is

symmetric with respect to the separation gap between the SSM parts on the

x-axis i.e. φ2(x, y) = −φ1(x, y) as shown in Fig. 5.16. The latter implies that at

focal plane where the delay is ∆τ = 0 the spatial factors S2 = S4 = 0, bearing in

mind that si n(φ) is an odd function.

Figure 5.19 shows the calculated 2st order Interferometric Autocorrelation

trace obtained at the focal plane, considering a Fourier Transformed Limited

(FTL) Gaussian pulse with Full Width at Half Maximum (FWHM) 20 f s centered

at 800 nm, collimated acquiring a diameter of 2 mm. An integration along z

propagation axis would yield the VAC trace [Tzallas et al., 2003].
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Figure 5.19: Calculated 2st order Interferometric Autocorrelation trace at the
focal plane. An integration along z propagation axis would yield the VAC trace.
A 20 f s FTL Gaussian pulse centered at 800 nm, collimated with a diameter of
2 mm.
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5.3. XUV volume autocorrelator

5.3.3 Temporal resolution of the VAC apparatus

Before utilizing the wavefront split device its interferometric stability was

tested. First a 532 nm CW diode laser was used for testing the spatial distribution

at the focal plane. The 532 nm beam follows the same path as the XUV/IR and

is focused by the SSM as shown in Fig. 5.15).For the purpose of the stability

determination, an imaging system, realized by a convex lens ( f = 65 cm) and

followed by a commercial CCD camera (acA1300-30um - Basler ace, Basler

AG), was utilized to magnify the focal area.

Figures 5.20a, 5.20c present the calculated according to Eq. 5.9. Additionally,

Fig. 5.20b, 5.20d depict the recorded images at the focal plane of a 532 nm CW

laser beam; obtained for two different delays, i.e. for two different displacements

of the one-half of the mirror.

The upper panels (Fig. 5.20b, 5.20a) show the intensity distribution at the

focus formed when the delay between the two wavefronts is nTL, with TL

being the period of the CW laser field. This delay is introduced by adjusting

the position of the piezoelectric translator along the propagation axis of one

part of the SSM. The position of the piezo translation stage was measured by

a capacitive sensor feedback system of the piezo system as described in detail

in section 5.1.

When the delay between the two wavefronts becomes (n+1/2)TL, the intensity

distribution at the focus splits into two bright spots shown at the lower panels

( see Fig. 5.20d, 5.20c) .
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Figure 5.20: Theoretically (a,c) and experimentally (b,d) determined spatial
distributions at focal plane for various phase differences. The upper panels
(a,b) correspond to a delay of ∆τ = 0 while the lower ones (c,d) to ∆τ = TL

2 . For
the experiment a 532 nm CW laser beam was imaged by a lens ( f = 65 cm)
followed by a commercial CCD camera.

Interferometric stability of the VAC apparatus

The interferometric stability of the volume autocorrelator is of crucial importance

for the IVAC measurements and the temporal characterisation of the XUV

pulse trains accordingly, as well as to the conduction of XUV pump - XUV

probe experiments.
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Figure 5.21: (a) A line out of the recorded intensity distribution of a 532 nm
CW diode laser at the focal plane of the SSM for time delay ∆τ = TL/2
(Fig. 5.20d).Gate L and R denote the shaded integrated areas and TL the
period of the 532 nm CW laser. (b) The difference of the two integrated areas is
attributed to introduced optical path difference between the split wavefronts
caused by the instability of the apparatus. The root mean square of this
introduced time delay for 1250 frames is equal to ∼ 26 asec.

Utilizing again the CW diode laser of λ= 532 nm the spatial distribution at

the focus is recorded by means of a CCD camera, as shown in Fig. 5.20d.

However, this time the displacement of the two halves of the SSM was fixed

such as introducing a delay of ∆τ = TL
2 . Consequently, taking the line-out of

the focal spot area, the integrated areas of Gate L and R respectively, defined

in Fig. 5.21, should be essentially equal as shown in the simulated spatial

distribution in Fig. 5.20c. As a result any deviation from this picture can be

correlated to the instability of the SSM apparatus, since it originates from the

optical path difference between the split wavefronts interfering in the focal

plane.

The interferometric stability of the device is then extracted from the root

mean square of the determined time delay for 1250 recorded frames, which

was found to be ' 26 asec.

Laser beam pointing stability

However, the interferometric stability of the SSM apparatus may vary when

the IR laser is utilized, since its pointing stability differs from that of the CW.
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5.3. XUV volume autocorrelator

Thus, the pointing stability of the IR beam was determined using a commercial

CCD camera (Win CamD - UCD23, DataRay Inc.) placed in front of the SSM.

Figure 5.22 shows the shot to shot variation of the IR beam spot, i.e. the

position of the maximum of the intensity distribution for 230 laser shots.

The root mean square beam wander distribution is 194 µm along the x-axis

and 280 µm along the y-axis, which is considered negligible and does not

affect the interferometric stability as well as the time resolution of the volume

autocorrelator, bearing in mind that XUV FWHM beam spot on the SSM is

' 3 mm.
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Figure 5.22: Measurement of the IR laser pointing stability in front of the SSM.
Each dot corresponds to the maximum of the IR beam profile recorded by a
commercial CCD camera. The root mean square beam wander distribution
after 230 shots is 194 µm along the x-axis and 280 µm along the y-axis.

Higher-order IR Interferometric VAC trace

After finalizing the spatial distribution of the split-and-delay device using

the CW laser beam, a volume autocorrelation measurement was performed

utilizing this time the IR laser field. The experimentally obtained higher-order

Interferometric VAC trace is presented in Fig. 5.23. To perform the autocorrelation

measurement we have recorded the ionization products of the interaction

between Argon gas and the IR laser field as a function of time delay, introduced

by the SSM.
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5.3. XUV volume autocorrelator

During this acquisition, the HHG was turned off and all filters were removed,

thus ionization of Argon occurs only through the fundamental laser frequency

by multi-IR-photon absorption. The recorded trace is shown in Fig. 5.23a

where the interferometric fringes are clearly visible while the cycle average of

the data is presented by a red dashed line.

(a) (b)

Figure 5.23: (a) Higher order Interferometric VAC trace of the IR laser field
obtained measuring the Ar+ yield as a function of the time delay between
the two split beam introduced by the SSM. (b) Expanded area of the IR
Interferometric VAC trace. The signal is oscillating with the laser period of
TL = 2.67 f s. Both figures have been reproduced from Makos et al. [2020].

The optimization of the interferometric fringes visibility is used for the

everyday experimental alignment of the delay line. Furthermore, the higher

order Interferometric VAC trace is used for the determination of the introduced

time delay range used when XUV radiation is utilized, since the maximum of

the VAC trace corresponds to zero time delay for the IR field. The period of the

observed oscillation, depicted in the expanded area of the trace is equal to the

laser period TL = 2.67 f s as shown in Fig. 5.23b, where the red line corresponds

to a cosine fit of the measured data.
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Chapter 6

Multiphoton processes induced by

the 20-GW XUV beam line

After the optimization of the GW XUV source we utilize the delivered intense

XUV radiation to induce and study nonlinear phenomena in the XUV spectral

range. Hence, this chapter is devoted to the presentation of the obtained

results.

In section 6.1 we report on the observation of multiphoton ionization of

noble gases. First, we investigate Argon, where ionization up to charge state

of 4 is presented in section 6.1.1 followed by numerical calculations, which

enlighten the series of sequential and direct paths involved. Afterwards,

double ionization of Neon, in section 6.1.2, as well as two photon ionization of

Helium, in section 6.1.3, are presented.

