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Summary

High-order harmonic generation (HHG) in noble gases serves as the foundation of short-wave-

length ultrafast optics and extensive research over the past 30 years has led to a comprehensive

understanding of the involved generation processes. For the majority of theses studies, titanium-

doped sapphire lasers were deployed, emitting in the near infrared region at around 800 nm.

Photon energies up to around 150 eV with unprecedented pulse durations down to hundreds of

attoseconds were reached. However, the low conversion efficiency of the extremely nonlinear

process is impeding a high flux of the short-wavelength radiation while intrinsic limitations in

the generation process prevent higher photon energies at these driving field wavelengths.

More recently, HHG was extended to well-ordered crystalline solids, both semiconductors

and dielectrics, with continuing debate about the involved generation mechanism. A conclu-

sive understanding of such high density targets is of particular interest, since it can potentially

overcome the limit of the low conversion efficiency.

This work describes the extension of high-order harmonic generation light sources to novel

regimes with the aim to lift these restriction. In the scope of this work, three projects were taken

forward.

To detect and fully characterize the generated short-wavelength radiation, a high-order har-

monic generation beamline was set up. A custom built and optimized charge detector system

was developed and installed, enabling to determine the absolute photon flux of the harmonic

emission.

Deploying a short-wavelength infrared (1800 nm) few-cylce pulse with an excellent spatial

and temporal beam quality and a high pulse energy of 750 µJ extended the accessible photon

energy of the emitted soft X-ray radiation to the water window region (284 to 540 eV) and

above. The emitted radiation was furthermore fully characterized, confirming its excellent spa-

tial and temporal quality.

Further, high-order harmonic generation in the liquid phase was studied, representing a

largely unexplored generation medium. The liquid phase constitutes the missing link between

a high density well-ordered solid target and an atomic or molecular gas, thus allowing to gain

novel insights into the process of HHG. By scanning a number of laser and target parameters,

the underlying mechanisms, including the extent of generation in liquid rather than surrounding

gas, were investigated.
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List of acronyms

Acroym Definition

ADC analog to digital converter

ADK Ammosov-Delone-Krainov

Al aluminum

AOPDF acousto-optic programmable dispersive filter

BBO beta barium borate

CaF2 calcium fluoride

CAD computer aided design

CCD charge coupled device

CEP carrier-envelope phase

CPA chirped pulse amplification

CW continuous wave

DFG difference-frequency generation

DMSO dimethyl sulfoxide

FME Forward Maxwell Equation

FROG frequency resolved optical gating

FS fused silica

FWHM full width half maximum

GDD group delay dispersion

GVD group velocity dispersion

HCF hollow core fibre

HHG high harmonic generation

HPLC high-performance liquid chromatography

In indium

IPA isopropyl alcohol

KD*P potassium dideuterium phosphate

L:N2 liquid nitrogen

LED light-emitting diode

LN lithium niobate

MCP microchannel plate
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Acroym Definition

MIR mid infrared

MPI multi photon ionization

NA numerical aperture

Nd:YAG neodymium-doped yttrium aluminum garnet

Nd:YLF neodymium-doped ytterbium lithium fluoride

NIR near infrared

OPA optical parametric amplifier

OPCPA optical parametric chirped-pulse amplification

OR optical rectification

PPLN periodically poled lithium niobate

PPT Perelomov-Popov-Terent’ev

QPM quasi phase matching

SAE single active electron

SEA spatially encoded arrangement

SFA strong field approximation

SFG sum-frequency generation

SFI strong-field ionization

SHG second-harmonic generation

SiO2 silicon dioxide

Sn tin

SPI spectral phase interferometry

SPIDER spectral phase interferometry for direct electric field re-

construction

SPM self-phase modulation

SWIR short-wavelength infrared

SWORD spectral wavefront optical reconstruction by diffraction

SXR soft X-ray radiation

TDSE time-dependent Schrödinger equation

THG third-harmonic generation

Ti:Sa titanium-doped sapphire

TR-XAS time-resolved X-ray absorption spectroscopy

TTL transistor-transistor logic

VUV vacuum ultraviolet

WLG white light generation

XFEL X-ray free-electron laser

XUV extreme ultraviolet
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Acroym Definition

YAG yttrium aluminum garnet

ZnO zinc oxide

ZnSe zinc selenide
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Chapter 1

Introduction

1.1 Introduction

The progress of scientific research is often closely linked to the development of more and more

precise measuring instruments. In the last 55 years, access to ever shorter time scales was

strongly tied to the invention and development of the laser, which was first introduced in 1960

and instantly unleashed the resolution of time-resolved measurements from the switching times

of electronics. Due to the rapid progress in laser technology, the limits of temporal resolution,

given by the duration of the light bursts, were shifted quickly from nanoseconds in the first

systems to the femtosecond regime, giving access to shorter and shorter phenomena. The work

horse in the field of ultrafast optics in the past decades is the Kerr-lens modelocked oscillator

which is capable of producing a train of femtosecond pulses at high MHz repetition rates and

still outperforms the limits of other technologies by orders of magnitude [1].

Only in 2001, the first generation of attosecond light pulses in the extreme ultraviolet (XUV)

region (124 to 10 nm or 10 to 124 eV) was reported [2], which can be seen as a further mile-

stone. It enabled the characterization of one of the fastest controllable processes on earth, the

dynamics of electrons in atoms and molecules, on their natural time scale and therefore serves

as the foundation of short-wavelength ultrafast optics. To generate such ultrashort pulses, an ex-

tremely nonlinear process is exploited, the high harmonic generation (HHG), which was firstly

demonstrated by McPherson et al. in 1986 [3] and is discussed in detail in chapter 3.

Extensive studies over the past 30 years have led to a comprehensive understanding of the

generation processes in gases. By deploying these short pulses, ground breaking progress has

been made providing insight into the fundamental processes like real time tracking of electron

motion in atoms [4], studying of charge migration in organic molecules [5] or measurement of

absolute time delays in photoemission [6]. However, time-resolved experiments using HHG

are often still very complicated due to a very restricted flux, inherited from the low conversion

efficiency, and a limitation of the maximum achievable photon energies. A wide variety of

studies in recent years tried to extended the capabilities in both directions, the achievable photon
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Chapter 1 Introduction

energy [7] and flux [8].

Within the scope of this work, the limits of the HHG process should be reduced even further.

A versatile laser beamline, as described in chapter 4, was designed, supporting a variety of dif-

ferent generation media to study a multitude of HHG geometries and sources. It is furthermore

equipped to fully measure and characterize the emitted radiation, e.g. the absolute photon flux,

making it an ideal setup to study novel regimes of high harmonic generation.

In chapter 5, the extension of HHG to the deep soft X-ray region is discussed. As explained in

chapter 3, the scaling laws of the harmonic emission demand the use of longer driving field wa-

velength to generate radiation at increased energies. By deploying a few-cycle short-wavelength

infrared (SWIR) pulse with a centre wavelength at 1800 nm and a high pulse energy, soft X-

rays spanning across the whole water window (284 to 540 eV) are generated, making it an ideal

source of radiation for X-ray absorption experiments.

More recently, HHG was extended to well-ordered crystalline solids [9–11], both semicon-

ductors and dielectrics, with continuing debate over the mechanism to describe harmonic build

up. HHG in the liquid phase constitutes the missing link between high density ordered solid

targets and an atomic or molecular gas and was recently demonstrated for the first time in var-

ious alcohols and water [12, 13]. However, due to the lack of suitable liquid systems in the

past, HHG in liquids still remains largely unexplored and thus unexplained. A novel approach

can fill this technological gap. By deploying 3D-printed nozzles, liquid sheets with a thickness

of 1-2 µm are produced in liquids, e.g. isopropanol or dimethyl sulfoxide, with a stable flow

in vacuum for several hours. These sheets have proved to be ideal for investigating in detail

the generation of XUV radiation in the liquid phase, as introduced in chapter 6. By scanning

a number of different laser and target parameters, theses studies have the potential to give new

insights into the involved mechanisms of high-order harmonic generation in dense media.

This work is structured as follows: In chapter 2, a brief introduction to the field of ultrafast

optics is given, with special attention to nonlinear processes and the generation of ultrashort

laser pulses. Serving as the basis for table-top ultrafast science, high harmonic generation is

described in more detail in chapter 3. The current limitations, e.g. with regard to the generation

medium, are shown. Chapter 4 describes the experimental setup for investigating the genera-

tion of soft X-ray radiation, which enabled a complete characterization of the resulting radiation

and was used in the later experiments described. At first, high harmonic generation driven from

few-cycle infrared pulses extending the emitted radiation across the water window is discussed

in chapter 5. Finally, the generation of soft X-ray radiation in the liquid phase is introduced in

chapter 6.
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1.2 Contributions

1.2 Contributions

All work described in this thesis was performed collaboratively. The improvement of the laser

system and its general alignment outlined in chapter 2 was performed by all members of the

Laser Consortium of Imperial College London, but primarily by D. Garratt, A. S. Johnson,

E. W. Larsen , L. Miseikis, C. S. Strüber, P. Ye and S.Jarosch. For the development of the

optical parametric chirped-pulse amplification system described in Sec. 2.3, all people named

in Sec. 1.3 publication 4 have contributed. S. Parker and S. Jarosch developed and designed the

photodiode based XUV charge detector described in chapter 4. The corresponding setup was

built by S. Jarosch. The water window high harmonic experiment was conducted by all people

mentioned in Sec. 1.3 publications 2 and 3. C. T. Barnard, G. Galinis and S. Jarosch designed

the high harmonic experiments in the liquid phase, which was subsequently performed by S.

Jarosch with the help of A. Tofful. The resulting data were analyzed by S. Jarosch with the help

of E. W. Larsen and M. R. Matthew. All so far mentioned experiments were supervised by J. P.

Marangos and J. W. G. Tisch. The design and development of the high repetition rate OPCPA

system introduced in Sec. 2.3 was realized by all people referred to in Sec. 1.3 publication 4 at

the company Fastlite.

1.3 Publications

1. A. S. Johnson, L. Miseikis, D. A.Wood, D. R. Austin, C. Brahms, S. Jarosch, C. S. Strü-

ber, P. Ye, and J. P. Marangos, "Measurement of sulfur L2,3 and carbon K edge XANES

in a polythiophene film using a high harmonic supercontinuum", Structural Dynamics 3,

062603 (2016).

2. A. S. Johnson, D. R. Austin, D. A. Wood, C. Brahms, A. Gregory, K. B. Holzner, S.

Jarosch, E. W. Larsen, S. Parker, C. S. Stüber, P. Ye, J. W. G. Tisch, J. P. Marangos,

"High-flux soft x-ray harmonic generation from ionization-shaped few-cycle laser pul-

ses", Science Advances 4, eaar3761 (2018).

3. A. S. Johnson, D. Wood, D. R. Austin, C. Brahms, A. Gregory, K. B. Holzner, S. Jarosch,

E. W. Larsen, S. Parker, C. Strüber, P. Ye, J. W. G. Tisch, and J. P. Marangos, "Apparatus

for soft x-ray table-top high harmonic generation", Review of Scientific Instruments 89,

083110 (2018).

4. N. Thiré, R. Maksimenka, B. Kiss, C. Ferchaud, G. Gitzinger, T. Pinoteau, H. Jousselin,

S. Jarosch, P. Bizouard, V. Di Pietro, E. Cormier, K. Osvay, and N. Forget, "Highly sta-

ble, 15 W, few-cycle, 65 mrad CEP-noise mid-IR OPCPA for statistical physics", Optics

Express 26, 26907 (2018).
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Chapter 2

Ultrashort optics

Within this chapter the basic concepts of ultrashort optics and the notation used throughout this

work is introduced. At first the theoretical groundwork of ultrashort laser pulses is summarized

in Sec. 2.1.

2.1 Fundamentals of ultrashort optics

Laser pulses are fully characterized by their electric field E(x,y,z, t), allowing all the connected

variables to be reconstructed. Assuming the existence of a well defined propagation direction

along the z-axis, the electric field is dependent on the propagation variable z, the space variable

r ≡ (x,y) and the time t. Throughout this work, all vectorial quantities are printed in bold type.

Although all measured quantities are real, calculations can often be simplified by using the

complex representation of the electric field. A subsequent transition with the complex conjugate

(c.c.) of the field

2ReE(x,y,z, t)≡ E(x,y,z, t)+ c.c (2.1)

reveals the sought information.

The spectral dependence of the electric field can be revealed by its Fourier transformation

from the time into the frequency domain, given by:

Ê(ω) = |Ê(ω)|eiϕ̂(ω) =
∫ +∞

−∞
E(t)exp(iωt)dt (2.2a)

E(t) = |E(t)|eiϕ(t) =
1

2π

∫ +∞

−∞
Ê(ω)exp(−iωt)dω (2.2b)

with |E| as the field envelope and ϕ as time or frequency dependent phase, respectively. For

clarity, all variables in the frequency domain are marked with a hat operator (ˆ). Following

this definition of the Fourier transformation and applying it in the spatial domain reveals the

spatial frequencies (kx,ky,kz) of the electric field, where kx,ky,kz are named the transverse and

longitudinal wave numbers corresponding to the (x,y) and (z) direction, respectively.
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Chapter 2 Ultrashort optics

It can generally be said that the Fourier transformation not only provides more physical in-

sights, but can also simplify calculations, since some operators have a simplified version in the

transformed variables. As an example, the differentiation with respect to time transfers to a

multiplication in the frequency domain by the factor −iω (∂t ↔ −iω), as can easily be seen

from Eq. (2.2b).

From Maxwell’s to the wave equation

The spatial and temporal propagation of electromagnetic waves and their interaction with matter

are fully described by Maxwell’s equations in combination with the Lorentz force. Maxwell’s

equations link the electromagnetic field to their sources and read, in a non-magnetic dielectric

medium:

∇×E =−∂B

∂ t
(2.3a)

∇ ·D = ρ (2.3b)

∇ ·B = 0 (2.3c)

∇×B = µ0

(
∂D

∂ t
+J

)

(2.3d)

where E and B denote the electric and magnetic fields, D represents the electric displacement

field, ρ is the free charge density and J is the current density of free charges. The permeability

of free space µ0 is a constant. The divergence equations Eq. (2.3b) (Gauss’s law) and Eq. (2.3c)

(Gauss’s law for magnetism) express initial conditions or constraints. The propagation of an

electromagnetic field is described by the curl equations which are given by the Maxwell-Faraday

(Eq. (2.3a)) and Maxwell-Ampere (Eq. (2.3d)) equation.

The Lorentz force F(r,z, t) characterizes the motion of free charged particles in electromag-

netic fields and is given by:

F = q(E+v×B) (2.4)

with v and q denoting the velocity and the charge of the particle, respectively. For slow moving

particles, the Lorentz force can be simplified and approximated by the Coulomb force F = qE.

The response of electrons bound in the medium to the electric field E is described by the

medium polarization P(all). It is linked to the electric field via a material constitutive relation

D = ε0E+P(all). (2.5)

For weak fields the polarization, is linear but it becomes nonlinear for increasing field strength,

allowing its decomposition into a linear P(1) and a nonlinear part P with P(all) = P(1) + P.

Physically, this decomposition is valid for the range of electric fields where most electrons

are still bound to the nucleus, which can be assumed to hold for all intensities up to about
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2.1 Fundamentals of ultrashort optics

1×1013 W/cm2. For even higher intensities, as it is the case for the strong field processes start-

ing from 1×1014 W/cm2 introduced later, the polarization must be treated non-perturbatively,

i.e. it cannot be expressed by a power series.