The second order nonlinearity of Helium, a well established workbench

for volume autocorrelation [Tzallas et al., 2003; Papadogiannis et al., 2003;

Nikolopoulos et al., 2005; Nomura et al., 2008; Hörlein et al., 2010], has been

also utilized for the temporal characterization of the APTs. The experimental

determination via 2nd order IVAC is presented in section 6.2, revealing a

temporal duration in the attosecond time scale an attribute which is inherited

in high order harmonics generated by ultrashort pulses.
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6.1. Multiphoton ionization of rare gases under harmonic radiation

6.1 Multiphoton ionization of rare gases under

harmonic radiation

Nonlinear XUV optics using high intensity attosecond pulses constitutes

an ideal tool for investigating electron correlation phenomena and ultrafast

dynamics in atoms and molecules.

Many works have investigated multi-XUV-photon single ionization processes

induced by harmonic sources: i.e. two-photon ionization in Helium [Kobayashi

et al., 1998] as well as in Xenon and Krypton [Descamps et al., 2001] and

four-photon ionization in Helium [Sekikawa et al., 1999].

Furthermore, multiple ionization, by harmonic sources as well, have been

reported: i.e. two-photon double ionization in 3He [Nabekawa et al., 2005], in

Xenon [Tzallas et al., 2011, 2012] and in Neon [Manschwetus et al., 2016],

as well as in Argon and Krypton [Benis et al., 2006]. Recently Senfftleben

et al. [2020] have demonstrated multiple ionization of Argon up to Ar 5+, via

multiphoton ionization induced by harmonic radiation. Additionally, two-XUV-

photon ATI in Argon, Xenon and Helium has been presented by Miyamoto

et al. [2004].

During this work we investigated atomic systems of Helium, Argon and

Neon gases [Nayak et al., 2018; Makos et al., 2020]. Additionally, the two-XUV-

photon ionization schemes in Argon and Helium have been also exploited to

determine the attosecond pulse duration through 2nd order IVAC measurements,

presented in the next section 6.2.

In section 5.2.2 the XUV energy was found to be equal to 230 µJ when

applying a dual jet configuration. Taking this result into account and assuming

i) a FWHM of the Attosecond Pulse Train (APT) envelope equal to τXUV = τLp
n
'

11−12 f s, (with n = 3−5 the order of nonlinearity of the generation process of

the plateau harmonics [Wahlstroem et al., 1993]; ii) an XUV focal spot size

of 2 µm measured with an ion microscope by Tzallas et al. [2018]; iii) the
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6.1. Multiphoton ionization of rare gases under harmonic radiation

reflectivity of the Au SSM around ∼ 12% (see Fig. 5.8), iv) the reflectivity of the

Si plate around ∼ 60% (see Fig. 5.5);and finally v) the Sn filter transmission

∼ 20% as well as the spectral selection of a 11th −13th −15th harmonic comb (see

Fig. 5.6):an XUV intensity up to IXUV ' 7×1015 W /cm2 can be reached. Such an

intensity is sufficient to induce multiple ionization via multi-XUV-photons.

6.1.1 Multiple ionization of Argon via multi- XUV- photons

First, we investigate multiple ionization processes in Argon atoms induced

by harmonic combs in a spectral region from 17 to 23 eV (see Fig. 5.6).

A TOF mass spectrum with measured charged Argon ions up to Ar 4+ is

presented in Fig. 6.1a. The single ion Ar+ yield is orders of magnitude higher

than the rest of the peaks, thus the whole peak is not presented in the

plot range of the figure. Along with the other measured single charged ions

(O+
2 , N+

2 , etc.) are generated by a single-photon ionization process and hence,

is proportional to the XUV pulse energy.

The single charged ions are mainly produced outside of the beam focus

due to volume and single-photon ionization saturation effects occurring inside

the focal area (see Fig. 6.1b), as dictated by the LOPT for intensities above

saturation intensities Ixuv > I sat
xuv [Orfanos et al., 2020]. The expression for the

determination of the saturation intensity of Argon is given by

I sat
xuv = ħωxuv

τxuv σ(1)
' 7.5×1012 W /cm2 , (6.1)

where the XUV photon energy was set equal to ħωxuv = 20 eV , the APT envelope

temporal duration to τxuv = 12 f s, and the single photon ionization cross

section for Argon 2P1/2 at 20 eV to σ(1) = 35.7 Mb (= cm2) according to Samson

and Stolte [2002].
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(a) (b)

Figure 6.1: (a) Multiple ionization of Argon atoms recorded by TOF mass
spectrometer. The spectrum is obtained after 11th −13th −15th harmonic comb
interaction with Argon gas revealing multiple charged Argon ions up to Ar 4+.
(b) Intensity contour of a focused Gaussian beam. Low intensities occupy a
much larger volume than high intensities. The figure (a) has been reproduced
from Nayak et al. [2018].

Figure 6.2a shows the dependence of the ion yield Ar 2,3+ on the XUV

intensity Ixuv . The measured Ar 2+ signal increases with a slope ' 1.8 ± 0.3

and saturates at Isat ' 2.2×1015 W /cm2, where the slope drops to ' 1.3±0.1. The

Ar 3+ signal rises with a slope ' 2.9 ±0.5 and saturates at Isat ' 3.2×1015 W /cm2

with the slope dropping to ' 1.7 ± 0.2. Finally, the Ar 4+ signal appears at

intensities above Isat of Ar 3+ but is at the detection limit not allowing any

intensity dependence measurement.

From the measured Isat we deduce that Ar+ two-photon and Ar 2+ three-photon

ionization cross sections are equal to 2×10−52 cm4s and 1×10−85 cm6s2, respectively.

Given an uncertainty factor of 2 in the intensity, the uncertainty factors of the

measured cross sections are 4 and 9, respectively.

The x-axis, which indicates the XUV intensity, was calibrated using an

XUV PD, presented in section 5.2.2. As it is expected for a single-photon

ionization process, the experimental data of N +
2 reveal a linear dependence

on Ixuv . Figure 6.2b shows an excitation scheme including the direct and

sequential ionization paths.
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(a) (b)

Figure 6.2: (a) Dependence of the Ar 2,3+ yield on the Ixuv . For calibrating
the XUV intensity (x-axis) an XUV PD was utilized presented in section 5.2.2.
The black dashed lines correspond to a linear fit on the raw data. The error
bars represent one standard deviation of the mean. The solid lines, on the
other hand, correspond to the results of the numerical calculations, including
volume integration. The dependence of the calculated Ar+ yield on Ixuv is
linear and matches well with the experimental data of N+

2 , as dictated by
LOPT. Since the calculated Ar+ yield (gray solid line) is orders of magnitude
higher than the Ar 2+ yield, for visualization reasons, the calculated Ar+ signal
was divided by a factor of 8×103, and the measured Ar+ signal was normalized
to it. In arbitrary units measured, Ar 2+, Ar 3+, and Ar 4+ yield points are
normalized to one. (b) The ionization energy level schemes for Argon depicting
the direct and sequential ionization paths. Higher order processes (ATI) as
well as decays to excited ionic states have been excluded from the ionization
scheme. Ionization energies are taken from Kramida and Ralchenko [n.d.].
The figures have been reproduced from Nayak et al. [2018].

Numerical Calculations

Furthermore to gain insight of the different ionization paths involved in

the production of the Ar 2+ and Ar 3+ ion yields, we set up rate equations (see

Fig. 6.3) accounting for all energetically allowed processes for ions up to Ar 3+

which are presented in solid lines in Fig. 6.2a.

We note that computations have been performed utilizing MOLPRO (a quantum

chemistry package) using Hartree-Fock with a 6–311-G basis, by H.I.B. Banks

and A. Emmanouilidou in the context of the published work Nayak et al.
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[2018] and are briefly presented here for completeness reasons.

For the two-photon ionization of Argon we take the cross section equal to

10−51 cm4s (indicative two-photon ionization cross section of a neutral atom

[Saenz and Lambropoulos, 1999; Nikolopoulos and Lambropoulos, 2001]),

while for all other two-photon-ionization processes we use a cross section

of 10−52 cm4s. However, we find that our results are robust for two-photon

cross sections in the range from 10−51 cm4s to 10−53 cm4s. For the three-photon

processes we use a cross section of 10−85 cm6s2.

The cross sections used in the numerical calculations are justified by the

values deduced from the relevant saturation intensities presented above in

section 6.1.1 (typical cross sections can be found in [Lambropoulos et al.,

2005; Nikolopoulos and Lambropoulos, 2014]).The calculations incorporated

in Fig. 6.2a have been performed using a Gaussian pulse with temporal

duration of 10 f s and beam waist w0 = 1 µm.

The corresponding values from the calculations are stheor y = 1.8 and Isat '
2.4 × 1015 W /cm2 for Ar 2+ and stheor y = 3.1 and Isat ' 3.7 × 1015 W /cm2 forAr 3+,

presented as solid lines in Fig. 6.2a.
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(a)

(b)

Figure 6.3: Calculated ionization yields of different ionization channels.
These calculations are performed for a central photon energy of 22 eV and
a pulse duration of 10 f s, without including this time volume integration.
(a) presents the ion yield of Ar 2+ as a function of the XUV intensity. The
black thick line correspond to the yield of the two-photon Direct Double
Ionization (DDI) of the Argon pathway. All other curves denoted nPmP (m =
1,2; n = 2,3) refer to the sequential pathways of n−photon ionization of Argon
followed by m−photon ionization of Ar+. From this graph we deduce that
below saturation the two-photon DDI is the dominant pathway, while after
saturation the lowest-order sequential process prevails. (b) presents the XUV
intensity dependence of the Ar 3+ yield. The black thick line correspond to
the single-photon ionization of Argon followed by three-photon direct ejection
of two electrons from Ar+, which is the dominant pathway at all intensities,
while all other curves denoted hPi P j P refer to the sequential processes of
h−photon (h = 1,2) ionization of Argon followed by i−photon ionization (i = 2,3)
of Ar+ and eventually by j−photon ionization ( j = 2,3) of Ar 2+. The figures have
been reproduced from Nayak et al. [2018].

97



6.1. Multiphoton ionization of rare gases under harmonic radiation

Figure 6.3 provides significant information about the individual contributing

ionization pathways, presenting the calculated ion yields of each allowed

pathway contributing to the formation of Ar 2+ and Ar 3+. The calculations

are performed for a central photon energy of 22 eV , a Gaussian pulse with

temporal duration of 10 f s, without including volume integration in contrast

with Fig. 6.2a. The non-sequential mechanisms is found to dominate the

ionization process at low intensities, whereas the sequential mechanism can

contribute substantially as intensity increases [Makris and Lambropoulos,

2008].

Figure 6.3a depicts the Ar 2+ pathway contribution as a function of the

XUV intensity. The black line corresponds to the yield of the two-photon

DDI channel. All other curves denoted as nPmP (m = 1,2; n = 2,3) refer to

the sequential pathways of n−photon ionization of Ar followed by m−photon

ionization of Ar+. Before saturation of the Ar+ signal the dominant process

for the Ar 2+ production is the two-photon DDI, while upon saturation the

sequential processes set in and eventually prevail.

Figure 6.3b shows several different pathways contributing to the formation

of Ar 3+. The notation hPi P j P (h = 1,2; i = 2,3; and j = 2,3) stands for h−photon

ionization of Ar , followed by i−photon DDI of Ar+ or i−photon ionization of

Ar+ followed by j−photon ionization of Ar 2+. The dominating mechanism

for the formation of Ar 3+ is the single-photon ionization of Ar followed by a

three-photon DDI of Ar+. The slope of 4 of this four-photon process reduces

to 3 in the intensity region of the experiment since in this region the Ar

single-photon ionization saturation takes place.

Comparison with FEL

The obtained results are remarkable for a harmonic source, nevertheless

we should mention some pioneer works reporting multiple ionization of atoms

utilizing FEL sources in the XUV spectral range: i.e. multiply charged ions

up to X e6+ and Ar 4+ produced by 98 nm radiation [Wabnitz et al., 2005];

98



6.1. Multiphoton ionization of rare gases under harmonic radiation

Double Ionization (DI) of Neon and triple of Argon after interaction with 32 nm

radiation [Moshammer et al., 2007]; charged ions up to X e21+ with the interaction

field centered at 13 nm [Sorokin et al., 2007]; multiply charged ions up to Ar 6+

produced by 62 nm radiation [Motomura et al., 2009]; two-photon DI of Helium

and Neon induced by 44 eV field and up to Ar 4+ charged ions by 28 eV photons

[Jiang et al., 2009]; and DI of Argon by 21 eV [Hikosaka et al., 2010].

However, we should consider some interesting physical aspects before comparing

the ion yields either produced by FELs or by harmonic sources.

First of all the yield of a non-resonant N-photon process depends on the

coherence properties of the radiation used. The yield is proportional to N ! for

chaotic (incoherent) radiation, proportional to (2N −1)!! for squeezed vacuum

states of light and equal to unity for coherent radiation.

Therefore, “noisy” light sources (especially Self-Amplified Spontaneous Emission

(SASE) FEL radiation utilized in most of the above works is considered as

incoherent, unless harmonics seeded by laser fields are utilized [Maroju et al.,

2020] ) are much more efficient for multiphoton effects than coherent sources,

such as harmonic radiation, with the same mean power, pulse duration, and

repetition rate.

The multiphoton yield dependence on the coherence properties of the light

was theoretically shown already in the 70s [Lambropoulos, 1972; Dixit and

Lambropoulos, 1978; Georges and Lambropoulos, 1979; Nikolopoulos and

Lambropoulos, 2012] and experimentally verified in by Lecompte et al. [1974]

and more recently by Spasibko et al. [2017].

Additionally, the ionization yield, in the frame of LOPT, for sequential

processes depends linearly on the interaction volume and nonlinearly on the

pulse duration depending on the number of sequential steps involved [Lambropoulos

et al., 2008]. The following equations describe the ionization yield for two

photon Sequential Double Ionization (SDI) (Eq. 6.2) and two photon DDI (Eq. 6.3).

N 2+
SD I = (σ(1)

i Fxuv τxuv ) (σ(1)
i i Fxuv τxuv ) natomVi nt , (6.2)

99



6.1. Multiphoton ionization of rare gases under harmonic radiation

N 2+
DD I =σ(2) F 2

xuv τxuv natomVi nt , (6.3)

where Fxuv stands for the photon flux, σ(1)
i ,i i for the one-photon single ionization

cross sections for A and A+, respectively, while σ(2) denotes the two-photon DI

cross section for the direct process, τxuv the envelope temporal width of the

XUV pulse, natom the atomic density on target and Vi nt the interaction volume.

One should take all these into account before making a comparison of the

obtained results reported by different works even if the same wavelengths

are applied [Motomura et al., 2009; Jiang et al., 2009]. Nevertheless, the

demonstration of a powerful gas phase HHG source, presented in this work,

emitting XUV pulses with a pulse energy sufficient to induce multi-XUV-

photon multiple ionization of atoms manifests the capabilities of intermediate

size laboratories.