For isotropic and homogeneous media, the linear polarization term is, as the name suggests,

a linear function in the frequency domain which follows the relation

P̂
(1)
(r,ω,z) = ε0χ(1)(ω)Ê(r,ω,z), (2.6)

where ε0 is the permittivity of free space and χ(1)(ω) denotes the linear susceptibility of the

medium. The latter is given by a matrix (tensor rank 2) and is related to the structure of the

medium. Defining the relative permittivity of the medium as ε(ω) ≡ 1+ χ(1)(ω), the electric

displacement field can be rewritten as follows:

D̂(r,ω,z) = ε0ε(ω)Ê(r,ω,z)+ P̂(r,ω,z). (2.7)

When applying an electric field with a field strength that significantly distorts the intra-atomic

potential, P can no longer be neglected since the medium begins to behave nonlinearly. It also

marks the transition from linear to non-linear perturbative optics. To account for the higher

complexity and the non-trivial response of the medium, the polarization can be expressed in the

spatial components (i ∈ (x,y,z)) by

P
(all)
i = P

(1)
i +Pi = ε0

(

∑
j

χ
(1)
i j E j(t)+∑

jk

χ
(2)
i jk E j(t)Ek(t)∑

jkl

χ
(3)
i jklE j(t)Ek(t)El(t)+ ...

)

, (2.8)

where χ(r) denotes the rth order of the susceptibility. Here, the index of summation given by

the variables ( j,k, l,m, ...) implies a summation over all three spatial dimensions (x,y,z). χ(r) is

given by a tensor of rank r+1. At the same time, the nth term in Eq. (2.8) defines the nth order

of the polarization P(n).

To obtain the vectorial wave equation which describes the evolution of a field in a transparent

nonlinear medium, Eq. (2.7) is inserted into Eq. (2.3d). The resulting equation is differentiated

with respect to time and afterwards combined with the curl of Eq. (2.3a). The result reads as

∇2E−∇(∇ ·E)− 1

c2

∂ 2

∂ t2

∫ t

−∞
ε(t − t ′)E(r, t ′,z)dt ′ = µ0

(
∂J

∂ t
+

∂ 2P

∂ t2

)

, (2.9)

where c is the speed of light in vacuum given by c2 ≡ 1/ε0µ0. The Fourier transformation into the

frequency domain further simplifies the equation by converting the convolution into a pointwise
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Chapter 2 Ultrashort optics

product (convolution theorem). It is given by

∇2Ê−∇(∇ · Ê)+ ω2n2(ω)

c2
Ê = µ0

(
−iω Ĵ−ω2P̂

)
, (2.10)

where n2(ω) ≡ ε(ω) denotes the complex refraction index n(ω) of the material. It is a com-

plex number and introduces not only frequency dependent refraction in the real part but also

absorption via its imaginary part.

For a general description both ε and µ0 are space, frequency and time dependent and are

described by tensors. By assuming a charge and current free linear medium (ρ = J = P = 0) and

a constant relative permittivity ε , Eq. (2.9) can be further simplified to the wave equation in free

space given by

∇2E− ε

c2

∂ 2

∂ t2
E(r, t,z) = 0. (2.11)

However, Eq. (2.11) has still a rather complicated structure and the propagation of the electric

field can in most cases only be solved numerically.

Carrier-envelope decomposition

The experiments described in this work will mainly use linear polarized light fields. Therefore,

the electric field will be assumed to be linearly polarized in all further discussions unless oth-

erwise indicated. If a low spatio-temporal coupling of the electric field during propagation is

assumed, which is valid for weak, ideal fields such as the output of an oscillator or a fibre, the

field can be factorized into a spatially and temporally dependent component:

E(x,y,z, t) = E(x,y,z)E(t). (2.12)

This allows the definition of the temporal intensity or power per unit area of a laser pulse

I(t)≡ n0ε0c|E(t)|2/2 with n0 ≡ n(ω = ω0) the refractive index at the carrier frequency ω0. Here,

the temporal evolution of the field can often be represented more clearly by a fast oscillating

term, changing with the carrier frequency ω0 of the pulse, and a slowly varying term A(t) called

the envelope:

E(t) = A(t)exp(iω0t) = |A(t)|exp(iω0t + iΦ(t)) . (2.13)

The time-dependent carrier frequency ω(t), also called instantaneous frequency, is defined by

the first derivative of the phase factor in Eq. (2.13) and is given as follows:

ω(t) = ω0 +
dΦ(t)

dt
= ω0 +

∞

∑
n=1

1

(n−1)!
Φnt(n−1) = ω0 +Φ1 +Φ2t + ... (2.14a)

E(t) = |A(t)|exp(i(ω(t)t + iΦCEP)) with Φ0 ≡ ΦCEP, (2.14b)
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Figure 2.1: Illustration of the influence of different phase terms to the electric field. The grey dashed

line represents a cos-pulse. The lower panel shows the amplitude and phase of the corresponding Fourier

transformation. (left) A temporal shift of the pulse leads to a linear phase term, (middle) whereby a

change of the CEP by π/2 results in a sin-pulse. (right) A quadratic term in Φ(t) leads to a change of the

instantaneous frequency over time, known as chirp.

where Φ(t) =∑ 1/n!Φntn is expanded in a Taylor series. Looking at the expansion in Eq. (2.14a),

the constant contribution Φ1 results in a time independent correction to the carrier frequency ω0.

If the higher order terms are non zero and the first derivative dΦ(t)/dt is a function of time, the

associated pulse is called frequency-modulated. A positive (negative) factor Φ2 for instance,

leads to an increase (decrease) of the frequency over time, known as a positive (negative) or

up (down) spectral chirp, which can be characterized by the second derivative of the temporal

phase d2Φ(t)/dt2. The time independent phase shift of the electric field in Eq. (2.14b) is named the

carrier-envelope phase ΦCEP, which becomes important for light pulses close to their few-cycle

limit. Within this limit, a change in the carrier-envelope phase (CEP) quantifiable alters the

maximum of the electric field, as shown in Fig. 2.1, making a significant difference in nonlinear

strong field processes like tunnel-ionization, which is described later (cf. Sec. 2.5.2).

After Fourier transformation into the frequency domain, as defined in Eq. (2.2b), the spectral

field Ê(ω) is obtained. Now in the frequency domain, the power per unit area or spectral inten-

sity, can be similarly defined as in the temporal domain and is given by Î(ω) ≡ n0ε0c|Ê(ω)|2/2.

Switching to polar notation, the electric field now reads:

Ê(ω) = Â(ω)exp
(
iΦ̂(ω)

)
, (2.15)
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Chapter 2 Ultrashort optics

where Â(ω) is defined as the spectral amplitude and Φ̂(ω) represents the spectral phase. The

latter can also be expanded in a Taylor series, which is given by

Φ̂(ω) =
∞

∑
n=0

dnΦ̂(ω)

dωn

∣
∣
∣
∣
ω=ω0

(ω −ω0)
n

n!
= Φ̂0 + Φ̂1(ω −ω0)+ ... . (2.16)

Here, Φ̂0 is a constant offset of the spectral phase reflecting the CEP. As in the time domain,

derivatives of the phase term reveal significant characteristics of the pulse under investigation.

dΦ̂(ω)/dω is called the group delay, which describes the medium dependent time delay for dif-

ferent frequency components of the field. It is directly linked to the instantaneous frequency

in the time domain. If, for example, lower frequencies arrive before higher frequencies, the

pulse is positively spectral chirped. The second derivative d2Φ̂(ω)/dω2 represents the group delay

dispersion (GDD). It defines the sign and magnitude of spectral modulations. A linear chirp in

the time domain is, for example, related to a second order nonlinear frequency dependence in

the spectral phase Φ̂(ω), as shown in Fig. 2.1.

The Gaussian beam

Similar to the carrier-envelope decomposition in the temporal domain, the spatial domain can be

simplified by dividing it into a spatial envelop function and a phase term, which is describing the

spectral evolution. It is governed by the wave vector k= (kx,ky,kz). The wave vector is pointing

into the direction of propagation and is always perpendicular to the wavefront. Its magnitude

is the wavenumber k(ω) ≡ n(ω)ω/c = 2π/λmed with λmed as the wavelength in the medium. It is

connected to the vacuum wavelength λ0 by λmed ≡ λ0/n(λ ). Assuming a plane wave propagating

along the z axis, the spatial factorization is written as follows:

E(x,y,z) =
1

2
u(x,y,z)exp(−ikzz) (2.17)

Combining the factorized spatial (Eq. (2.17)) and temporal (Eq. (2.14b)) electric field as de-

scribed in Eq. (2.12), inserting the field into the charge and current free linear wave equation

(Eq. (2.11)) and assuming that both envelopes, the spatial envelope u and its temporal coun-

terpart A, vary only slowly with z and t in their respective domains, yields to the paraxial

approximation of the wave equation:

(
∂ 2

∂x2
+

∂ 2

∂y2
−2ikz

∂

∂ z

)

u(x,y,z) = 0 (2.18)

Different solutions exist for this equation, but by far the most important one is the Gaussian

beam, which reflects a good approximation of the fundamental transversal mode of many lasers.
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Figure 2.2: Electric field of a Gaussian beam with λ=30 mm and w0=50 mm around the focus at an

instant of time. The black lines mark the beam radius w(z) at different z positions.

Here, the spatial distribution along the beam axis reads

uGauss(x,y,z) = u0(x,y,z)
w(0)

w(z)
exp

(

−ikz− x2 + y2

w2(z)
− ik

x2 + y2

2R(z)
+ iΦGuoy(z)

)

, (2.19)

where w(z) is the beam radius at which the field amplitude drops to 1/e, R(z) is the radius of

curvature of the beam’s wavefront and

ΦGuoy(z) =−arctan

(
z

zr

)

(2.20)

is the Gouy phase shift. The latter is an extra contribution to the phase seen in Gaussian beams

when compared to their plane waves at the same optical frequency first observed by Guoy [14].

A Gaussian beam is fully described by its amplitude, wavelength, propagation direction and the

Gaussian beam parameters R(z) and w(z) which are given by

w(z) =

√

λ zr

π

√

1+

(
z

zr

)2

and (2.21a)

R(z) = z

(

1+

(
zr

z

)2
)

. (2.21b)

The characterising length zr is called the Rayleigh range and is defined through the beam waist

w0 = w(0) and the wavelength λ by Eq. (2.21a). At a distance equal to zr from the focus, the

beam radius w has increased by
√

2 compared to the beam waist implying a drop of intensity

of a factor of 2. Conventionally, all beam sizes in this work are given by their 1/e2 diameter of

their intensity profile defined by the distance between the two points where the intensity falls to

1/e2 ≈ 0.135 of the maximum value.
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Chapter 2 Ultrashort optics

Forward Maxwell Equation

The exact wave equation (Eq. (2.10)) is impractical to use for computational calculations.

Therefore, several approximations valid within their known limits can be performed to de-

rive a pulse propagation equation which is more suitable for numerical calculations [15]. A

commonly used and known approximation of the wave equation to describe laser pulses is the

Forward Maxwell Equation (FME), since its limitations are acceptable for most situations.

First, it is assumed that the electric field and the mean response are polarized linearly along

a direction es transverse to the propagation axis, which reads as E = Ees, J = Jes and P = Pes.

The term ∇(∇ ·E) in Eq. (2.10) can therefore be neglected, because the electric field and thus

the medium response are transverse, i.e. perpendicular, to the propagation direction. This

assumption applies as long as the beam is not focused too strongly. In this context, the ratio

between beam diameter and focal distance, defined as numerical aperture (NA), is relevant. As

long as it is smaller than a few percent (simulations show a validity of the FME up to a NA of

∼ 0.1 [15]), only a negligible longitudinal component Ez will develop close to the focus and the

assumption remains valid. The resulting form of the wave equation is known as the scalar wave

equation. It reads after projection of the full wave equation along the polarization direction es

as follows:

(
∂ 2

z +∇2
⊥
)

Ê(r,ω,z)+
ω2n2(ω)

c2
Ê(r,ω,z) = µ0

(
−iω Ĵ−ω2P̂

)
(2.22)

It must be noted that the limitation to only one polarization is not too restrictive. In the case

of multiple directions for the electric field polarization, an equation equal to Eq. (2.22) can be

obtained for each independent polarization. These set of equations are coupled through the

material response P(r,ω,z) and J(r,ω,z).

The material response can be further simplified. Formally, the current density and the non-

linear polarization are equivalent except for a time derivative ∂t in the temporal domain or a

multiplication with −iω in the frequency domain
(
Ĵ(r,ω,z)↔−iωP̂(r,ω,z)

)
. Without loss

of generality, the material response can be described by the nonlinear polarization P̂ and be

replaced by changing P̂ into P̂+ iĴ/ω whenever a separate explicit current has to be introduced.

Using a factorization to separate a forward and a backward propagator [16] results in the

following equation:

(∂z + ik(ω))(∂z − ik(ω)) Ê =−∇2
⊥Ê−µ0ω2P̂ (2.23)

where k(ω) denotes the already introduced wave number. Neglecting the right hand side of

Eq. (2.23) representing the diffraction in the transverse plane and the nonlinear polarization, a
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2.1 Fundamentals of ultrashort optics

Pulse Shape Intensity Profile I(t) C

Gauss exp
(
−2(t/τGauss)

2
)

0.441

Sech sech2 (t/τsech) 0.315

Square 1 for |t/τsquare|< 1,

0 elsewhere

0.443

Table 2.1: Values of the constant C in the time bandwidth product considering different pulse shapes.

straightforward solution is given by:

Ê(ω,z) = Â+(ω)exp(ik(ω)z)+ Â−(ω)exp(−ik(ω)z) (2.24)

which is a superposition of a wave propagating in the forward and one in the backward direction.

Now, the last step is the assumption that the forward propagating component of the wave is

much bigger than the backward propagating component (|Â−| ≪ |Â+|) leading to the approxi-

mation (∂z + ik(ω))⋍ 2ik(ω) and after reshaping finally to the FME [17]:

∂ Ê

∂ z
=+ik(ω)Ê+

i

2k(ω)
∇2
⊥Ê+

i

2n(ω)

ω

c

P̂

ε0
(2.25)

Computationally, this equation is much easier to solve since it has only a first order derivative

along the propagation direction z and is therefore frequently used in numerical simulations of

the beam propagation.

Dispersion of ultrashort pulses and the minimum pulse duration

The pulse duration τpulse is usually defined as the full width half maximum (FWHM) of the

intensity profile I(t). Unless otherwise quoted all pulse durations stated within this work will

use this convention. The analogue in the frequency domain is the spectral width ∆ωpulse, equally

defined as the FWHM of the spectral intensity Î(ω). If the second order term Φ̂2 and all higher

terms are equal to zero, the pulse is called transform-limited. A transform-limited pulse has the

shortest possible duration for a given spectral intensity profile. This relation is expressed in the

time-bandwidth product

τpulse∆ωpulse ≥ 2πC (2.26)

where C is a constant on the order of one which is depending on the temporal pulse envelope.