6.1.2 Double ionization of Neon

During this work, Neon gas was also utilized as an interaction gas with

the generated XUV radiation. Figure 6.4 presents the formation of singly and

doubly charged ions of Neon, recorded by means of TOF mass spectrometer

implementing similar conditions as described in section 6.1.1.
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6.1. Multiphoton ionization of rare gases under harmonic radiation

Figure 6.4: (a) Multiple ionization of Neon atoms recorded by TOF mass
spectrometer with similar condition to Fig. 6.1a. The two Ne+ observed peaks
correspond to the two most abundant isotopes, 20Ne and 22Ne. A Ne2+ peak
corresponds to DI of Neon while an Ar+ peak originates from residual Argon
gas and utilized for the calibration of the TOF mass ion spectrometer. The
figure has been reproduced from Makos et al. [2020].

The dependence of the recorded charge ion states of Neon as a function of

the XUV intensity is presented in Fig. 6.5a. The experimentally determined

slope was found to be 1.07±0.01 for Ne+ and 0.95±0.05 for N+
2 , as expected for

a single-photon ionization process governed by LOPT. The slope of the Ne2+

yield was found to be 3.1±0.4 for intensities lower than the saturation intensity

Isat . The latter result is compatible with a three-photon ionization process.

For the photon energies employed in this experiment both the sequential and

the direct DI of Neon are three-photon processes, as can be deduced from

the ionization scheme in Fig. 6.5b. Above the ionization saturation intensity

the slope becomes 1.5±0.1. For the next charge state, i.e. Ne3+, six or more

photon absorption is required according to the excitation scheme depicted in

Fig. 6.5b. However, this charge state was not observed during the ion mass
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6.1. Multiphoton ionization of rare gases under harmonic radiation

spectra measurements.

(a)

(b)

Figure 6.5: (a) Dependence of the Ne+ and Ne2+ yield on the Ixuv . For
calibrating the XUV intensity (x-axis) the O+

2 signal was used. The black
dashed lines show a linear fit on the raw data. The error bars represent one
standard deviation of the mean. As dictated by the LOPT for a single-photon
ionization process, the dependence of Ne+ and N+

2 yield on Ixuv is linear. The
slope of Ne2+ yield is found to be 3.1±0.4 revealing a three-photon ionization
process until saturation occurs. (b) The ionization energy level schemes
for Neon depicting the direct and sequential ionization paths. Higher order
processes (ATI) as well as decays to excited ionic states have been excluded
from the ionization scheme. Ionization energies are taken from Kramida and
Ralchenko [n.d.]. Both figures have been reproduced from Makos et al. [2020].

6.1.3 Two-photon ionization of Helium

Apart from Argon and Neon, Helium gas has been also utilized as interaction

medium and the induced two-photon ionization process will serve as the

ionization scheme for performing 2nd order IVAC measurements. Figure 6.6a

shows the recorded ion mass spectrum where the formation of He+, resulted

from two photon ionization, is observed. Furthermore, the XUV intensity
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6.1. Multiphoton ionization of rare gases under harmonic radiation

dependence of the He+ ion yield, shown in Fig. 6.6b, with slope of 2.1± 0.2

ascertains the second-order nonlinearity of the ionization process, which is

required to perform the 2nd order IVAC measurements presented in next section

6.2.

(a) (b)

Figure 6.6: (a) Two-photon ionization of Helium atoms recorded by TOF mass
spectrometer with similar condition to Fig. 6.1a. Apart from the ion mass
peak of He+, additional peaks originating from residual gas are also observed
in the obtained spectrum. (b) XUV intensity dependence of the He+. The slope
of 2.1±0.2 ascertains the second-order nonlinearity of the ionization process.
The intensity axis has been calibrated using the O+ ion signal, which varies
linear as a function of the XUV intensity. Both figures have been reproduced
from Makos et al. [2020].
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6.2 Temporal characterization of attosecond pulse

trains

Aiming at a more comprehensive characterisation of the high XUV photon

flux beam line, we performed autocorrelation measurements to determine the

temporal aspects of the generated APTs synthesized by the harmonic combs.

For this purpose the VAC apparatus, see Fig. 5.15, has been utilized along

with the XUV induced nonlinearity of noble gases.

We should stress that during these measurements the diameter of the

aperture in the “XUV filtering & diagnostics” chamber (see Fig. 5.1) was reduced

to mainly select the short trajectories contribution in the transmitted XUV

beam [Bellini et al., 1998; Kruse et al., 2010], reducing at the same time the

XUV signal almost by half. Concurrently, the aberrations of the XUV beam

are decreased.

The chosen method to characterise the APTs is the 2nd order IVAC [Orfanos

et al., 2019] utilizing the introduced delay of the two parts of the SSM and the

installed TOF mass spectrometer, presented in details in section 5.3.

As second order nonlinear process, the two-XUV-photon ionization of both

Ar+ and He were used, as demonstrated in previous section 6. The measured

ion yield will be given by

YT PI =σ(2)(ω) F 2
xuv τxuvVi nt , (6.4)

where σ(2)(ω) corresponds to the two photon ionization cross section, Fxuv to

the XUV photon flux, τxuv to the temporal duration of the XUV pulse and Vi nt

to the volume of interaction. We should note that both ionization schemes

present almost flat two-photon ionization cross section in the spectral range

from 11th to 15th thus fulfilling the requirement for extending the characterisation

approach to attosecond regime [Nikolopoulos et al., 2005].
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For Helium the two photon cross section for 20 eV is equal to σ(2) ' 5×10−52

[Tsatrafyllis et al., 2016] and is almost constant for the harmonic frequency

comb [Saenz and Lambropoulos, 1999; Nikolopoulos and Lambropoulos, 2001].

On the other hand, for Ar+ as presented in section 6.1.1 is equal to σ(2) '
2×10−52 for the corresponding wavelengths.

Furthermore, extra care was taken in order to keep the intensity under

the saturation intensity. For Helium the XUV intensity was kept under <
1.4 × 1015W /cm2, which corresponds to the saturation intensity I xuv

sat for He+

[Tsatrafyllis et al., 2016], in order to assure the 2nd order nonlinearity of the

process.

The obtained 2nd order IVAC traces using Argon gas as nonlinear medium

are shown in Fig. 6.7. The XUV radiation, synthesized by a superposition of

harmonics, was spectrally selected by an Sn filter. We should stress that the

XUV pulse energy was reduced to avoid saturation of the Ar 2+ yield, occurring

at 2.4 × 1015W /cm2 as presented section 6.1.1, and assure that the second

order nonlinearity of the process prevails. The latter is compatible either

with two-XUV-photon DDI of Ar or two-XUV-photon ionization of Ar+ after

saturation of the single photon ionization of Ar (see Fig. 6.2), with the second

channel becoming dominant within the range of the XUV intensity utilized

during these experiments.

Furthermore, the gas pressure in the interaction area was kept as low as

possible to minimize the space charge effects which become visible by the

broadening of the ion mass peaks.
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(a) (b)

Figure 6.7: Measured 2nd order VAC trace i.e. Ar 2+ ion signal as a function of
the XUV-XUV delay line. The XUV radiation is produced by a single gas jet
of Xenon and is transmitted through a Sn filter. (a) A coarse time delay scan
with 350 asec step is revealing a modulation in Ar 2+ ion signal represented by
the red circles, while the blue rhombus depicting the single photon ionization
of H2O show no modulation. A Gaussian fit in the data points of Ar 2+ yields
a time duration of τenvel ope

xuv = 9.8± 0.9 f s. (b) A fine scan with a time delay
step of 50 asec. The gray circles denote the raw data recorded for Ar 2+. The
moving averages of the raw data taken over 10 points are represented by the
red circles. Finally, the black curve is a fit of a sequence of Gaussian pulses
in the averaged points. Both figures have been reproduced from Makos et al.
[2020].