Its value for the most import pulse shapes is given in Tab. 2.1. Most laser pulses can be approx-

imated by a Gaussian envelope and Eq. (2.26) can be rewritten in a more useful form:

τpulse[fs]∆(h̄ω)pulse[eV]≥ 1.83 (2.27)
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Chapter 2 Ultrashort optics

In the transform-limited regime, the dispersion of optical elements becomes crucial. When pro-

pagated through a medium, a light pulse triggers a movement of the bound electrons. Described

by the polarization P, these electrons can be considered as the source of new radiation. They are

linked to the incident field and driven at the driving field frequency. A restoring force initiated

by the remaining atoms and electrons tries to bring the system back into equilibrium. After

propagating through a piece of material with complex refractive index n(ω) and length L the

outgoing field Êout is modified from the input field Ê as follows [18]:

Êout(L) = exp
(

i
ω

c
n(ω)L

)

Ê. (2.28)

As already discussed before, the imaginary part of the refractive index describes the absorption

in the medium. However, following this equation also the real part gets a clear meaning. It

describes a phase shift of the incident pulse. The medium dependent refractive index n(ω) can

be approximated using the Lorentz Oscillator Model. Here, the bound electrons are treated as

harmonic oscillators. The solutions of the resulting equations of motion define the medium

dependent refractive index, which is given by:

n2(ω) = 1+
e2

2ε0me
∑

i

Ai

ω2
i −ω2 + iγω

(2.29)

with ωi and Ai as the resonance frequencies of the medium and their corresponding oscillator

strength, respectively. me denotes the mass of the electron and γi is the damping constant as-

sociated with the loss of energy by radiation. Rewriting Eq. (2.29) in terms of wavelength and

selecting a wavelength far away from any resonances, the refractive index can be assumed to be

real and is given by the Sellmeier equation:

n2(λ ) = 1+∑
i

Biλ
2

λ 2 −λ 2
i

. (2.30)

It is particular useful, since the material dependent constants Bi and λi can be found in big

databases for a large wavelength region for almost all relevant media [19, 20].

The generation of transform-limited pulses with minimum pulse duration requires the control

of the frequency-dependent dispersion introduced in a medium for an increasing bandwidth (cf.

Eq. (2.26)). Therefore, precision broadband dispersion control is a prerequisite for approach-

ing the few cycle regime in ultra-short pulse generation, which is described in more detail in

Sec. 2.3. First, however, the nonlinear processes relevant for laser systems are to be introduced

in the next section.
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2.2 Introduction to nonlinear processes

2.2 Introduction to nonlinear processes

The use of extremely short light beams leads to high optical intensities even at moderate pulse

energies and the nonlinear part of the medium polarization P is no longer negligible. In the field

of ultrafast optics, a large number of nonlinear processes are important and used in a multitude

of purposes. In the following, a short introduction is given. A more comprehensive summary

can be found in [21].

Starting with the power series of the polarization P defined in Eq. (2.8), the strength of the

nonlinear interaction of the pulse within a medium is given by the susceptibilities of higher

orders χ(n>1). In condensed matter their order of magnitude can be assumed as

χ̄(n) =
1

E
(n−1)
at

=

(
1

5.14×1011 V/m

)(n−1)

, (2.31)

where Eat = e/(4πε0a2
0) denotes the characteristic atomic electric field strength, with e and a0 as

the electron charge and the Bohr radius of the hydrogen atom, respectively. For a non-negligible

material response, the polarization P must be included in the wave equation Eq. (2.11), which

leads to the frequently used form of the wave equation in nonlinear optics:

∇2E− n2

c2

∂ 2

∂ t2
E =

1

ε0c2

∂ 2P

∂ t2
. (2.32)

It represents an inhomogeneous wave equation, where the nonlinear polarization P drives the

electric field E. Since ∂ 2P/∂ t2 characterizes the acceleration of charges in the medium, this is

consistent with Larmor’s theorem of electromagnetism, which states that accelerated charges

generate electromagnetic radiation.

Second order nonlinear medium

With the recurring assumption of a linearly polarized field, the second order contribution to the

nonlinear polarization is given by (cf. Eq. (2.8)):

P(2)(t) = ε0χ(2)E2(t). (2.33)

Introducing now a real electric field of the form

E(t) = E1 exp(−iω1t)+E2 exp(−iω2t)+ c.c. (2.34)
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into Eq. (2.33) reads as

P(2)(t) = ε0χ(2)[E2
1 exp(−i2ω1t)+E2

2 exp(−i2ω2t)t +2E1E2 exp(−i(ω1 +ω2)t)+

+2E1E∗
2 exp(−i(ω1 −ω2)t)+ c.c.]+2ε0χ(2)[E1E∗

1 +E2E∗
2], (2.35)

where a variety of different nonlinear effects, also introducing new frequency components, are

revealed. The first two summands in 2.35 describe the physical process of second-harmonic

generation (SHG) for the two different field components ω1 and ω2, followed by sum-frequency

generation (SFG) and difference-frequency generation (DFG) in summand three and four. Op-

tical rectification (OR) is described by the last term.

All effects can be simply explained in the frequency domain. SHG converts two photons of

the same frequency into a single photon with twice the frequency. SHG is a special case of

SFG, where the frequencies of two photons are added, generating a new field component at the

frequency ω1 +ω2. DFG is the counterpart to SFG, where the frequencies are subtracted from

each other. Its special case (ω1 −ω1 = 0) is know as OR, where a static electric field is created

across the nonlinear medium.

It should to be noted that χ(2) can only be different from zero for noncentrosymmetric media

due to symmetry reasons. PSHG however requires an even response to the field E and must

change sign for −E, which is not possible in a centrosymmetric medium since

−PSHG ∝ χ(2)(−E)(−E) ∝ χ(2)EE ∝ PSHG (2.36)

is only possible for χ(2) 6= 0. Therefore χ(2) processes do not occur in gases, liquids and

amorphous solids such as glass or many crystals with inversion symmetry.

Optical parametric amplification

Considering the conservation of energy in DFG, where ω3 = ω1 −ω2 holds, a photon with

energy ω1 has to be destroyed while two photons of the frequencies ω2 and ω3 are generated.

Accordingly, the lower energy input field is amplified in this process, which is known as optical

parametric amplification [22, 23]. Conventionally, ω1 is defined as the pump frequency, the

amplified beam is called signal beam and the third pulse is deemed to be the idler pulse.

In general, as long as the signal beam is amplified, the difference frequency generation mech-

anism acts as a passive fast CEP stabilization for the idler beam [24]. Here, in the parametric

interaction, the inherent phase link between the signal, idler and pump waves generates an idler

pulse with a phase independent of the input beam and is therefore self-stabilized.

In the case of two collinear beams with input frequencies ω1 > ω2, the optical intensity

generated at ω3 by optical parametric amplification, assuming a loss-less medium of length L
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Figure 2.3: Optical intensity of the parasitically generated beam in DFG according to Eq. (2.37) for

different wave vector mismatches ∆k.

and neglecting the depletion of the pump and signal beam, can be derived as follows [21]:

I3(L) =
(χ(2)ω3)

2

2n1n2n3ε0c3
I1I2L2sinc2

(
∆kL

2π

)

, (2.37)

where ni denotes the refractive index at the respective frequencies ωi and ∆k is the wave vec-

tor mismatch. The latter ensures momentum conservation of the three fields and their wave

numbers ki and is given by:

∆k = k1 − k2 − k3. (2.38)

Phase matching

For the special case of ∆k = 0, the intensity of the generated idler beam is growing quadratically

with L, which is known as the condition of perfect phase matching. In this condition, the

generated wave maintains a fixed phase relation with the driving field, resulting in maximum

energy transfer. It can be explained by considering the individual atomic dipoles that form the

material system. At zero phase mismatch, they are all in phase. The emitted field of each

atomic site coherently adds up leading to a radiated power scaling as the square of the number

of participating atoms and thus with the length of the crystal.

The efficiency of the nonlinear process significantly decreases with increasing phase mis-

match ∆k, as shown in Fig. 2.3. As soon as the generated wave is out of phase with the driv-

ing field, its power is back-converted and the maximum conversion is limited. The associated

length, which describes the length of coherent build up, is the coherence length Lcoh. It is de-

fined as Lcoh ≡ 2π/∆k. Exceeding the coherence length, the build up intensity oscillates and is in

general limited by a scaling factor ∝ 1/∆k.
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These phase matching considerations generally apply not only to the DFG process discussed

here, but to all nonlinear processes occurring in the medium. Their relative strengths depend on

the nonlinear susceptibility tensor, as demonstrated by the χ(2) factor in Eq. (2.37). However,

if phase matching is considered, one process can often be optimized over the others and is

therefore by far the most dominant.

A well-established technique to overcome a finite coherence length is called quasi phase ma-

tching (QPM). Here, a medium with spatially modulated nonlinear properties is used, allowing

to phase match the nonlinear process over some propagation distance. As soon as destructive

interference occurs, the generation process is either switched off or reversed by entering an al-

ternated region in the medium. Using this technique similar build ups to optimal phase matching

can be achieved, as shown in Fig. 2.3.

Higher order nonlinear processes

After considering second order nonlinear processes, it is straight forward to generalize the con-

cept to higher orders. An exemplary process is the harmonic generation, where a photon is

emitted at the nth harmonic of the driving field ∑
n
i=1 ω1 = nω1, with n as the order of the pro-

cess.

Another important nonlinear effect in the field of ultrashort optics is the white light genera-

tion (WLG). Most simply, it can be explained by the χ(3) effect of four-wave-mixing, where

two degenerate frequency components of a driving field are generating new frequencies at

ω +ω → (ω +∆ω)+ (ω −∆ω) leading to a broadened spectrum of the laser pulse. Such a

mechanism, which imposes a self-induced action on the beam, is called a self-action effect.

Another example in this class is the self-phase modulation (SPM). This mechanism can be un-

derstood under consideration of the Kerr effect, which is also a third order process (χ(3)). It is an

electro-optical effect, describing the change of the optical properties of a medium at high beam

intensities. Here, in particular, the refractive index of the specific material is modified according

to ∆n = n2I(t), where n2 is the nonlinear refractive index characterizing the purely electronic

nonlinearity. This variation in the refractive index introduces a phase shift on the pulse, thus

changing the pulse’s spectrum [25]. A more detailed analysis of the process shows that the

the front of the pulse is shifted to lower and the back to higher frequencies, thus resulting in a

broadening of the frequency spectrum.

However, not only the spectral shape of the pulse can be changed by the nonlinear interac-

tion with the medium. The Kerr effect, for example, also reshapes the spatial mode, which is

known as self-focusing [26]. Here, the higher optical intensities at the inner part of the beam

as compared to the wings are causing an increased refractive index on axis, acting like a lens

on the beam. Further important self-action processes are self-steepening [27], where the velo-

city with which the peak of the pulse propagates is reduced leading to an increasing slope of
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the trailing part of the pulse, and thermal lensing [28], where the heating of the gain medium

causes a significant change of the refractive index on axis due to the intensity gradient which

causes lensing.

Based on the fundamentals introduced so far, the generation of ultra-short laser pulses is now

introduced in the next section.

2.3 Generation of few-cycle laser pulses

Nowadays, different approaches are used to generate light pulses in the few-cycle regime. De-

pending on the wavelength of interest and the desired repetition rate and pulse energy, different

schemes are exploited. However, the generation of pulses in the few-cycle regime and their use

for time-resolved experiments always demands a high degree of control over the build up laser

field.

Few-cylce NIR pulse generation in a Ti:Sa setup

One of the most important and commonly deployed laser schemes uses a titanium-doped sap-

phire (Ti:Sa) crystal as solid-state gain medium. Ti:Sa is favorable due to its high gain band-

width in the range of 650 to 1100 nm with a maximum around 800 nm, its high thermal con-

ductivity and its weak thermal lensing [29]. Altogether, this allows the generation of high power

pulses in the few-cycle region down to two optical cycles, which is approximately around 5 fs

at 800 nm [30, 31]. Furthermore, the crystal can be pumped by commercial diode pump la-

sers within its large absorption range of 370 to 670 nm. In this section, the general concept

of a Ti:Sa laser with its main components is introduced, exemplary described by the system in

the Blackett Laboratory at Imperial College London, where a commercial chirped pulse am-

plification (CPA) setup (KMLabs, Red Dragon) is deployed. It is also the system used for the

experiments described later.

Fig. 2.4 shows the block digram including the relevant pulse parameters of the laser system

at various stages. The system’s first element is the Kerr-lens mode-locked Ti:Sa oscillator [32],

where a near infrared (NIR) pulse train at 89 MHz repetition rate is produced. It generates 5 nJ

pulses with sub 30 fs duration at the centre wavelength of 780 nm covering a spectral bandwidth

above 45 nm. The crystal is pumped via a continuous wave (CW) neodymium-doped yttrium

aluminum garnet (Nd:YAG) diode pump laser (Coherent, Verdi), emitting after frequency dou-

bling 5 W at 532 nm.

In general, a laser cavity supports a multitude of longitudinal modes. These are the fre-

quencies capable to oscillate. The gain medium determines which of these frequencies are

amplified. By mode locking the oscillator, longitudinal modes get a fixed phase relationship

with respect to each other. This allows a short pulse to be formed. The arising pulses have con-
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Figure 2.4: Block diagram of the Ti:Sa laser-setup used in the Blackett Laboratory at Imperial College

London.

stant temporal spacing which is the time the pulse takes to cover the cavity round trip distance

and thus defines the repetition rate. Mode-locking is achieved by the Kerr-lens effect which

induces self-focusing of the beam, which in conjunction with an inter cavity aperture creates a

power-dependent amplitude modulation in the oscillator [33]. A clever alignment of the system

allows higher intensities to be build up more efficiently which finally connects the phases of

longitudinal modes and a short relatively intense pulse is generated.

The mandatory pulse energies required for the experiments described in this work, however,

demand further amplification. This is accomplished by two subsequent CPA stages, which in

turn consist of several optical components. At first, to avoid any back-reflections of the CPA

system into the oscillator, a Faraday Isolator is used, which only allows the passage of light

in one direction. Afterwards, the pulse is stretched by a grating stretcher to several 100 ps,

which introduces a significant chirp and thus gives rise to the name of the amplification scheme

– chirped pulse amplification [34]. This technique, for which Donna Strickland and Gérard

Mourou received the Nobel Prize in Physics in 2018, reduces the maximum pulse intensity in-

side the amplifier and therefore allows a controllable build up of the beam below the damage

threshold. Subsequently, the pulse passes through a Pockels cell with a sub 10 ns window, re-

ducing the pulse train to 1 kHz repetition rate. A Pockels cell is an electro-optic crystal, often

made out of potassium dideuterium phosphate (KD*P) and is exploiting the Pockels effect [35].

By applying a variable voltage, it acts as a voltage-controlled waveplate that allows pulse se-

lection via a downstream polarizer. This is followed by the first amplification stage, where the

beam is guided in a bow-tie configuration 13 times through a cryogenically cooled Ti:Sa crys-

tal, mounted in a small vacuum chamber with output windows at the Brewster angle to avoid

reflection losses. It is pumped by a neodymium-doped ytterbium lithium fluoride (Nd:YLF)

diode pump laser (Photonics Industries, DM-30), which is frequency doubled working at a cen-

tral wavelength of 527 nm and a laser repetition rate of 1 kHz, leading to a pulse amplification

of up to around 1.5 mJ. The cooling of the crystal suppresses thermal lensing effects. A sec-
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2.3 Generation of few-cycle laser pulses

ond Pockels cell thereafter attenuates spontaneous emission inside the amplification stage by

using a few nanoseconds time windows. After five more passes through a similar second CPA

stage, built in a bow-tie configuration and pumped with two diode lasers (Photonics Industries,

DM-30 and DM-40), the final output power of up to 14 W is reached. The subsequent grating

compressor recompresses the pulse to about 25 fs pulse duration which is close to its Fourier

limit. Spectral narrowing arising from the gain curve of a Ti:Sa crystal within the amplification

process is leading to an increase in the pulse duration [36], which is partly suppressed via an

inverted gain filter mounted in the first four pates of the first amplifier. It possesses a transmis-

sion curve approximately inverse to the amplification gain spectrum of a Ti:Sa crystal. After

splitting 5 % of the beam via a beam-splitter into a diagnostics line, the remaining pulse has an

energy of 8 mJ at a center wavelength of 780 nm at 1 kHz repetition rate.

The diagnostics line comprises a spectral phase interferometry for direct electric field recon-

struction (SPIDER) setup for pulse measurements (cf. Sec. 2.4), a spectrometer for monitoring

the bandwidth and wavelength, and a pointing reference to stabilize the output beam by means

of a piezo-actuated mirror. The spider measurement is processed live and feeded back to an ac-

tuator inside the grating compressor for active chirp control of the output. The described setup is

a unique Ti:Sa system. All described optical parts are crucial for operation but can be replaced

by different optical setups leading to slight variations throughout all available apparatuses.

SWIR generation via an OPA system

An optical parametric amplifier (OPA) system can be used to generate new wavelengths from an

incoming pump beam that will allow a variety of new experiments. Therefore, an OPA system

(Light Conversion, HE-TOPAS) is used in the Blackett Laboratory immediately after the CPA

amplification stage, which is described in more detail in this section. The optical beam path of

the system is schematically shown in Fig. 2.5.

Entering the OPA system, the NIR input beam is split into four beams and guided to different

stages. The first fraction is used for the generation of white light in a sapphire plate which

is consecutively stretched and chirped by a dispersive element. Overlapping this dispersed

beam in time and space with the second fraction of the input beam non-collinearly in a beta

barium borate (BBO) crystal results in the amplification of the signal wavelength via the optical

parametric amplification process. The wavelength can be adjusted by an optical delay line to

select the desired output wavelength. Deploying a rotation stage, the rotation angle of the BBO

related to the input beams is optimized for maximum build up of the signal beam. Thereafter, it

is further amplified in a second and third BBO stage using the 3rd and 4th fraction of the input

pulse as pumps. Here, the collinear pump beams are overlapped with and removed from the

seed beam by dielectric mirrors. Since only the signal beam is amplified in all three stages, the

CEP of idler beam, which is only arising in the last BBO stage, is self-stabilized (cf. Sec. 2.2).
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Figure 2.5: Schematic beam path of the OPA system (Lightconversion, HE-TOPAS) with subsequent

hollow core fibre compression setup. The optics and stages explained in the text are: (WLG) white

light generation, (DE) dispersive element, (DS) delay stage, (BBO) BBO crystals, (red) pump beam,

(yellow) white light and (green/blue) signal/idler beam.

A piezoelectric controlled mirror in the pump arm before the last stage allows the control of

slow drifts of its CEP via a feedback loop (cf. Sec. 2.3 "Stabilisation of the carrier-envelope

phase"). Finally, the idler and signal beams exit the system and are separated via a dielectric

separator, reflecting the idler beam to avoid any detrimental dispersion in glass. The total beam

energy Etotal out of the OPA system ranges between 3.2 and 3.6 mJ in daily operation with a

beam energy in the idler beam Eidler depending on the internal OPA wavelength adjustment

according to

Eidler/signal =
λsignal/idler

λsignal +λidler
Etotal. (2.39)

In both output beams a pulse durations of about 30 fs is reached, which is therefore slightly

longer than the pump field. This can be attributed to the dispersion in the OPA system, but

remains close to the transformation limit of the pulses.

Pulse compression schemes

To allow further compression of the generated laser pulses down to the duration of a few optical

cycles, a broader spectrum supporting a short pulse duration with a flat spectral phase is required

(cf. Eq. (2.26)). The latter can be compensated by using the chromatic dispersion of a suitable

optical element, e.g. a grating compressor. However, a too narrow spectrum requires the use of

a nonlinear pulse compression technique. Several nonlinear schemes are exploited in the field

of ultrafast optics nowadays, but by far the most prominent approach for high power pulses is

the usage of a hollow core fibre (HCF) [37], exemplary described again with the fibre setup

deployed in the Blackett Laboratory. Here, the 30 fs idler pulse emerging from the OPA is
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Figure 2.6: (left) Plot of the first bessel functions J(x). (right) Calculated coupling efficiency into

different Electric Hybrid modes EM1m for a Gaussian beam with a beam waist normalized to the fibre

radius a.

focused into a Borosilicate glass HCF with a core diameter of 400 µm and a length of about

1 m (DWK Life Science GmbH, KPG capillary). It acts as a waveguide in which a medium of

low refractive index, vacuum or gas, is surrounded by a medium of high refractive index, i.e.

glass tubing. In contrast to the guidance mechanism in an ordinary fibre given by total internal

reflection, the beam is directed by glancing reflections of the inner surface walls. Therefore, the

energy penetration into the inner surface walls is kept at a minimum, allowing very high input

intensities.

Filled with argon gas at a pressure of roughly around 400 to 2000 mbar depending on the

pulse duration and the input energy, the SWIR pulse forms a stable filament inside the fibre.

This leads to the SPM process in the noble gas which is causing spectral broadening.

The excited modes of a fibre are complex and, in theory, allow the propagation of arbitrary

polarization states [38]. However, considering only a linearly polarized input beam is limiting

the possible coupling to the so-called Electric Hybrid modes EH1m, where m is an integer

number. They are characterized by a transverse, linear electric field and a small longitudinal

magnetic component. The spatial distribution can be described by Bessel modes truncated at

the fibre cladding at which the field is zero. These modes can be expressed by the zero order

Bessel function J0(r) shown in the left panel of Fig. 2.6 and its zero crossing points u1m where

m labels the mth crossing of the x-axis. The intensity profiles Im for the guided EH1m modes

are given by [39]:

Im(r) =







Im(0)J
2
0

(
u1mr

a

)
if r < a

0 otherwise
(2.40)

where a denotes the HCF core diameter. The overall transmission of a fibre system is dependent
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Figure 2.7: (a) Real part of the refractive index and the connected (b) group velocity dispersion of

standard window materials. Data taken from [41] (CaF2, FS) and from [19] (BK7).

on the coupling efficiency and the fibre losses. The first is determined by the input mode and

beam waist w. The right panel in Fig. 2.6 shows the theoretical coupling efficiencies of a

Gaussian incident beam into the first six fibre modes depending on the beam waist normalized

to the HCF core diameter a. The attenuation within the fibre itself is described by the field

attenuation constant which is proportional to λ 2/a3 [39]. The losses can be made small by

choosing a larger core diameter, which is impeding an efficient SPM process and a trade-off

must be made. Transmission of the HCF system of 45 to 55 % are achievable in day to day

operation, well below the theoretical limit. This is due to imperfections in the fibre itself and

the input coupling mode. In addition, the fibre acts as an efficient spacial filter, because only

the EH11 mode can be coupled in for sufficient large beam waists and is guided efficiently.

The HCF is placed in an evacuated tube system to prevent a contamination of the gas. It is

filled with gas only from the back end to avoid self-focusing before the fibre entrance which is

impeding an efficient input coupling. The alignment of the entry and exit windows of the tube

system at the Brewster angle minimizes reflection losses.

After broadening, the output spectrum covers more than one octave with a bandwidth span-

ning from 1100 to 2400 nm [40]. However, the SPM process also leads to a positive chirp re-

sulting in an increased pulse duration after the fibre exit. Fortunately, this can be compensated

by the introduced dispersion of fused silica (FS) in the SWIR wavelength region (λ > 1.4µm).

As Fig. 2.7 demonstrates, this material has a negative group velocity dispersion (GVD), which

is the group delay dispersion (GDD) of a material per unit length, and thus allows to recompress

the pulse simply by a suitable wedge pair.

Fig. 2.8 shows the reconstruction of a SEA-SPIDER measurement taken for the idler pulse

at increasing fibre pressures and 5 mm FS insertion in the beam path. Output pulses of down

to 7.1 fs with a pulse energy of up to 800 µJ were achieved after compression [40]. At the

idler wavelength of 1750 nm this corresponds to a pulse duration of only 1.3 optical cycles. In

contrast, to compress HCF broadened beams in the visible to NIR region like the output of a
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Figure 2.8: SEA-SPIDER reconstruction of the idler beam for increasing fibre pressures measured after

compression of the pulse by 5 mm fused silica. The red lines indicate the actually measured spectrum

with a NIR spectrometer and demonstrate a good agreement with the reconstruction. The shaded areas

show the standard deviation of 10 consecutive measurements. At every pressure, the FWHM of the pulse

duration and the transform limit of the spectrum (TL) is given.
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Ti:Sa system, well matched chirped mirror compressor have to be used. Each reflection at the

surface of a chirped mirror imprints a negative group delay dispersion [42] introduced by the

dielectric coating. It allows light with a longer wavelength to penetrate deeper into the mirror

structure, resulting in anomalous chromatic dispersion.

Other compression schemes are equally introducing the pulse broadening by SPM but are

using different geometries. Instead of using a fibre, the pulse can just be focused in a long gas

cell, known as filamentation compression [43]. This is advantageous due to its simplified align-

ment and also introduces hardly any losses. Another approach is the usage of an all solid-state

setup, where successful demonstrations are reported focusing the beam in yttrium aluminum

garnet (YAG) crystals [44] or thin quartz plates [45]. This type of compression obviously re-

duces the optical setup to a minimum and also simplifies the alignment compared to a fibre.

However, the big advantage of an HCF is that it acts as a spatial filter by only transmitting the

fundamental mode and the high pointing stability of the outcoupled beam. The latter is of par-

ticular interest for experiments where a high pointing stability is mandatory. As a result, most

laboratories conducting research in the field of ultrafast optics deploy this method.

Stabilization of the carrier-envelope phase

As already mentioned, the idler beam generated by an OPA is passively CEP stable (as long

as the signal beam is amplified in the various stages). However, slow drifts of the beam point-

ing, which are caused from small variations inside the whole system, or fluctuations of the

pump power and beam energies lead to an unavoidable and intrinsic slow drift of the CEP. This

implies that an active stabilization is mandatory to ensure a CEP stable operation. For the char-

acterization of the relative CEP drifts, a 2 f -3 f interferometer is deployed downstream of the

HE-TOPAS system and the fibre setup. It is seeded by the first back reflection of the compres-

sion wedges. In this system, the third harmonic (3 f component) from the long wavelength end

of the spectrally broadened idler beam is overlapped with the second harmonic (2 f component)

originating from the short wavelength end. Given by the repetition rate of the laser frep, the nth

laser mode can be expressed by fn = fCEP+n frep where fCEP is the offset introduced by the CEP

drift [46]. This frequency comb of equidistant frequency components is a train of pulses in the

temporal domain. Now, overlapping the second and third harmonic results in a carrier-envelope

beat signal

fbeat = 3 fm −2 fn = 3 fCEP +3m frep −2 fCEP −2n frep
2m=3n
= fCEP, (2.41)

where beating the modes 2m =3n gives rise to the beat note fCEP and thus giving direct infor-

mation about the carrier envelope phase offset [47]. By stabilizing this offset via the feedback

loop, which controls a piezo-electric actuated mirror inside the OPA system adjusting the path

length between the signal and the pump, a CEP stable laser pulse is delivered to the experiment.
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2.3 Generation of few-cycle laser pulses

ZnSe BBO polarizer spectrometer

Figure 2.9: Schematic setup of the 2f-3f interferometer.

Fig. 2.9 shows the schematic setup of the 2 f -3 f interferometer. The third harmonic used for

the beating is already generated in the argon filled fibre via third-harmonic generation (THG) as

it is expected for high enough intensities in any non-centrosymmetric medium. Thus, only the

second harmonic has to be generated by using a BBO crystal (100 µm, Θ =∼20 deg) optimized

for second harmonic generation at the short wavelength part of the idler. A subsequent polarizer

projects the two harmonic beams on the same polarization axis, allowing their interference. The

temporal overlap is guaranteed by introducing a 1 mm thick zinc selenide (ZnSe) plate before

the BBO, evoking an extremely high dispersion at the third harmonic and SWIR wavelengths.

The beams are afterwards focused into a spectrometer, were the interferogram over a large

bandwidth of around 580 to 650 nm reveals the CEP slip of the laser system at single shot

acquisition. A CEP stability of around 300 mrad was characterized during an experiment at

shot-to-shot acquisition lasting for several hours [48].

Optical parametric chirped-pulse amplification

Often, experiments are exploring only subtle signal differences introduced by the light field

and can therefore benefit from an increased repetition rate of the laser system. Only recently

have high repetition rate pump lasers become available that emit with high power in the NIR

range. These are perfectly suited to the needs of optical parametric chirped-pulse amplification

(OPCPA), an amplification scheme already known for more than two decades.

OPCPAs are deploying the optical parametric amplification scheme like OPAs, but profit

from a strong reduction in the peak intensities by using temporally stretched pulses similar as

in the CPA scheme. However, compared to complicated multipass geometries used in Ti:Sa

systems, the high parametric gain introduced by a single pass through a nonlinear crystal allows

the design of much simpler and more compact setups, where the crystal is passed only a few

times. In addition, the parametric amplification at optimized phase matching conditions enables

the amplification of a wide wavelength range, which simultaneously supports a high bandwidth

and enables the generation of ultrashort laser pulses. Since the thermal effects on the crystal

are limited due to the weak absorption of the pump beam in the nonlinear crystal, a high beam

quality can be maintained, which is basically only limited by the quality of the pump laser.

The low absorption in the crystal also leads to a reduced spontaneous emission, which allows

the generation of pulses with a very high pulse contrast, i.e. with a very low preceding energy

before the main pulse.
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Figure 2.10: Optical setup of the OPCPA system (Fastlite, Black Starzz). (WLG) white light genera-

tion (LN-AOPDF) LN acousto-optic programmable dispersive filter (DFG) difference-frequency genera-

tion (OPA) optical parametric amplifier (2f-f) collinear 2f-to-f interferometer (FROG) scanning second-

harmonic frequency-resolved optical gating (PPLN) periodically poled LN crystal (LN) bulk LN crystal

(pink) dispersive elements (green beam) 1.03 µm (red beam) <2.06 µm (blue beam) >2.06 µm

An example of a state of the art system is the Fastlite Black Starzz OPCPA [49, 50], delivering

4 cycle pulses (40 fs) at a centre wavelength of ∼3.2 µm, with an average pulse energy of 150 µJ.

Its 100 kHz output is extremely stable with CEP fluctuations of 65 mrad and a pulse-to-pulse

stability <0.7 % rms. Fig. 2.10 shows the full optical setup.

The entire system is pumped by a thin-disk regenerative amplifier system (Trumpf Scienti-

fic Lasers, pulse characteristics: Dira-200, 1.1 ps, 100 kHz, 200 W, 1030 nm, 1 % rms) with a

close to Gaussian beam profile (M2 < 1.3) split up into 5 beams and guided to the different sta-

ges. The first fraction (∼0.9 W) is spectrally broadened through filamentation in a 10 mm YAG

crystal, reaching a longer wavelength end of up to 2 µm, and sent into the lithium niobate (LN)

based acousto-optic programmable dispersive filter (AOPDF). Acting as the principal dispersive

element, the AOPDF fulfills 5 tasks: spectral selection (1.3 to 1.9 µm), pulse-stretching to match

the pump pulse duration, pre-compensation of higher optical phases introduced throughout the

following optical setup, CEP stabilization and CEP control. An AOPDF is a special type of an

acoustic optical modulator. By filling the crystal with a travelling acoustic wave, variations in

the optical properties are forming a volume grating, allowing the dynamic wavelength depen-

dent diffraction of the input pulse within the crystal. It is therefore capable of spectral amplitude

(via the amplitude of the acoustic wave) and spectral phase (via the phase of the acoustic wave)

shaping of the incident laser pulse with the diffracted beam as the shaped output.