Figure 6.7a shows the Ar 2+ ion yield as a function of the delay between

the two XUV pulses, generated here utilizing a single gas jet configuration.

The generation gas jet was placed 20 cm after the laser focus, in the harmonic

generation chamber, to favour the contribution of the short electron trajectories

to the harmonic combs.

First we performed a coarse scan with a step of 350 asec (see Fig. 6.7a), with

the red circles corresponding to 10 moving averaged experimental data while

the error bar to the standard deviation of the mean value. The black curve

stands for a Gaussian fit, which yields an XUV pulse envelope with temporal

duration of 9.8± 0.9 f s. This result is in good agreement with the estimated

one in section 6.1.1. The blue rhombus, on the other hand, is the trace

obtained from the single photon ionization of H2O, presenting no modulation
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6.2. Temporal characterization of attosecond pulse trains

as expected for a linear process.

After the coarse scan a fine scan, this time with a delay step of 50 asec

shown in Fig. 6.7b was recorded. Here, the modulation of Ar 2+ ion yield is

resolved, acquiring a period equal to the he half period of the driving field.

The gray circles correspond to the recorded raw data while the red circles

stand for the moving average taken over 10 raw data points.

The fluctuation around the mean value is attributed mainly to interferometric

instabilities (within the cycle of the XUV field )as well as XUV beam pointing

instabilities, both being enhanced by the nonlinearity of the process. Thus

long averaging and calculating moving averages were chosen to substantially

reduce the strong shot-to-shot fluctuation of the recorded data.

The black curve correspond to a fit of a series of Gaussian distributions

to the averaged points. In this fit we let as free parameters the common

width, the amplitude of the Gaussian as well as the peak to peak distance.

Furthermore, the comb of Gaussians is multiplied by a fixed envelope distribution

extracted from the fit of Fig. 6.7a.

The pulse width obtained from the Gaussian distributions is found to be

τxuv = 650±80 asec, shown in Fig. 6.8a. The error of 80 asec appearing in all

measurements is the largest resulted standard deviation, among all the fits in

the raw data of all measured traces. Since here only one gas jet was utilized,

the APT beam line power to be rigorously reported is 11.0±3.5 GW , with the

error originating mainly from the uncertainty in the calibration of the XUV

PD.
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6.2. Temporal characterization of attosecond pulse trains

(a) (b)

Figure 6.8: Measured 2nd order IVAC trace of the (a) Ar 2+ and (b) He+ ion
signal, respectively, as a function of the delay of the XUV-XUV delay line. The
gray circles correspond to the raw data recorded, the moving averages of the
raw data taken over 10 points are represented by the red circles. The black
curves is a Gaussian fit over the averaged points. The temporal width of the
Gaussian fit corresponds to a pulse duration of 650±80 asec and 670±80 asec,
for Ar 2+ and He+ respectively. Both figures have been reproduced from Makos
et al. [2020].

The two-XUV-photon ionization of Helium resulting into single charged

states, has been also used to measure the produced APTs through 2nd order

IVAC shown in Fig. 6.8b alongside with the one of Ar 2+ IVAC trace. All points,

error bars and curves are denoted as those in Fig. 6.8a. The pulse duration of

each wagon measured using Helium as the nonlinear medium was found to be

670±80asec. The two values are well within the error bar and thus essentially

identical.

The obtained durations here are similar to those retrieved in previous

experiments implemented in a 3 m focal length beam-line applying 2nd order

IVAC in two photon ionization of Helium but about 65% longer than those

measured through the Reconstruction of Attosecond Beating By Interference

of Two-photon Transitions (RABBITT) technique [Kruse et al., 2010].

The discrepancy between the two techniques originates from the fact that

2nd order IVAC measures averages of spatiotemporally dependent pulse duration

and the contribution of both long and short trajectories, while RABBITT [Paul
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6.2. Temporal characterization of attosecond pulse trains

et al., 2001] measures average phases [Kruse et al., 2010].

6.2.1 Spatial aspects of 2nd IVAC

As long as the APT is synthesized by a harmonic comb one should take

into consideration that each harmonic acquires different divergence [Dacasa

et al., 2019; Isinger et al., 2019]. As a consequence there is a variation at the

focal point of each harmonic, presenting also different beam waist. Therefore,

when the APT is focused only a partial overlap is achieved and the Gouy

phase contribution varies not only as function of harmonic q but also due to

the different beam waist, thus reducing the spatiotemporal confinement.

VAC technique is sensitive to these effects and thus reveals fairly a realistic

pulse duration. Recent work by Chatziathanasiou et al. [2019] assures that

for the three harmonics employed in this experiment substantial spatial overlap

can be achieved and no significant separation of the harmonic foci was observed.

Table 6.1 presents the parameters used for the estimation of focal areas

using Xenon as generating medium and setting the intensity of the IR field

equal to 1014W /cm2, for a bandwidth spanning from the 9th to 17th harmonic

both for short and long trajectories.

To calculate the divergence originating from the short (S) and long (L)

electron trajectories at the point of the interaction for the harmonic order

q the following expression was used [Lewenstein et al., 1994]

θS,L = λq

πwq

√√√√1+α2
S,L I 2

L

w 4
q

w 4
i r

, (6.5)

where λq stands for the wavelength of harmonic q, wq for the corresponding

beam waist and wi r for the beam waist of the IR beam. Additionally, αS,L

correspond to the phase coefficient (introduced in section 3.3.2) and IL for the

driving IR peak intensity. Finally, S and L denote short and long trajectories,

respectively. The IR laser beam waist measured at the emission plane was
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experimentally determined wi r ' 355µm (see Fig. 5.2).

Considering that the fundamental IR beam shows a Gaussian distribution

in the emission plane, with beam waist wi r (z), then the spatial profile of the

generated XUV will also acquire a Gaussian distribution in this plane given

by

wq (z) = wi r (z)√
qe f f

(6.6)

with qe f f the effective nonlinearity coefficient, set to be qe f f ' 5 for all the

harmonics laying in the plateau of the harmonic spectrum [Wahlstroem et al.,

1993; Quintard et al., 2019]. The values of the phase coefficient α were

calculated in section 3.3.2 and thus are reproduced from Table 3.2.

Table 6.1: Parameters of the 9th to the 17th harmonics generated in Xenon.
The intensity of the IR laser field used is 1014W /cm2.

Harmonic order 9 11 13 15 17

λq [nm] 88.9 72.7 61.5 53.3 47.0

αS [×10−14cm2/W ] 1.01 0.423 -0.381 - 1.49 -2.87

αL [×10−14cm2/W ] -24.02 -23.81 -22.98 -22.04 -20.85

θS [μrad] 195.1 150.0 126.6 126.3 145.6

θL [μrad] 1746 1446 1157 962.3 803.7

After extracting the divergence of the different harmonics, the virtual source

positions for each of the generated harmonics is calculated assuming only

the short trajectory contribution. The focus positions of the harmonics, after

reflection on the spherical mirror of focal length f = 5 cm, are calculated using

geometrical optics (see Fig. 6.9).The paraxial approximation is applied since

the divergence of the harmonics is below the paraxial limit. The results of the

calculations are shown in Fig. 6.10a.
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Figure 6.9: Simplified sketch according lens equation, 1
a + 1

b = 1
f . G J stands for

generation jet, where the harmonics are produced, d = 7.65 m corresponds to
the distance from G J and the focusing element f = 5 cm.