The idler pulse is subsequently generated at ∼3.2 µm by amplifying the emerging beam in a

collinear periodically poled lithium niobate (PPLN) crystal based DFG stage, using quasi phase

matching. Here a 1 mm PPLN crystal with changing periodicity in transverse direction, the so

called fanout poling geometry, is used. Thus, a lateral transition is altering the coherence length

which allows the tuning of the idler wavelength from 2.8 to 3.65 µm due to the wide spectrum
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2.4 Characterization of ultrafast laser pulses

originating from the WLG. Further amplification in the stages OPA 2 (collinear, 0.7 mm PPLN

crystal), OPA 3 and OPA 4 (both non-collinear, 1.5 mm LN crystal) lifts the idler energy to

165 µJ. The non-collinear geometry in stage 3 and 4 are chosen to avoid the usage of dichroic

mirrors and minimises other nonlinear effects like SFG in these high-power stages. By mount-

ing the LN crystals on a rotation stage, efficient phase matching can be achieved. Afterwards,

the output beam is expanded to a beam diameter of 10 mm and compressed by 20 mm bulk Sili-

con. The usage of a bulk compressor is enabled by the AOPDF, which allows fine tuning of the

spectral phase and thus compression down to four optical cycles. This is equivalent to a pulse

duration of 40 fs at 3.2 µm.

A small fraction of the beam is reflected by the final outcoupling window of the laser system

and used to feed the diagnostics line. Here, the spectrum is measured by a mid infrared (MIR)

spectrometer, the spectral phase is characterized by a frequency resolved optical gating (FROG)

setup (cf. Sec. 2.4), and the CEP is monitored by a f -2 f interferometer. The FROG allows to

measure and feed back the spectral phase into the AOPDF which guarantees the compression

of the pulses close to their Fourier limit. By means of the f -2 f interferometer, the relative CEP

fluctuations of the idler beam can be analyzed shot-to-shot similar to the previously described

2 f -3 f interferometer. A feed-back loop, transmitting the extracted fluctuations to the AOPDF,

allows the active stabilization at 10 kHz, limited only by the repetition rate of the measurement.

The combination of this fast feed-back loop together with the passive stabilization of the DFG

process enables remarkable CEP stabilities down to 65 mrad shot-to-shot which was measured

at 10 kHz. A wavefront characterization of the emerging idler beam has confirmed an approxi-

mately Gaussian beam profile with a M2 value of ∼1.4, which is only slightly above the value

of the pump laser.

Following a detailed description of the generation of ultrashort laser pulses on the basis of

two example systems, the next section will now focus on their characterization.

2.4 Characterization of ultrafast laser pulses

Unfortunately, the generation of ultrashort pulses introduced in the last chapter is coupled with

an obvious problem – the optical pulse durations are significantly shorter than any response

time of photodetectors. Thus, the full characterization of the emerging pulses in space and

time, known as the field of pulse meteorology, was always a complex topic, which requires an

approach that avoids the need for fast detectors [51].

For pulses exceeding several picoseconds, a photodiode can be used to measure the tempo-

ral intensity. At this time domain, a reasonable characterization of the pulse is achieved by

combining this measurement with the spectrum of the pulse. To analyse any shorter pulses, a

temporal reference as short as the optical pulse itself is required. The most obvious solution is
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to self-reference the pulse using a replica of itself.

Intensity autocorrelation

One of the first techniques is known as intensity autocorrelation, where two copies of a pulse

interact in a nonlinear medium and a nonlinear process (i.e. SHG) is observed [52]. As de-

scribed in Sec. 2.2, this process depends on the input intensity of the laser field and therefore

strongly depends on the temporal overlap of the two pulses. The measurement of the signal A

of the nonlinear process as a function of the delay τ between the two pulses given by

A(I1, I2,τ) =
∫

I1(t)I2(t − τ)dt, (2.42)

is called cross-correlation. When using two copies of the identical pulse, this is referred to as

autocorrelation, the signal contains the information about the intensity profile of the pulse but

not its spectral phase. In addition, the pulse duration can only be estimated, as the correct pulse

shape (i.e. Gaussian) has to be assumed and cannot be verified. Since the temporal structure of

a pulse is dependent on its spectral phase, autocorrelation does also not provide any information

on how the pulse duration can be improved. Nevertheless, it represents a frequently used tool

to obtain a fast and reliable approximation of the pulse.

Frequency resolved optical gating

For the full characterization of optical pulses, a different technique has to be adapted. The most

common answer is the frequency resolved optical gating (FROG) technique, which essentially

uses the same nonlinear interaction between two ultrashort pulses as the intensity autocorrelator.

However, the entire spectrum of the field generated in the nonlinear process is measured [53].

The characterization of the full spectrum for multiple time steps leads to a spectrogram S(ω,τ),

in which further pulse properties can be retrieved by deploying methods known from the field

of image processing. In general, the spectrogram is given by

S(ω,τ) =

∣
∣
∣
∣

∫

E(t)g(t − τ)exp(iωt)dt

∣
∣
∣
∣

2

(2.43)

where g(t − τ) is called the gate at a controllable delay τ . This gate has a different form for

different versions of a FROG, e.g. g(t − τ) = E(t − τ) for a SHG-FROG. It always maps the

problem of the pulse retrieval to a problem of two-dimensional phase retrieval, which has a

unique, determinable solution [53]. Depending on the gate some minor ambiguities can arise,

like the direction of time for the process of SHG. However, these can be removed by additional

measurements, e.g. to resolve the sign problem in the SHG process, a piece of glass which adds

a well known dispersion can be introduced into the beam path.
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Spectral phase interferometry for direct electric field reconstruction

Instead of considering and measuring a time dependent function, a pulse can also be fully char-

acterized by measuring its spectral amplitude and the connected spectral phase. Any commer-

cial spectrometer can do the first, whereas the crux is the determination of the latter. The spectral

phase provides the phase difference between adjacent spectral components and can be measured

using another type of a common pulse meteorology device, a spectral phase interferometry for

direct electric field reconstruction (SPIDER) setup [54].

The standard working principle in a SPIDER is to use spectral interference between two

copies of the examined pulse with a fixed delay τ . To encode the phase information in the

interference pattern, a third copy of the pulse, called the ancilla pulse, is stretched with a large

spectral chirp Φ̂(2) and overlapped in a nonlinear crystal with the two copies generating the sum

frequency. The ancilla beam is extremely stretched in time, that it can be assumed to be quasi-

monochromatic over the duration of the two test pulses. It introduces a spectral shear Ω = τ/Φ̂(2)

between the two, thus leading to a interference signal

B(ω) =
∣
∣Ê(ω)+ Ê(ω +Ω)exp(iωτ)

∣
∣2 =

=
∣
∣Ê(ω)

∣
∣2 +

∣
∣Ê(ω +Ω)

∣
∣2 +2

∣
∣Ê(ω)

∣
∣
∣
∣Ê(ω +Ω)

∣
∣cos

[
Φ̂(ω +Ω)− Φ̂(ω)+ωτ

]
, (2.44)

where Ê(ω) and Ê(ω +Ω) denote the two test pulses. Assuming a sufficiently small shear Ω,

the phase derivative across the spectrum is encoded in the fringe pattern following

Φ̂(ω +Ω)− Φ̂(ω)≈ ∂ Φ̂(ω)

∂ω
Ω, (2.45)

which in turn allows the complete shot-to-shot reconstruction of the spectral phase with well

known algorithms [55]. Taking Eq. (2.44) into account, the fringe pattern is additionally super-

imposed by the pattern arising from the delay τ of the two pulses, which is evident from the

term ωτ inside the cos-function. However, this ambiguity can be removed by means of a cali-

bration measurement, in which no shear is introduced. Nevertheless, a high degree of alignment

precision and stability is required to avoid any systematic errors in the phase measurement. In

addition, the intrinsically limited bandwidth of the nonlinear crystal used can lead to a misin-

terpretation of the spectral content of the characterized pulse.

A slight variation of the standard SPIDER setup, known as spatially encoded arrangement

(SEA)-SPIDER [56], helps to improve the sensitivity on pointing and stability. Instead of only

encoding the spectral phase in an one dimensional fringe pattern, an imaging spectrometer is

used. Introducing a crossing angle between the two upconverted SFG beams leads to spatial in-

terference. Thus, the interference pattern arising at the imaging spectrometer shows the spectral

fringes on one axis superimposed by the orthogonal fringes in the spatial domain on the other
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Chapter 2 Ultrashort optics

axis. Here, the spectral phase is encoded in the tilt of the whole fringe pattern and not only in an

one-dimensional fringe spacing, allowing a measurement with much lower stability and align-

ment constraints. Furthermore, compared to the standard SPIDER technique, the SEA-SPIDER

measurement simultaneously contains information about the spatial domain, allowing the char-

acterization of spatio-temporal couplings like the pulse-front tilt [40]. As shown in Fig. 2.8, is

was the method of choice to fully characterize the idler beam for the experiments.

After introducing the generation and characterization of laser pulses, a legitimate question

arises whether the pulse duration can be further reduced even beyond the few-cycle limit of the

laser wavelength. This will be discussed in the next section.

2.5 Accessing the sub-cycle regime

2.5.1 Generating pulses beyond the few-cycle limit

As discussed before, one-octave-spanning spectra generated in a noble-gas-filled hollow core fi-

bre are able to deliver sub-2-cycle pulses upon proper compression. However, the natural limit

of the optical cycle (i.e. 2.6 fs at 800 nm) impedes reaching the sub-femtosecond level. The

current climax in dispersion-controlled pulse compression is achieved in so-called wave-form

synthesizers [57, 58]. Here, different spectral components are prepared in separate channels

and combined afterwards to reach a maximal spectral bandwidth and first light transients in

the visible with sub-femtosecond duration are reported. It is impracticable to achieve higher

photon energies and thus possible shorter pulses due to the optical cycle in amplification stages

with conventional schemes. Crystals and glass are only transparent up to the near or middle

ultraviolet region to around 200 nm and the dispersion control for even broader spectra impedes

practical use. Therefore, two completely different approaches have been developed and em-

ployed in the last decades, to access these low wavelength regions, and thus to penetrate into

the sub-femtosecond regime.

The first is given by large scale facilities, the so-called X-ray free-electron laser (XFEL),

using electron beams. Here, electrons are accelerated to close to the speed of light and af-

terwards passed through an undulator, which is a periodic arrangement of alternatively poled

magnets, producing synchrotron radiation that grows exponentially with the undulator length

due to the formation of electron bunches. Different schemes, which essentially vary in the in-

jection of the electrons into the accelerator or the formation of the electron bunches and the

squeezing of the electron bunch to further compress the synchrotron radiation are a hot topic

of current research. XFELs already deliver extremely bright pules (>1×1011 photons/pulse)

which are only a few femtoseconds long and sub-femtosecond schemes are close to realiza-

tion [59]. Furthermore, the generation mechanism allows >10 keV photons to be produced

with a high degree of coherence. However, an XFEL is an expensive large scale facility and
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2.5 Accessing the sub-cycle regime

therefore not accessible even for a large laboratory.

2.5.2 Sub-cycle dynamics: Strong field ionization

The table-top alternative to access the sub-cycle regime is to employ sub-cycle, laser driven,

non-linear optical processes. Here, different regimes have to be distinguished, which can be

understood under consideration of an electron, which is bound in a potential well and exposed

to a driving field. In weak laser fields, the electron is only slightly displaced from the minimum,

which can be approximated as harmonic, resulting in linear optics. Increasing the driving field

intensity, the electron starts to feel the anharmonicity of the potential well, which has to be

considered in the dipole response and leads to non-linear optics. These processes strongly vary

with the electric field of the laser pulse, as opposed to the pulse envelope, and thus change

within an optical cycle. Different non-linear sub-cycle effects exist, like the sub-cycle control

of a bound electron system which responds to the electromagnetic force of light, potentially

enabling light-based electronics on sub-femtosecond timescales [60]. However, by far the most

important and prominent effect in the field of ultrafast laser science is strong-field ionization

(SFI) or also called tunnel ionization [61].

A good starting point is the Keldysh picture, which frame is set by an adiabatic parame-

ter Keldysh introduced already in 1964 in his groundbreaking work unifying the multi photon

ionization (MPI) and SFI:

γ =
ω

eE

√
2Ipme, (2.46)

where ω is the frequency of the driving field, Ip denotes the ionization potential, E is the laser

electric field and e, me are the charge and mass of the electron, respectively [62]. For a Kel-

dysh parameter far larger than 1, γ ≫ 1, that describes a high frequency field with low intensity

known as non-adiabatic regime, any ionization processes are driven by the absorption of mul-

tiple photons. This process, the MPI, is highly dependent on the required number of photons n

to bridge the ionization potential and is scaling with the nth power of the optical intensity. In

contrast, for γ ≪ 1, implying a low frequency field with high intensity, the ionization process

can be treated as quasi-static in respect to the driving field. Here, in the so called adiabatic

regime, the external conditions, i.e. a change of the laser potential, vary only gradually and

allow the system, i.e. the electron probability density, to adapt its configuration. The electron’s

potential well is deformed by the strong laser potential, forming a finite tunneling barrier which

the electron can overcome before the laser potential changes significantly. The probability of

ionization scales exponentially with the width of the tunneling barrier. This can be calculated

by considering the classical crossing point of the bent atomic potential V (x), deformed by the

electric field E(x), with the ionization potential Ip (V (x)+ xE(x) =−Ip). The width of the tun-

neling barrier in turn scales inversely with the field strength. Thus, the change of electric field

during the laser cycle has a huge impact on the ionization probability, as shown in Fig. 2.11.
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Figure 2.11: Tunnel ionization calculated by using the Ammosov-Delone-Krainov (ADK) theory, in-

troduced in the main text. The blue and black curves show the ionization rate and ionization fraction,

respectively, for a 800 nm (left) cos- and (right) sin-pulse with fixed peak intensity of 1.4×1013 W/cm2

in Argon gas.

On closer examination of the plot, it can be observed that the ionized electron wave packet

(blue line) only emerges for a very limited time, with sub-cycle duration, restricted to the field

maxima during the wave cycle.

This simple differentiation is accurate for extreme Keldysh parameters γ 6= 1. Influenced by

the high importance to calculate correct ionization yields, many theoretical extensions have been

developed. The best know is the Ammosov-Delone-Krainov (ADK) ionization rate [63]. It pre-

sents an adiabatic approximation to the Perelomov-Popov-Terent’ev (PPT) tunneling rate [64,

65], where the Coulomb interaction at larger internuclear distances is included to the original

Keldysh model, allowing the description of extended multi-electron atoms with hydrogen-like

structure. The PPT rate approaches the ADK rate in the quasi static limit. Another important

theory is given by the Yudin-Ivanov ionization rate [61]. The latter includes non-adiabatic ef-

fects that make it possible to explicitly distinguish multi-photon and tunnel contributions to the

overall ionization probability. However, the numerically convenient ADK approach is valid for

γ < 0.5 [66] and therefore applicable in most situations. It can be exchanged, up to Keldysh

parameter of γ = 3−4 for calculations where noble gas atoms like helium, neon, argon, krypton

and xenon are ionized, for the PPT theory [61].

A process named high harmonic generation (HHG) benefits from the extremely confined

electron ionization events in SFI which make it possible to generate ultrashort pulses with sub-

cycle duration of their driving field. It constitutes the small footprint alternative to XFELs for

the generation of sub-femtosecond pulses and is described in detail in the next chapter.
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High Harmonic Generation

High harmonic generation (HHG) has formed the basis of ultrafast science and is used in many

laboratories around the world. It is a strong field process, usually deployed in noble gases,

accessible for laser pulses exceeding 1×1013 W/cm2 and capable of producing coherent sub-

femtosecond pulses in the XUV (10 to 124 eV) and soft X-ray region with current records

reaching energies exceeding the oxygen K-edge at 533 eV [7, 48].

3.1 The semi-classical picture

HHG was first reported by McPherson et al. in 1986 [3], followed swiftly by Ferry et al. in

1987 [67]. In these early days, the theory was mostly provided by numerical time-dependent

Schrödinger equation (TDSE) calculations [68], which will be discussed later, or multiphoton

ionization [69]. A fist intuitive picture was independently introduced by Corkum and Schafer

in 1993 [70, 71] with the semi-classical three-step model, depicted in Fig. 3.1. Its three steps

are given by:

1. Ionization: The vector potential of a strong driving laser field distorts and bends the

Coulomb potential of an exposed atom or molecule, which enables strong field tunnel

ionization through the distorted potential barrier. As discussed in 2.5.2, the probability of

this non-linear process is highly dependent on the incoming field intensity and therefore

the time within the wave cycle, ionizing electrons strongly confined in time.

2. Propagation: A liberated electron is subsequently accelerated in the laser field and gains

kinetic energy. The time of birth of the freed electron within the laser potential links

directly to the electron trajectory, which is governed by the laser field as shown in Fig. 3.2.

3. Recombination: With a certain probability, the electron returns into the vicinity of the

core and recombines, emitting the excess energy via a photon (cf. Fig. 3.3). The final

time of recombination of the electrons and their connected kinetic energy determines the

HHG pulse properties. This enables to control the pulse shape and waveform of the HHG
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Figure 3.1: Sketch of the three step model. (1) Tunnel ionization (2) Acceleration by the electric field

(3) Recombination and emission of a photon.

light burst by modifying the original driving field. However, only a small share of the

electrons driven back will recombine, which is set by the recombination probability. The

conversion efficiency typically achieved can be in the order of 10−6 [72] but is far less for

inefficient generation conditions.

Due to the high energetic collision of the electron with the core, also other competing and si-

multaneously detectable processes are taking place. Alternatively, the electron can be scattered

or the ion can be left in an excited or doubly ionized state. Repeated every half cycle of the la-

ser field, the HHG process leads to periodic emission of coherent light bursts [73], propagating

collinear with the driving field.

This theory is deemed a semi-classical picture since the first step is a quantum mechanical

process, which can be treated classically by assuming a free electron with zero kinetic energy

at the atomic site. It then follows the classical trajectory during its propagation set by the

laser potential. Mathematically, this results in the initial conditions of the electron x(tb) = 0 and

ẋ(tb) = 0, where x(t)/ẋ(t) denotes the position/velocity of the electron at time t and tb represents

the time of birth.

Considering an electron inside a linearly polarized electric field E = E0 cos(kzz−ω0t), the

electron obeys the one dimensional equation of motion governed by the Coulomb force

ẍ(t) =−eE0

me
cos(kzz−ω0t), (3.1)

where ẍ is the acceleration of the electron. The solution of the equation of motion with the

restriction that the electron can only recombine in the vicinity of the nucleus yields to the
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3.1 The semi-classical picture

maximum kinetic energy or cutoff energy [74]

Ecutoff = Ip +3.17Up = Ip +3.17
e2E2

0

4meω2
0

, (3.2)

where Ip is the ionization potential of the atom or molecule and Up is the ponderomotive energy.

The latter depends on the field amplitude E0 and on the carrier frequency ω0. It represents the

average kinetic energy of a free electron in the electric field. As demonstrated in Fig. 3.2 and

Fig. 3.3, not all electrons can recombine since they are never driven back to the nucleus and only

electrons born at a certain time within the wave cycle will reach the maximum kinetic energy

of 3.17Up upon recombination.

Due to the different ionization times and the associated electron trajectories, various har-

monic frequencies are generated simultaneously, which contribute to the final broad spectrum,

as shown in Fig. 3.4. The intensity drops exponentially for the first harmonic orders, which can

be justified by a perturbative approach similar to harmonic generation in a non-linear crystal.

Here, the efficiency depends strongly on the harmonic order n and drops rapidly with increa-

sing orders. Most of these harmonics are already generated in the weaker leading and trailing

edge of the pulse. This region is followed by the plateau region, where all harmonic orders are

equally intense, which can be justified by the three step model. Since all possible pathways

that a recombining electron follows depend only on its time of birth, all harmonic energies are

equally intense as long as the ionization and recombination probabilities are similar. At the high

energy end of the spectrum is the cutoff area. The associated photons are exclusively generated

around the field maximum within the pulse.

The HHG spectrum has discrete peaks separated by 2ω0 which can be attributed to the pe-

riodicity of the driving field. Considering a sin-pulse, the electrons may tunnel-ionize twice

during the laser cycle when the field intensity is close to its maximum. Due to the isotropic

behavior of the gas, there is no difference in the mechanism between ±E0 which leads to a pe-

riodicity of 2ω0 in the frequency domain [75]. A vivid explanation is given by the summation

of two harmonic fields (nth harmonic order), where the second is delayed by half a period of the

fundamental field ω0:

exp(inω0t)− exp[in(ω0t +π)] = exp(inω0t)[1− exp(inπ)] =







2exp(inω0t) if n is odd

0 if n is even

(3.3)

Here, all even order harmonics are canceled out due to destructive interference. However, speak-

ing of harmonics is misleading since the separated harmonic peaks can only be detected in the

detector due to the periodic nature of the emitted pulse train and its interference. The isolation

of the harmonic emission at a single time in the wave cycle generates a continuous spectrum at

the detector due to the lack of interference. An example is the cutoff region, in which the 2ω0
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Figure 3.2: Simulated classical electron trajectories depending on the time of birth in a driving field.

Only electrons that are released at certain times during the wave cycle return to the vicinity of the nucleus.
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Figure 3.3: The final kinetic energy at recombination is highly dependent on the time of birth within the

driving field cycle, shown by the grey line. The colour scale indicates the accessible kinetic energies,

which are normalized to the ponderomotive energy Up.
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Figure 3.4: Illustrated photon spectrum generated in the HHG process. Depending on the pulse shape

of the driving field, the cutoff region reshapes.

modulation can be eliminated by using a few cycle cos-pulse. It exhibits only a single global

field maximum and thus generates the highest possible photon energy once in a laser pulse.

This is in contrast to a sin-pulse, with its two equal maxima, where the cutoff range remains

modulated, as illustrated in Fig. 3.4.

Further insights into the harmonic emission are gained by mapping the time of birth and

recombination of the electrons to their final kinetic energy, shown in Fig. 3.5. Inside the plateau

region, away from the cutoff, two different trajectories are always leading to the emission of

the same photon energy upon return (cf. Fig. 3.3). Intuitively, the earlier ionizing and hence

later recombining trajectories are called long trajectories, the others short trajectories. Inside

the dividing cutoff region these two are combining into a single possible pathway. This simple

picture correctly predicts the chirp of the harmonic emission, which was measured to be positive

for the short, but negative for the long trajectories [76].

Low-order high harmonic generation

For harmonic energies close to the ionization potential of the generation medium, the simple

assumption of a free electron traveling just under the influence of the driving field is no longer

valid and the atomic or molecular potential must be considered more accurately. Given the

standard three step model, which ignores the atomic potential after ionization, harmonics be-

low the Ip (below-threshold harmonics) cannot be explained at all. According to a rigorous

semi-classical approach from Hostetter et al. [77], the initial conditions have to be adapted. For

lower order, the electron is either (i) released outside the laser-induced potential barrier with

zero velocity (tunnel ionization) or (ii) has a non-zero initial kinetic energy at the ion core (mul-

tiphoton ionization). In both cases below-threshold harmonics are generated. The transition
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Figure 3.5: Time of birth (blue) and time of recombination (red) within the wave cycle for the short

(solid line) and long (dashed line) trajectories. The short trajectories are leading to a positively chirped

harmonic emission while the long trajectories are negatively chirped, due to the frequency variation at

the time of recombination.

region is of particular interest since it separates the low order harmonics, explained by the per-

turbative approach from their higher energy counterparts, following the three-step model. Near

the Ionization potential Ip both pictures blur, which makes it an intriguing region to study the

involved mechanisms of the harmonic generation.

3.2 The quantum picture

3.2.1 Time-dependent Schrödinger equation

The simple semi-classical picture of HHG already explains many features qualitatively and thus

gives an intuitive physical insight into the generation process. It also predicts the cutoff energy

correctly. However, an in-depth theoretical calculation of the harmonics emission requires the

quantum mechanical treatment of the light-matter interaction which can be done by solving the

time-dependent Schrödinger equation (TDSE) for a bound electron in a laser field.

To simplify the calculation two common approximations are used which are known as the

dipole approximation and the single active electron (SAE) approximation. The latter assumes

that only the outermost valence electron must be taken into account in the calculations, since

the ionization step depends exponentially on the binding energy and thus more tightly bound

electrons are not released efficiently. However, these bound electrons can be addressed by using

an effective potential V seen from the valence electron. This potential V is assumed to be static,

which is a good approximation for atoms, but a more severe restriction for molecules, where

nuclear motion can play a significant role. The dipole approximation states that the laser field

triggering the HHG process can be treated as uniform across the entire spatial region of the

process. It applies since the maximum distance covered by a free electron during the round trip
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Figure 3.6: One dimensional TDSE calculation for a 800 nm, 3 fs driving pulse with a peak intensity of

2×1014 W/cm2 in Argon, using a "soft-core" potential V(x) = −1/
√

x2+a2 with a chosen to match the

ground state binding energy with the ionization potential of Argon (a = 1.1892).

is negligibly small compared to the wavelength of the driving field.

Deploying these two approximations leads to the TDSE1 in the form

i∂ |Ψ(t)〉
∂ t

=

(
p̂2

2
+V(r)−E(t) · r

)

|Ψ(t)〉 , (3.4)

with the electron wavefunction Ψ and the momentum operator p̂=−i∇. Mathematically, it is

far more challenging than the semi-classical approach and can often only be solved numerically.

Fig. 3.6 shows a result of a TDSE simulation of HHG. The ionization at the peaks of the elec-

tric field is clearly discernible, which leads to a detached component of the wavefunction from

the then depleted groundstate. The wavefunction evolves in the time-dependent potential and a

certain fraction is able to recombine, as already seen in the classical trajectories. This recom-

bination event is only very subtly visible, which becomes noticeable in an interference pattern

at the ground state with which the trajectories of the returning electrons overlap. The emitted

radiation of a single atom is proportional to the acceleration of the electron dipole moment

DDD(t) = 〈Ψ(t)|r̂̂r̂r|Ψ(t)〉, which starts to oscillate due to the interference. Although, all quantities

can already be calculated numerically, the simulation can be simplified by using the Ehrenfest’s

theorem, which relates the acceleration of the dipole moment to the expectation value of the

1All equations given in this chapter are written in atomic units for simplicity.

(a.u.: SI units – distance: 5.3×10−11 m, energy: 27.2 eV, charge: 1.6×10−19 C)
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force. This allows the dipole moment to be expressed as

∂ 2DDD(t)

∂ t2
= 〈Ψ(t)|−∇V(r)|Ψ(t)〉+E(t). (3.5)

In this equation, the second term E(t) oscillates with the fundamental frequency. Thus, the

harmonics are generated only by the acceleration of the electron provoked by the potential

given by the first summand.

3.2.2 The strong field approximation

The treatment of high harmonic generation by using the TDSE is the most quantitative way to

model the radiation. However, the gained physical insight is rather limited since the physics

are more or less hidden in the simulation. A different formalism to simulate HHG is given by

the strong field approximation (SFA), also known as the Lewenstein model [78], which has the

advantage to not only overcome this limitation but also to reduce the computational demands

significantly. The basic idea of the SFA is that, alike in classical theory, the atomic potential,

which is negligibly small compared to the strong laser potential, can be neglected after the

ionization step. Therefore, the system can be assessed by only considering the ground and

continuum states, which is valid for the same regime as the tunnel ionization (γ ≪ 1). This has

the great benefit, that weak field wavefunctions from accurate structure codes can be used for

the former [40, 79]. Under this approximation, the electron wavefunction is represented in the

from of

|Ψ(t)〉= exp
(
iIpt
)
[

g(t) |g〉+
∫

d3p f (p, t) |p〉
]

, (3.6)

where |g〉 and |p〉 denote the ground and a continuum momentum eigenstate, respectively. g(t)

and f (p, t) are their associated amplitudes, in which the fast oscillation of the ground state is

factored out in the exponential function. The population of the ground state is transferred into

the continuum state but the state itself is not further affected. In contrast, the continuum states

are driven by the laser field but not influenced by the ion potential.

Substituting this ansatz into the TDSE equation (Eq. (3.4)) and applying the 〈p’| from the left

yields

i
∂ f (p’, t)

∂ t
= g(t)E(t) ·d(p’)+

(
p’2

2
+ Ip

)

f (p’, t)− iE(t) ·∇p’ f (p’, t), (3.7)

where the following approximations have been applied:

(a) the ground state orbital is symmetric:

(b) d is the dipole matrix element for a bound-continuum transition:

(c) continuum states are highly energetic:

(d) contiunuum-continuum transitions (scattering) are neglected:

〈g|r|g〉= 0

d(p) = 〈p|r|g〉
〈p|g〉 ≈ 0

〈p’|r |p〉=−i∂ (p−p’)∇p’ +G(p,p’)≈−iδ (p−p’)∇p’
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In (d), G(p,p’) is the higher order scattering matrix. If not negligible, it can be introduced into

the simulations as a perturbations on the zero order solution. The amplitude of the ground state

g(t) can be calculated by the theory of tunnel ionization (cf. Sec. 2.5.2).

The linear partial differential equation given in Eq. (3.7) can now be transferred into a ordi-

nary differential equation by substituting f (p, t) = F (PPP, t), where PPP = p−A(t) is the cano-

nical momentum with the vector potential of the laser field A(t) =−∫ dtE(t). The solution of

this differential equation reads

F (PPP, t) =−i

∫ t

−∞
dtbg(tb)E(tb) ·d(PPP +A(tb))exp(iS(PPP, t, tb)) (3.8)

with the action S(PPP, t, tb). It describes the accumulated phase of the electron in the continuum

under consideration of the laser field and is given by

S(PPP, t, tb) =−
∫ t

tb

dt ′
(

[PPP +A(t ′)]2

2
+ Ip

)

. (3.9)

Since the ionization potential Ip was factored out with the exponential function in the ansatz for

the wavefunction in Eq. (3.6), it enters the action S(PPP, t, tb). The solution given in Eq. (3.8) has

a intuitive interpretation. Electrons are born at their time of birth tb in the continuum with the

amplitude Aion(PPP, tb) = g(tb)E(tb) ·d(PPP+A(tb)), which is given by the product of the ground

state amplitude, the dipole matrix element for the bound-continuum transition and the electric

field strength. |PPP〉 are eigenstates of the field Hamiltonian, known as Volkov states, since the

canonical momentum PPP is an invariant of the motion of free electrons in the time-varying field.