The distance of the positions of the five foci presented in Table 6.2 is

consider negligible with respect to their confocal parameter (' 122 µm for 11th

harmonic). The size of the focal spots differ varying harmonic order. The

ratios for the beam waists at the focus are 1.44 : 1.18 : 1.00 : 0.867 : 0.765 for the

harmonics 9th, 11th, 13th, 15th, and 17th respectively. Under these conditions,

the spatial overlap of the five harmonics is substantial.

Table 6.2: The distance among the of the focal positions of successive
harmonics generated in Xenon.

Harmonic order 9-11 11-13 13-15 15-17

foci distance [μm] 8.2 6.2 0.1 5.3

The estimated Gouy phase of each harmonic is shown is shown in Fig. 6.10b

while the phase shift at the beam waist for each harmonic comparing the 13th

is δφ9−13 = 269 mr ad, δφ11−13 = 144 mr ad, δφ15−13 = 3 mr ad, δφ17−13 = 185 mr ad.

Therefore, the Gouy phase shift is also negligibly small and as a result the

duration of the APT is not significantly affected. In fact, the different beam

waists of the 11th, 13th, 15th, harmonics lead to more similar amplitudes of the

interfering harmonics than those generated.
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Figure 6.10: (a) Calculated focal areas of the five harmonics 9th, 11th, 13th,
15th, and 17th generated in Xenon. The intensity of the IR driving field used
is 1014W /cm2. The graph depicts the harmonic beam radius as a function of
the distance from the focus of the SSM along the propagation axis. (b) The
calculated Gouy phase along propagation for the harmonic comb spanning
from 9th to 17th .

Similar calculations have been further performed for the long electron

trajectories, which present larger harmonic divergence. In this case, the

virtual foci are placed closer to the focusing element. It is found that the

difference of the foci positions between L and S trajectories is ' 30 µm which

is consistent with previous experimental findings by Chatziathanasiou et al.

[2019]; Dacasa et al. [2019]; Quintard et al. [2019]. This difference is substantially

smaller than the confocal parameter and thus not significantly affecting the

APT duration. Moreover because the long trajectory contributions are minimized

through the geometry used.
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Chapter 7

Strong field effects induced in the

XUV domain

In 1979 Agostini et al. [1979] reported the first observation of ATI, where

an ejected electron can absorb photons in excess of the minimum number

required for ionization to occur. Almost a decade later ponderomotive effects

in strong field ionization were demonstrated, measuring redshifts up to 0.9 eV

in the ATI PE spectrum when 30 ps pulses centered at 1064 nm were utilized.

It is well known that the electron as soon as it escapes the atomic potential,

it quivers in the continuum with ponderomotive energy Up [Delone and Krainov,

1999] with the laser field supplying this additional energy. Therefore, the

energy of the ATI peaks will be given by

Es = (N +S)ħω− Ip −Up , (7.1)

where N are the minimum number of photons required for the ionization to

occur and S the above threshold number of photons. The rest terms ħω, Ip

and Up stand for the photon energy, ionization potential and ponderomotive

energy, respectively, as already defined in this manuscript.

Therefore, the ionization potential of the atom becomes intensity dependent

Ip (I ) = Ip+Up and consequently increasing the laser intensity the induced Stark
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shifts of the Rydberg and continuum states, is essentially given by the electron

ponderomotive energy Up [Jönsson, 1987]. When the increase is such that

Nħω < Ip +Up, the ionization by N photons is not longer energetically allowed

and leads to the suppression of low energy peaks, usually referred as channel

closing [Becker et al., 2002; Kopold et al., 2002; Uiterwaal, C. J. G. J. et al.,

1998].

All these remarkable phenomena have been demonstrated utilizing laser

pulses in the visible or VUV spectral range, while in the present work we

discuss the perspective of inducing off resonance strong field effects by an

APT generated in an intense laser driven table top XUV source. Similar results

have been recently reported utilizing FEL sources [Ott et al., 2019; Ding et al.,

2019].
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7.1 Non-resonant strong XUV field effects

We investigate the two-XUV-photon non-resonant ionization of Helium,

presented in section 6.1.3, utilizing the 10 GW XUV source with single jet

configuration. The latter delivers APTs with intensities in the order of 4×
1015 W /cm2 at the focus. Such intensities, according to Eq. 3.1 lead to ponderomotive

shifts > 1 eV for the photon energies of 20 eV .

Taking into consideration that the spectral bandwidth of the harmonic

comb synthesizing the APT is < 1 eV and the experimental observation is

achieved by recording PE spectra, using a MB TOF with energy resolution

in the order of 100 meV , should be sufficient to resolve the redshift in the

observed peaks.

Figure 7.1 illustrates a two-photon ionization scheme of an atom increasing

the XUV intensity.

Figure 7.1: Two-photon ionization scheme of an atom varying the XUV
intensity. Increasing the intensity the energies of the Rydberg and continuum
states are shifted upwards relative to the lower bound states by about the
ponderomotive energy Up, thus the recorded PE will acquire less kinetic
energy as denoted with the red brackets.
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7.1. Non-resonant strong XUV field effects

A more accurate evaluation of the shifts due to the XUV radiation field

strength is obtained by solving the Helium TDSE. The radiation field used for

the calculation in given by

E(t ) = ∑
q=11−15

Eq e
−2ln2 t2

τ2
p cos(ωq t + cq t 2 +φq ) , (7.2)

where the exponential denotes a Gaussian envelope with τp being the pulse

envelope temporal width and cq ,φq parameters determining the chirp and the

phase of each harmonic, respectively. The resulted field is synthesized by

11th − 13th − 15th harmonic with intensity amplitude ratio |E11|2 : |E13|2 : |E15|2 =
0.19 : 0.4 : 0.41.

The calculated PE of the two photon ionization of Helium by the harmonic

comb at different XUV intensities, ranging from 4×1014 W/cm2 to 3×1015 W/cm2

are shown in Fig. 7.2a. The first two peaks are attributed to three-photon,

Raman-type, processes. Note also the double peak structures showing up in

the spectrum for the higher intensity.
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Figure 7.2: (a) PE spectrum of the two-photon Helium ionization as a function
of XUV intensity. For the calculation an APT with envelope ∼ 10 f s and wagon
pulse duration ∼ 600 asec, synthesized by harmonics 11th − 13th − 15th with
relative intensities 0.19 : 0.4 : 0.41 respectively was utilized. The XUV intensities
ranged from 4×1014 W /cm2 to 3×1015 W /cm2; (b) PE peak shifts as a function of
the XUV intensity in the interval ranging from 0 to 3×1015 W /cm2. The figures
have been reproduced from Makos et al. [n.d.].

Figure 7.2b summarizes the PE peak shifts as a function of the XUV
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7.1. Non-resonant strong XUV field effects

intensity. Shifts close to ∼ 1.5 eV are observed, which can be clearly resolved

in a relevant experiment. At about 1014 W /cm2 a change in the slope of the

curves is visible, indicative for saturation of ionization. For intensities above

the ionization saturation intensity a shift continues on being observable but

its increment with intensity reduces substantially. Such saturation effects

can be used in determining the two photon ionization cross section if the XUV

intensity is known or the XUV intensity of the two photon ionization cross

section is known [Uiterwaal, C. J. G. J. et al., 1998].

However, a more elaborate theoretical study is required to explore thoroughly

the Helium PE spectra so that to establish the shifts values at intensities close

to saturation regime.

We note that the above calculations have been performed by A. Forembski

and L.A.A. Nikolopoulos in the framework of the work Makos et al. [n.d.]) and

are briefly presented here for completeness reasons.
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7.2 Experimental considerations

For the experimental manifestation of the ponderomotive Stark shift there

are several obstacles need to be overcome. Firstly, implementing PE spectroscopy

using XUV radiation space charge is generated by scattered or direct XUV

radiation hitting parts of the experimental set up e.g. the SSM used for

focusing the XUV radiation deposited with a gold coating. This space charge

can create distorting electric fields that may introduce shifts in the PE spectra.

Figure 7.3 shows two PE spectra of Argon with respect to XUV pulse

energy. The peaks in the spectra originate from single photon ionization

of Argon by the 11th, 13th and 15th harmonic, with corresponding energies

1.3 eV , 4.4 eV , 7.5 eV . The reduced height of the first peak is attributed to

the MB TOF recording efficiency for low PE energies. Since the single photon

ionization cross section for Argon is almost stable, 33−35 Mb for the examined

photon energies [Samson and Stolte, 2002].
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Figure 7.3: PE peak shifts observed with ionizing XUV intensity in single
photon ionization of Argon. As generated medium Xenon gas was utilized and
Sn foil for spectral selection. The spectra correspond to different XUV energy
determined by an XUV calibrated PD: 1.8 µJ/pul se (upper black line, shifted
in y-axis for clarity), 0.5 µJ/pul se (lower blue line). The blueshift is attributed
to transient space charge induced on surfaces where the direct or scattered
XUV light is impinging on.

A shift towards higher energies is observed with increased XUV intensity.
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7.2. Experimental considerations

Taking into consideration that according to theoretical modeling in single

photon ionization no ponderomotive or ac-Stark shifts are observable, the

observed shift is attributed to transient space charge accumulated on surfaces

on which the XUV radiation is impinging. Such shifts would distort the actual

shifts one wants to measure (ponderomotive or ac-Stark shifts). Therefore,

special care has to be taken to ensure that no space charge is induced or

when it does, ensure that the interaction area is well shielded.

Furthermore it has been reported that a blueshift of the energy of the gas

phase harmonics is observed with increasing either the driving IR intensity or

the generating peak gas density [Wahlstroem et al., 1993; Altucci et al., 1996;

Shin et al., 1999, 2001].

The blueshift originates from the free electrons created during the laser

pulse, which induce a variation of the refractive index

One has to taken into account this effect and correct the measured shifts

accordingly. Figure 7.4 shows recorded harmonic spectra varying the peak

gas densities of the generating medium, in this case Xenon atoms. The

gas density is changed as described in section 5. The aforementioned delay

corresponds to the time delay between the trigger pulse responsible for the

operation of the gas jet and the arrival time of the driving laser pulse. In this

way, by changing the time delay the gas pressure of the HHG gas target is

altered.

The harmonic spectrum recorded by an XUV FFS is depicted in Fig. 7.4,

while in the inset the blueshift of the 17th harmonic is shown.
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7.2. Experimental considerations

Figure 7.4: Harmonic spectrum recorded by an XUV FFS varying the energy
of the XUV generated in Xenon gas. This was achieved by changing the peak
gas density of Xenon gas at the harmonic generation region. The gas density
is varied by changing the time delay between the trigger pulse responsible for
the operation of the gas jet and the arrival time of the driving laser pulse,
i.e. the maximum delay corresponds to maximum harmonic yield. The inset
depicts a zoomed area which corresponds to the 17th harmonic. The blueshift
clearly observed in this range takes a maximum value equal to ∼ 0.1 eV .

Figure 7.5 shows two line outs for a peak gas density variation from 2.6×
1017 cm−3 to 6.2×1017 cm−3, where the harmonic peaks present a blueshift in

the order of 0.1 eV is observed.

The gas density is estimated by considering an ideal gas and that the

maximum harmonic yield is obtained at 25 mbar gas pressure (i.e. 6.2 ×
1017 cm−3 gas density), as presented in Fig. 5.10. Taking this into account,

the quadratic dependence of the harmonic yield on the generating pressure

(∼ P 2L2
med [Constant et al., 1999]) and the measured drop of the harmonic

yield by a factor of 5.6 in the recorded spectrum (red line in Fig. 7.5), the gas

density variation can be estimated. This is a small effect, which however, once

measured, can be used to correct the photoelectron peak-position accordingly.
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7.2. Experimental considerations
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Figure 7.5: Harmonic spectra recorded by an XUV FFS varying the peak gas
density of Xenon at the harmonic generation region: 6.2× 1017 cm−3 (upper
black line, shifted in y-axis for clarity), 2.6× 1017 cm−3 (lower red line). The
observed blueshift is of the order of ∼ 0.1 eV .
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Chapter 8

Conclusions

This thesis demonstrates a powerful laser driven gas phase HHG source,

based on a loose focusing geometry of the driving field along with a precise

control of the phase matching conditions. This source is capable of emitting

intense XUV pulses that enable the investigation of multiphoton processes in

the XUV regime.

The generated radiation is ≈ 200 µJ per pulse, in the spectral region of 15−
30 eV , when a dual jet configuration is utilized. For a single jet configuration

we report the generation of APTs of ≈ 100 µJ per pulse train with ∼ 10 f s

envelope’s temporal width and τxuv = 650±80 asec pulse duration of each wagon.

For both cases Xenon gas was utilized as a generating medium.

The resulted XUV intensities achieved with this source, unique in this XUV

spectral range even compared with FEL sources, led to the observation of

multi-XUV-photon multiple ionization of Argon through a series of sequential

and direct ionization processes as proven by numerical calculations. To our

knowledge this is the first reported observation of Argon ions up to Ar 4+ using

a laser driven gas phase HHG source.

Additionally three photon double ionization of Neon along with two photon

ionization of Helium, were presented providing evidence that this source allows

the study of nonlinear XUV processes.

Moreover, the generated XUV energy is sufficient to further advance the
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implementation of XUV pump - XUV probe experiments, taking also advantage

of the attosecond temporal resolution provided by the beam line. Thus, the

recently developed attosecond delay line, based on a wavefront split device,

was utilized in temporal characterization measurements. Exploiting the induced

2nd order nonlinearity by the XUV radiation, IVAC traces have been recorded

allowing the temporal characterisation of the generated attosecond pulse trains.

Finally, we have discussed the perspective as well as the obstacles of

experimental realization, of inducing off resonance strong field effects in the

XUV regime by the generated APTs.
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Appendix A

Low order perturbation theory

The multiphoton processes presented in chapter 6 are governed by LOPT.

Thus, for completeness reasons we include this section where the proportionality

of ionization rate to I n is briefly shown, with n the number of photons involved

in the process.