Their evolution in the field is tracked by the phase term introduced from the action S(PPP, t, tb),

thus leading to a variation of their eigenvalues over time. At this stage, Eq. (3.6) and Eq. (3.8)

can be combined to calculate the electron dipole moment DDD(t) = 〈Ψ(t)|r̂̂r̂r|Ψ(t)〉, which yields

DDD(t) =−i

∫

d3
PPP

∫ t

−∞
dtb Aion(PPP, tb)exp(−iS(PPP, t, tb))AAArec(PPP, t)+ c.c., (3.10)

where AAArec(PPP, t) = g∗(t)d∗(PPP + A(t)) denotes the recombination amplitude. The electron

dipole moment calculated with Eq. (3.10) is the coherent sum of all possible birth times and

momenta an electron can inherit in the HHG process. Like in Eq. (3.8) the final amplitude

is dependent on the ionization amplitude Aion and the phase term collected in the continuum.

Furthermore, also the recombination amplitude Arec enters Eq. (3.10) and impacts the final

emission of harmonic radiation.

This current form of the dipole moment does not yet facilitate the calculation, but a closer

look at the integral reveals a major simplification. Here, the ionization and recombination am-

plitudes oscillate only slowly compared to the phase term in respect to the integration variables
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t, tb and PPP . Therefore, the saddle point method can be used to find the most important tra-

jectories that contribute to HHG. The basic idea is the following: As long as the phase factor

oscillates rapidly, all contributions are averaged out and do not contribute to the integral. There-

fore, only during a stationary phase term, which satisfies ∇PPPS(PPP, t, tb) = 0, i.e. the action is

oscillating slowly compared to the canonical momentum, a significant contribution to the inte-

gral is obtained. Taking into account Eq. (3.9), also ∇PPPS(PPP, t, tb) = r(t)−r(tb) applies. Thus,

a stationary point for an electron with canonical momentum PPPst is given if the electron born

at tb returns to its origin at trec, which allows its recombination. And fortunately, this is in ac-

cordance with the semi-classical picture of HHG. Finally, the stationary momentum is given

by

PPPst =
−1

trec − tb

∫ trec

tb

dt ′A(t ′). (3.11)

It is the only remaining contribution on the momentum space PPP3 of the integral in Eq. (3.10)

and thus resolves this integral. The residual time integral has to be calculated numerically or can

even be solved analytically for some potentials. At this stage, the full strong field approximation

has been introduced [78].

This approach can be taken one step further, known as the quantum orbit picture, by also

solving the time integral using the stationary phase method. Similar to the classical trajecto-

ries, the quantum orbit picture provides a clear understanding of the physical processes with

the advantage that it contains the quantum character. Its solutions take on a similar form as in

the classical theory but are represented by complex numbers [80]. Performing a Fourier trans-

formation to express the action S(PPP, t, tb) in the frequency space and including the exponential

factor exp(iωtrec) in the action leads to three saddle point equations given by:

∇PPPSω(PPP, trec, tb) = r(trec)− r(tb) = 0 (3.12a)

∂Sω(PPP, trec, tb)

∂ tb
=

p(tb)
2

2
+ Ip = 0 (3.12b)

∂Sω(PPP, trec, tb)

∂ trec
=

p(trec)
2

2
+ Ip −ω = 0. (3.12c)

While Eq. (3.12a) represents the SFA and guarantees that the electron returns to its place of

birth at the time of recombination, Eq. (3.12c) restores the classical energy conservation, i.e. the

photon energy is the sum of the electron kinetic energy and the ionization potential of the atom

or molecule. The quantum character is introduced in Eq. (3.12b), assigning a negative kinetic

energy to the electron at it’s time of birth. In contradiction to classical mechanics, this has a

meaning and can be interpreted as tunneling of the electron through the classically disallowed

barrier [78]. The imaginary time of birth can be seen as tunneling time and the arising complex

orbits can interfere and thus contain the complete quantum nature of high harmonic generation.
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Insights into HHG from the quantum picture

Since g(t) is real in the SFA, only the stationary phase term Sω(PPP, trec, tb) contributes to the

dynamical phase changes which can be approximated to

Sω(PPPst, trec, tb)≈
−I0

4ω2
0

[trec(ω)− tb(ω)]≈−αω,iI0 (3.13)

with I0 as the intensity of the driving field, ω0 its carrier frequency and α representing a con-

stant [81, 83]. The second transformation in Eq. (3.13) is allowed because the time of recom-

bination and birth vary only slowly with intensity. As already seen in the classical calculation

presented in Fig. 3.5, the different possible trajectories an electron can take have a significant

impact on its birth and recombination time. Thus, a different constant α has to be introduced

for these two regimes, which is denoted by the subscript i ∈ (l,s) representing the long or short

trajectory, respectively.

The relation given in Eq. (3.13) is intuitively clear. An increase in intensity results in a change

of the electron trajectories leading to a new time of birth and recombination for a selected

photon energy ω . Depending on the type of the trajectory (long, short) and its region (plateau,

cutoff) the emitted radiation inherits a novel phase relation to the driving field. Different studies

[76, 81] have confirmed a weak dependence of αi on the harmonic order in the plateau region,

allowing this simple intensity-dependent calculation of the dipole phase term important for the

phase-matched generation of HHG. In the cutoff region, this simple approach has to be treated

with caution as the long and short trajectories quickly converge, leading to a rapid change of α

with increasing harmonic energies.

A further physical insight results from the consideration of the purely real ground state am-

plitude g(t), which is not only contained in the ionization amplitude Aion, but also in the re-

combination amplitude AAArec. Thus, for intensities substantially ionizing the generation medium

before the recombination occurs, the electron dipole moment DDD(t) approaches the value zero

and the high harmonic generation is suppressed to a large extent. This intensity is known as the

saturation intensity. It can be approximated by the electric field intensity which is required to

allow an electron to escape the binding potential without tunneling [82] (over barrier ionization)

and is given under this assumption by

Isat = 4×109 W/cm2
I4
p [eV ]

Z2
, (3.14)

where Z is the charge state of the ionized atom or molecule. However, the real ionization am-

plitude is dependent on the wavelength and pulse duration, which is not included in this simple

estimation. The saturation intensity Isat limits the maximum achievable cutoff energy, as can be

seen from the cutoff law given with Eq. (3.2). To overcome this restriction, a longer wavelength
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must be used, as this is the only remaining tuneable parameter to increase the ponderomotive

energy and thus boost the maximum photon energy.

3.3 Macroscopic response and phase matching of HHG

So far, only the single-atom or molecule response to the driving field was discussed, which is

too weak to be measured on its own. However, the emitted radiation of the single atomic or

molecular sites is fully coherent as it is generated in the medium as the driving field propagates.

The final outgoing radiation is therefore the coherent superposition of these single atomic or

molecular responses of the entire HHG interaction region, which can result in a macroscopi-

cally detectable signal. It has to be considered, that the intense fundamental laser pulse can be

substantially modified while traveling through the medium, as absorption, dispersion and other

nonlinear effects have to be addressed carefully. Its propagation is described by the wave equa-

tion (cf. Eq. (2.32)), where the electron dipole moment DDD(t) must be included in the medium

polarization P and acts as the source term for the short-wavelength radiation. Since the conver-

sion efficiency is low and thus the depletion of the fundamental field and backconversion of the

HHG beam can be neglected, the harmonic and the fundamental field can be treated and pro-

pagated individually. Thus, the macroscopic generation process ensures spacial and temporal

coherence of both beams.

Similar to the optimal build up condition for nonlinear processes described in Sec. 2.2, the

emitted harmonics must interfere constructively in order to achieve a maximum emission. In

high-order harmonic generation, the process is phase-matched when the single-atom or mole-

cule response is in phase with the propagating harmonic beam. Again, the underlying process

can be described in terms of the k-vectors of the fundamental field k1 and the harmonic beam kq,

where q represents a specific harmonic order which fulfills the energy conservation qh̄ω0 = h̄ωq

with ωq as the harmonic frequency. Evaluating the phase mismatch for noble gases, which are

used in all gas phase experiments throughout this work, shows that ∆kq = (qk1 −kq) is greater

than 0 since the index of refraction is generally smaller in the XUV region. This means that the

process is poorly phase-matched. However, three corrections to this simple picture have to be

made [83, 84], which allow phase-matching of the harmonic radiation under certain conditions2.

Dipole phase

First, the electron intrinsically acquires a phase during the HHG process, approximately given

by Eq. (3.13), which is imprinted on to the harmonic beam at the recombination step and thus

exclusively affects the generated beam and not the fundamental field. The arising wave-vector

2For simplicity, vector notation is omitted and a Gaussian beam propagating along z is considered in the following.
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mismatch throughout the focus is given by

Kq,traj ≈−αq,traj
∂ I(z)

∂ z







> 0 for z < 0,

< 0 for z > 0,
(3.15)

with the previously introduced constant αq,traj, which depends on the harmonic order and the

electron trajectory. Since α is positive, the sign of the dipole phase wave-vector mismatch

Kq,traj varies based on the position in the medium in respect to the focus and is positive after but

negative before the focus (∝ sign(z)).

Geometric phase

Secondly, the Guoy phase shift which was already introduced in Eq. (2.20) leads to an additional

rapid phase shift of the beam as it propagates through the focus. It has to be considered for both

the fundamental and the harmonic beam and contributes to the wave-vector mismatch as

kq,geo = ∇ΦGuoy ≈−q
∂

∂ z

(

arctan

(
z

zr,1

))

+
∂

∂ z

(

arctan

(
z

zr,q

))

=

=− 1

zr,1
q

1

1+
(

z
zr,1

)2
+

1

zr,q

1

1+
(

z
zr,q

)2
≈ 1

zr,q
− q

zr,1
< 0

{

for z ≪
{

zr,1, zr,q

}
, (3.16)

with zr,1 and zr,q the Rayleigh range for the fundamental and harmonic beam, respectively. Thus,

the Guoy phase contributes with a negative term to the phase-mismatch, which is maximal at

the focus position and decreases outside the focal plane.

Ionization of the medium

Finally, since the HHG process requires an intense laser field leading to the tunnel ionization

of electrons, the generation medium is intrinsically ionized. The formed plasma of electrons

and ions leads to a decrease in the permittivity ε and the refractive index, whereby the lighter

electrons make the larger contribution compared to the heavier ions. The resulting wave-vector

mismatch reads [84]

kq,el ≈−qρe(r,z, t)e
2

2ε0mecω0

(
1

n(ω0)
− 1

q2n(ωq)

)
q≫1
≈ −q

2πcρelre

n(ω0)ω0
< 0 (3.17)

with ρe as the free electron density, n(ω) as the refractive index of the neutral medium and

re = e2/4πε0mec2 as the classical electron radius. The plasma density can be calculated straight-

forward using a model like the ADK theory as introduced in Sec. 2.5.2 and gives a negative

contribution to the wave-vector mismatch in the process of high harmonic generation.
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Phase-matching of HHG

An optimal harmonic build up is ensured for ∆kq = 0, where all so far introduced contributions

have to be considered. The total phase-matching of HHG is expressed as [83, 84]

∆kq = (kq −qk1)−∆Kq = ∆kq,geo
︸ ︷︷ ︸

<0

+∆kq,el
︸ ︷︷ ︸

<0

+∆kq,at
︸ ︷︷ ︸

>0

− ∆Kq
︸︷︷︸

∝sign(z)

. (3.18)

It is important to notice that optimal phase-matching varies for different harmonic orders and

is not guaranteed for the full emitted harmonic spectrum at once. In the final calculation of the

wave-vector mismatch, the positive contribution of the neutral gas can be compensated by the

negative contributions arising from the Guoy phase and the plasma formation. Since the atomic

dipole phase changes its sign at the focus, the phase-mismatch before and after the focal plane

varies significantly. According to Eq. (3.18), phase matching can be considered as a three vector

process between the harmonic kq, the fundamental k1 and the dipole phase Kq wave-vector.

Thus, phase matching can be fulfilled (∆kq = 0) for conditions where the harmonic beam is

emitted on- or off-axis. The specific phase-matching conditions in a harmonic generation setup

often lead to a selection of a dominant quantum path (short or long trajectory), since both have

different optimal condition such as the medium pressure or the focus position in reference to

the interaction medium [83].

Absorption limited HHG

In addition to the phase matching processes which govern the macroscopic generation, the reab-

sorption of the harmonics inside the interaction medium has to be taken into account. According

to Constant et al. [85] only three parameters have to be considered to describe the macrosco-

pic response. These are the coherence length Lcoh = 2π/|∆kq| for the HHG process defined by

the wave-vector mismatch, the length of the interaction zone Lmed and the absorption length of

the target medium Labs. The latter is calculated by the atom or molecule density ρ inside the

medium and the photoionization cross section σ of the gas species via Labs = 1/ρσ . An optimal

macroscopic build up and the connected maximum conversion efficiency is achieved for target

geometries that satisfy the two relations

Lcoh > 5Labs and Lmed > 3Labs. (3.19)

If both equations hold, the HHG process is called absorption-limited, which means that an

extension of the interaction zone does not lead to an increased harmonic yield. In this case,

the reabsorption of the HHG and not the phase-matching is limiting an even more efficient

conversion of the fundamental field into the harmonic beam.
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3.4 Macroscopic tuning of HHG

For an efficient macroscopic setup it is important to consider not only the target medium but also

the driving field, since all parameters of the latter have an impact on the micro- and macroscopic

generation of the HHG radiation. This allows the extreme nonlinear process to be adapted to the

needs of the experiments and also to reveal deep insights that permit a general understanding of

the HHG process.

Ellipticity dependence of HHG

A crucial parameter for the harmonic generation is the driving field polarization. So far, only a

linear polarization was assumed. The polarization state can be easily tuned by means of a λ/4

wave plate, allowing the direct comparison between the effects of linear, elliptical and circular

polarization of the driving field upon final emission. Mathematically, the change of polarization

can be described by assuming a incident electric field E(t) = E(t)x̂, which is linearly polarized

along the x-direction3. Upon transmission through a wave plate at the angle Θ between the

x-axis and the fast axis of the λ/4 wave plate, the field is projected on both, the fast and its

perpendicular slow axis. The latter component of the field is retarded by ∆ϕ = π/2 resulting in

the transmitted field

E(t)λ/4 =

(

E f

Es

)

E(t) =

(

cos(Θ)

exp(i∆ϕ)sin(Θ)

)

E(t) =

(

cos(Θ)

isin(Θ)

)

E(t), (3.20)

which is elliptical polarized for 0◦ < Θ < 45◦ and circular polarized for Θ=45◦. The final

polarization state can be described by the ellipticity ε , which is defined as

ε =

∣
∣
∣
∣

Es

E f

∣
∣
∣
∣
= |tan(Θ)|. (3.21)

0 ≤ ε ≤ 1 denotes the degree of ellipticity. It is extreme for ε = 0 and ε = 1, indicating linear

and circular polarization, respectively.