According to LOPT [Joachain et al., 2012] the probability amplitude, considering

only the first order contribution, for a transition from an initial state |φi (t0)〉 to

a final state |φ f (t )〉 is given by

ā(1)
f i (t ) =− i

ħ
∫ t

t0

〈ψ f |Hi nt (t1) |ψi 〉 e i (E f −Ei )t1/ħ d t1 , (A.1)

where Hi nt (t ) is the time-dependent laser-atom interaction. The |φk〉 = |ψk〉 e−i Ek t/ħ

denotes the stationary states and |ψk〉 the eigenstates of the unperturbed

Hamiltonian H0. A more general equation that yields the transition probability

amplitude for n-photon transition is

ā(n)
f i (t ) =

(
− i

ħ
)n ∑

k1

∑
k2

...
∑
k3

∫ t

t0

d t1

∫ t1

t0

d t2 ...
∫ tn−1

t0

d tn (A.2)

· e i E f t1/ħ 〈ψ f |Hi nt (t1) |ψk1〉 e−i Ek1 (t1−t2)/ħ 〈ψk1 |Hi nt (t2) |ψk2〉 · ... (A.3)

· e−i Ekn−1 (tn−1−tn )/ħ 〈ψkn−1 |Hi nt (tn) |ψi 〉 e−i Ei tn /ħ . (A.4)
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The transition probability for the above transition is defined as

P f i (t ) = ∣∣a f i (t )
∣∣2 =

∣∣∣∣ ∞∑
n=1

ā(n)
f i (t )

∣∣∣∣2

, (A.5)

and the transition rate or transition probability per unit of time as

W f i (t ) = dP f i (t )

d t
. (A.6)

The XUV radiation during the experimental studies of non-resonant multiphoton

ionization of atoms in the scope of this work can be treated as a perturbation,

hence the LOPT is applicable. Assuming the radiation to be monochromatic,

a linear polarized field under the dipole approximation is given by

~E(t ) = E0 · ε̂ cos(ωt +φ) , (A.7)

and the corresponding interaction Hamiltonian in length gauge transformation

(see Eq. 2.30) reads as

H L
i nt (t ) =−~E(t ) ·~D =−E0

2

(
e−i (ωt+φ) +e i (ωt+φ)

)
ε̂ ·~D , (A.8)

where ~D is the electric dipole moment operator of the atom. Introducing the

dipole matrix element

M j i = 〈ψ j | ε̂ ·~D |ψi 〉 , (A.9)

the Eq. A.1 will become

ā(1)
f i (t ) =− i E0

2ħ M f i

∫ t

t0

(
e i (ω f i+ω)t1 e iφ+e i (ω f i−ω)t1 e−iφ

)
d t1 . (A.10)

We can easily deduce that for an n-photon transition, the amplitude ā(n)
f i (t )

is proportional to E0
n. Accordingly, the transition probability (Eq. A.5) is

proportional to E 2n
0 ∼ I n, where I is the intensity of the field.

As a result for a n-photon process governed by LOPT the ionization rate
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is proportional to I n, where n is the minimum number of photons involved in

the process. This nonlinear response has been experimentally verified since

the 80’s by L’Huillier et al. [1983].

In this work an illustration of this is presented in section 6.1.1, where

plots (e.g. Fig. 6.2a) of ionization probability rate as a function of intensity in

log-log scale, yields a slope of n revealing the nonlinearity of the process, i.e.

the number of photons taking part in the transition.
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Appendix B

Atomic units

In atomic physics it is often convenient to use atomic units, a system

defined by setting

me = e =ħ= a0 = 1 . (B.1)

Table B.1 summarizes the basic quantities and relations to International

System of Units (S.I.).

Table B.1: Atomic units. Values are from Mohr et al. [2018].

Quantity Definition value in S.I.

Mass electron mass me 9.109383×10−31 kg

Charge elementary charge e 1.602176×10−19 C

Angular momentum atomic unit of action ħ 6.582119×1016 eV s

Length Bohr radius 5.291772×10−11 m

a0 = 4πε0 ħ2

me e2

Energy Hartree energy 27.211386 eV

Eh = e2

4πε0·a0

Time t = ħ
Eh

2.418884×10−17 s

Electric field E = e2

4πε0·a2
0

5.142207×1011 V /m

Electric field Intensity 1
2 cε0E 2 = E 2

2·377[Ω] 3.509441×1016 W /cm2

127



References

Agostini, P., Dimauro, L. F. and Dimauro, L. F. [2012], ‘Atomic and

molecular ionization dynamics in strong laser fields: From optical to x-rays’,

61, 117–158.

url: https://doi.org/10.1016/B978-0-12-396482-3.00003-x

Agostini, P., Fabre, F., Mainfray, G., Petite, G. and Rahman, N. K. [1979],

‘Free-free transitions following six-photon ionization of xenon atoms’,

Physical Review Letters 42(17), 1127–1130.

url: https://doi.org/10.1103/PhysRevLett.42.1127

Altucci, C., Starczewski, T., Mevel, E., Wahlström, C.-G., Carré, B. and

L’Huillier, A. [1996], ‘Influence of atomic density in high-order harmonic

generation’, Journal of the Optical Society of America B 13(1), 148.

url: https://doi.org/10.1364/JOSAB.13.000148

Ammosov, M. V., Delone, N. B. and Krainov, N. B. [1986], ‘Tunnel ionization

of complex atoms and of atomic ions in an alternating electromagnetic field’,

Soviet Physics JETP 64(6), 1191.

Attwood, D. T. [1999], Soft x-rays and extreme ultraviolet radiation: Principles

and applications / David Attwood, Cambridge University Press, Cambridge,

U.K. and New York, NY, USA.

Balcou, P., Sali‘eres, P., L’Huillier, A. and Lewenstein, M. [1997], ‘Generalized

phase-matching conditions for high harmonics: The role of field-gradient

128

https://doi.org/10.1016/B978-0-12-396482-3.00003-x
https://doi.org/10.1103/PhysRevLett.42.1127
https://doi.org/10.1364/JOSAB.13.000148


References

forces’, Physical Review A 55(4), 3204–3210.

url: https://doi.org/10.1103/PhysRevA.55.3204

Bauer, D. [2006], Theory of intense laser-matter interaction: Lectures notes.

Becker, W., Grasbon, F., Kopold, R., Milošević, D. B., Paulus, G. G. and

Walther, H. [2002], ‘Above-threshold ionization: From classical features to

quantum effects’, 48, 35–98.

url: https://doi.org/10.1016/S1049-250X(02)80006-4

Bellini, M., Lyngå, C., Tozzi, A., Gaarde, M. B., Hänsch, T. W.,

L’Huillier, A., Wahlström, C.-G. and L’Huillier, A. [1998], ‘Temporal

coherence of ultrashort high-order harmonic pulses’, Physical Review

Letters 81(2), 297–300.

url: https://doi.org/10.1103/PhysRevLett.81.297

Benis, E. P., Charalambidis, D., Kitsopoulos, T. N., Tsakiris, G. D. and Tzallas,

P. [2006], ‘Two-photon double ionization of rare gases by a superposition of

harmonics’, Physical Review A 74(5).

url: https://doi.org/10.1103/PhysRevA.74.051402

Bisgaard, C. Z. and Madsen, L. B. [2004], ‘Tunneling ionization of atoms’,

American Journal of Physics 72(2), 249–254.

url: https://doi.org/10.1119/1.1603274

Blaga, C. I., Catoire, F., Colosimo, P., Paulus, G. G., Muller, H. G., Agostini,

P. and DiMauro, L. F. [2009], ‘Strong-field photoionization revisited’, Nature

Physics 5(5), 335–338.

url: https://doi.org/10.1038/NPHYS1228

Börzsönyi, A., Heiner, Z., Kalashnikov, M. P., Kovács, A. P. and Osvay, K.

[2008], ‘Dispersion measurement of inert gases and gas mixtures at 800

nm’, Applied optics 47(27), 4856–4863.

url: https://doi.org/10.1364/ao.47.004856

129

https://doi.org/10.1103/PhysRevA.55.3204
https://doi.org/10.1016/S1049-250X(02)80006-4
https://doi.org/10.1103/PhysRevLett.81.297
https://doi.org/10.1103/PhysRevA.74.051402
https://doi.org/10.1119/1.1603274
https://doi.org/10.1038/NPHYS1228
https://doi.org/10.1364/ao.47.004856


References

Boyd, R. W. [2008], Nonlinear optics, 3rd ed. edn, Academic, London.

Bransden, B. H. and Joachain, C. J. [1983], Physics of atoms and molecules,

Longman, London.

Carlström, S., Preclíková, J., Lorek, E., Larsen, E. W., Heyl, C. M., Paleček,
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