A major influence of ellipticity can be predicted by considering the semi-classical three-step

model on its own. In an elliptical or circular field, the electron is accelerated along two axes,

significantly reducing the probability of recombination. This assumption was confirmed in ex-

periments, in which a strong decrease of the harmonic conversion efficiency for increasing field

ellipticities was reported [86]. As Fig. 3.7 (a) illustrates, classically no electron returns to its

exact origin for ε > 0. The reason why harmonics are still detected for elliptical driving field

is twofold. First, the free electrons have to be treated as quantum wave-packets. At the time

of ionization, the atomic or molecular potential is strongly disturbed by the external laser field,

3x̂ is the unit vector in x-direction.
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Figure 3.7: Classical electron trajectories for an elliptical driving field with ellipticity ε = 0.1. (a) Tra-

jectories with varying birth time but zero initial velocity do not return to their origin opposed to (b) certain

trajectories for a fixed birth time but varying transverse velocity (red line).

which leads to a highly preferred tunneling direction. This fixes the position of birth to a small

volume, whereas arising from Heisenberg’s uncertainty principle, the electron is born with a

large uncertainty of its momentum. This so called quantum diffusion can be interpreted as a

smearing of the electron wave packet which is equivalent to the assumption of a non zero trans-

verse velocity of the electrons. In turn, this allows the recombination of electrons within an

elliptical field, as shown in Fig. 3.7 (b). In addition, the generated electron-hole state has an

impact on the final recombination probability. Here, the shape and symmetry of the valence

orbitals define the possible recombination overlap with the electron wave-packet and thus de-

termine the final ellipticity dependence [87, 88].

Influence of the CEP in HHG

So far, only long, cos-shaped driving pulses have been considered, in which the successive

wave cycles have a similar field amplitude. This is a good approximation for long driving

fields. However, it breaks down in the few-cycle limit. Here, consecutive field extrema have

substantially different amplitudes, which leads to changing cutoff energies but also significantly

different phase matching conditions throughout the entire pulse. The latter also results in a

different beam profile for each half-cycle emission. Fig. 3.8 (a) illustrates the individual electron

trajectories at different half-cycles for a two cycle pulse.

Their corresponding emission spectra are given in panel (b), where each half-cycle has a

unique contribution. The highest cutoff energy is only generated once during the pulse at the

highest driving field intensity. The single half-cylce emission spectra have no harmonic sub-
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Figure 3.8: (a) Electric field of a two-cycle laser pulse (dashed lines) with its corresponding electron

trajectories (solid lines). The grey scale indicates the relative intensity of the generated harmonics.

(b) Numerically calculated spectral emission from isolated half-cycles labeled in (a) and the full pulse

on-axis. Reprinted by permission from Springer Nature Customer Service Centre GmbH [89].

structure due to the lack of interference. Adjusting the CEP of such a few-cycle pulse leads to

a significant reshaping of the electric field and changes the maximal field amplitude, which is

particularly evident in the cutoff region. A theoretical prediction of the change in the harmonic

spectrum by sampling the relative CEP is presented in Fig. 3.9. Here, the different half-cycle

contributions exhibit a π-periodicity, which is expected for HHG in an isotropic medium, since

the absolute driving field strength and thus the field intensity is reproduced for a change in the

CEP of π . The observation of such a CEP dependent cutoff modulation is a direct indicator for

the sub-cycle temporal nature of the harmonic emission, since the highest photon energies are

produced only once during the driving pulse.

Generation of isolated attosecond pulses

This manifests a direct way to generate isolated sub-femtosecond pulses by using an appropriate

filtering method. Considering the changing phase matching conditions throughout the pulse,

resulting in a varying emission on- and off-axis and a different spectral content in consecutive

wave-cycles, a spatial or spectral filter can be used to isolate the harmonics from a single half-

cycle [89]. The latter, in particular, is the most frequently used method for generating attosecond

pulses by HHG and is referred to as amplitude control. Pulse durations significantly shorter

than the half-wave cycle duration are achievable due to the extremely field-sensitive strong-

field ionization, that starts the electron trajectories. This makes HHG a versatile small footprint

source of attosecond pulses, the driving force in ultrashort optics.

In addition to amplitude gating, polarization gating is a frequently used scheme for generat-

ing isolated attosecond pulses [90]. Here, the polarization state of a CEP-locked driving laser

is fine tuned in order to control the electron wave packet dynamics. After optimization, only
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Figure 3.9: (black lines) Theoretical calculation of the harmonic cutoff energy for varying CEP values

and (color map) the good agreement of experimental HHG data gathered by a system with a phase

noise of 300 mrad [89]. A clear half-cycle dependence with a π periodicity is discernible. Reprinted by

permission from Springer Nature Customer Service Centre GmbH [89].

trajectories confined to a limited time of birth return, leading to a single emission of an attose-

cond burst within the driving pulse. The disadvantage of the more complex optical setup of this

method over amplitude gating is compensated by the more tunable source, since no filters have

to be used to generate a single attosecond XUV pulse.

3.5 Extension of HHG to dense media

The generation of bright and isolated attosecond pulses via the high harmonic generation pro-

cess in gases is still a hot research topic, although it has been researched for over three decades.

McPherson et al. were the first to observe harmonics generated in the gas phase in 1987 [3]

and extensive theoretical studies over the last decades, initiated by Krause et al. and Corkum in

1992/1993 [70, 91], have lead to a well established theoretical framework. In summary, HHG

in gases is well understood in the field of ultrashort physics. It posses well known characteris-

tics, that have been presented in this chapter so far, such as the linear dependence of the cutoff

energy on the driving field intensity.

HHG in solids

More recently, the field has expanded the variety of interaction media to include solids. Here,

new mechanisms are responsible for the harmonic generation, namely the intraband and inter-

band harmonics, which are depicted in Fig. 3.10. Fortunately, the latter, which has been iden-

tified as the main source of harmonic generation above the band gap of the material for most

SWIR and NIR driving fields [92], can be vividly explained by means of the so far introduced

theory of harmonic generation in the gas phase [93].
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Figure 3.10: Sketch of the harmonic generation in solids. (1) Creation of the electron-hole pair, (2) acce-

leration of the pair by the electric field generating intraband HHG and (3) recombination of the electron

with the hole resulting in interband emission.

It is therefore reasonable to translate the three-step model known in gases from real space into

the momentum or energy space (k-space), which is the natural framework for the description of

solids. Here, an electron in a crystalline solid is described by a continuum state (valence band)

which is separated by an energy gap (minimum band gap) from an upper state, known as the

more energetic conduction band. Considering the atomic case, this band gap is equivalent to the

ionization potential whereas the valence band can be interpreted as the ground state. Assuming

that only dielectrics or semi-conductors are used in the following discussion, the band gap

is larger than 0. The formation of the bands can be understood by the quantum mechanical

delocalization of an electron over the lattice of the crystalline solid. The electron motion is

governed by the band structure and is different from the free space, which leads to a more

complicated non-parabolic function of the momentum.

Similar to the atomic case, the generation of interband harmonics requires the recombination

of the electron and the hole. The equations of motion are however markedly different. Here,

the velocity of an electron in its band is expressed by its dispersion relation E(k), which is the

momentum-dependent energy of the band. In vacuum, this relation is given by E(k) = k2/2me

leading to the simple expression v = p/me. However, this does not apply to the solid state. Here,

the velocity of an electron in a band m is given by vm = 1/h̄∇kEm(k), resulting in a far more

complex motion in real space. Its position at time t can be calculated by

x(t) =
∫ t

t ′

1

h̄
∇kEm[k(τ)]dτ, (3.22)

where t ′ denotes the time when the electron begins to move. This has severe consequences

for the harmonic build up compared to gases [93]. In gases, the trajectories of the free electrons

are universally defined and only depend on the laser peak field strength and the frequency4,

which can be characterized by overall scaling factors. Since in crystalline solids the electron

motion is determined by the band structure, this universality is lost. Furthermore, in atoms

4assuming a cos driving field
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the ground state can be regarded as an almost flat band, where the hole is not moving, which

corresponds to Eq. (3.22). In contrast, the dispersion relation of the valence band, where the hole

is produced, gives rise to a motion of the hole in solid HHG. This has the direct consequence

that a recombination of the electron-hole can take place away from the origin as long as xe(τ) =

xh(τ) is fulfilled. In contrast to the gas phase, the maximum excursion of the electron and

hole has a hard limit, since typical bands change their curvature at sufficiently high momenta.

Any further increase of the momentum beyond the turning point thus decreases the velocity

and limits the excursion in the laser field. Since the cutoff energy in the interband emission is

limited by the maximum energy separation of the two bands involved [93], higher lying bands

give rise to multiple plateaus in the harmonic spectrum [94, 95]. Basically, the interband high

harmonic generation in solids can be understood as a generalization of atomic HHG. A more

complete quantum picture of interband HHG in solids can be found in the literature [93].

So far, the explanation strongly resembles the semi-classical picture for HHG in gases. The

other mechanism responsible for HHG in solids is the intraband emission. It is the result of

the current which is linked to the electron and hole motion in their specific bands. Here, the

most prominent contribution of harmonics results from the nonlinearity of the band velocities

vm. As in the atomic case, harmonics are emitted by the time derivative of the oscillating

dipole moment DDD(t) = 〈Ψ(t)|r̂̂r̂r|Ψ(t)〉 caused by the electric field. Therefore, the anharmonic

motion in the band, which is linked to a nonlinear current, is a direct source for higher order

harmonics in solids [9, 10, 96]. An important characteristic of the intraband emission is that it is

expected to be chirp-free, due to its generation mechanism. This is in contrast to the interband

emission. Here, a chirped emission similar to HHG in the gas phase is predicted, depending on

the laser parameters but also on the band structure [97]. In theory, also other contributions are

proposed that may have a potential impact on the intraband emission, e.g. the step-like increase

of the band population upon tunnel ionization [98], known as Brunel mechanism, however, no

experimental evidence has been reported so far [93].

The first demonstration of HHG in solids was reported by Ghimire et al. in 2011 with the

observation of harmonic radiation from a bulk zinc oxide (ZnO) crystal, a semiconductor with

a direct band gap of 3.2 eV [9]. As a result of the broken inversion symmetry in this system,

the spectrum includes odd, or odd and even, harmonic peaks depending on crystallographic

orientation. In the following years, HHG was furthermore demonstrated in dielectrics [10, 99],

e.g silicon dioxide (SiO2) with a 9 eV band gap, smaller band gap semiconductors [96, 100] and

amorphous solids [11]. In particular, the latter observation implies that the periodicity of the

atomic arrangement is not a prerequisite for the generation of coherent harmonic radiation [11].

Since solid HHG is explained by a substantial different mechanism compared to gas phase

HHG, it is not surprising that also the scaling laws differ. Several experiments report a linear

cutoff dependence with the electric field [9, 10, 96]. This dependence can be explained by both

the inter- and the intraband mechanism, which triggered a lively debate about their relative im-
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Figure 3.11: Experimental results for the CEP dependence of HHG spectra in (a) FS and (b) SiO2. The

black dotted line demonstrates the change in the harmonic energy for a variation of the CEP. In (a) a

π periodicity may be seen, while the yield in (b) repeats every 2π , attributed to the random interatomic

structure smaller than the laser wavelength and the broken inversion symmetry due to a permanent dipole

moment, respectively. Reproduced with slight adoptions from [11], under the terms of the Creative

Commons Attribution 4.0 International License.

portance for specific solids or driving field properties [95]. The most promising characteristic

of HHG in solids is the low required driving field energy, which is in the range of the micro-

joule level. Exemplarily, Ghimire et al. produced the 25th harmonic of a 3.66 µm laser in ZnO

using a 3 µJ pulse, which incidentally also prevented any structural damage to the crystal [9].

In addition, the high sample density of solids represents a high concentration of potential emit-

ters, which may permit to exceed the conversion limit of HHG known from gases. This opens

new perspectives for the use of HHG in solids as a novel, compact short wave-length light

source [97].

Another interesting difference results from the ellipticity dependence of the harmonic radi-

ation to the driving field, which is specific for different types of solids. While in ZnO a much

weaker dependence compared to gas phase HHG was observed [9], it is reported to be at least

as strong in rare-gas argon and krypton solids as in their corresponding gases [101].

A promising way to deepen the understanding of the underlying electron dynamics in solids,

especially to correctly classify the generated short-wave radiation with respect to the underlying

mechanism, is given by the CEP dependence [102, 103]. For solids, in which the generation is

mainly described by interband emission, a strong CEP dependence is reported. This finding is

directly linked to the attosecond-chirp [11]. Fig. 3.11 shows an illustrative example, in which

the observed dependence is shown for (a) fused silica and (b) crystalline quartz. The slope

as a function of the carrier-envelope phase seen in the plots is originating from the sub-cycle

chirp of the harmonic emission in combination with the achieved maximum photon energy

in every half-cycle of the driving field [103]. In contrast, a monotonic CEP dependence, e.g.

measured for crystalline SiO2 nanofilms [102], exhibits no attosecond-chirp, which is consistent

with the expected behavior of intraband HHG, where a fundamental different mechanism with

non-recollisional character describes the generation of the XUV light [104]. The nature of the
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bonding of the solid, i.e. ionic or covalent, inherits a crucial role and has been proposed to

govern the dynamics responsible for the harmonic generation [103].

Ultimately, HHG in solids is far less understood than the generation mechanism in the gas

phase and is still a topic of intense debate. In order to fully exploit the potential of solid-

state HHG, a clear understanding of the microscopic processes involved, the relationship to the

complex band structure and the macroscopic propagation effects is required [97]. Only when

this has been achieved, it is possible to develop an efficient light source.

HHG in liquids

After considering the generation of harmonics in gases and solid matter, the liquid phase can re-

present the missing link between the two regimes, which, however, remains largely unexplored

to this day. Liquids are isotropic and disordered like a gas, but have a high sample density, si-

milar to a solid. Furthermore, a flowing liquid surface has the intrinsic advantage of a complete

sample renewal for every laser shot. Thus liquids represent a very interesting medium for HHG.

Despite their potential, liquids were only little researched in the past. This can be explained

by a lack of suitable target geometries that support the generation of a thin and flat liquid sheet

and can be installed in a vacuum chamber to allow the detection of XUV radiation.

The first experiment, reported in 2009, observed multiple odd harmonics in the visible do-

main up to the 11th order of a MIR 3.66 µm driving laser focused in a 150 µm H2O or D2O

film [12]. The different harmonic orders were strongly scaling with the intensity, as expected

for such low order harmonics in the perturbative regime.

Further approaches to utilize liquids were explored by Flettner et al. [105] and later Kurz

et al. [106, 107]. In their works, water microdroplets with ∼10 µm diameter and synchronized

to their laser pulses were used as a HHG source. However, the detected emission was limited

to incoherent plasma radiation [105] and high-order harmonics where just observed by utilizing

a suitable pump beam [106, 107]. This pump beam initiated a plasma formation and lead to

the expansion of the microdroplet. Thus, harmonics are not generated in the liquid phase but in

an expanding plasma with a particle density around one to two orders of magnitude lower than

in liquid water. In addition, microdroplets have an obvious disadvantage to flat liquid surfaces.

The shape of the droplet and the Mie-scattering [108] caused by it initiates a strong focus of

the driving field. This results in a harmonic generation process under extreme phase-matching

conditions suggesting a divergent emitted beam and a low maximum conversion efficiency.

Only recently, the first observation of XUV radiation generated in liquids was reported by

Luu et al. [13]. Here, a modern colliding jet geometry was deployed, providing an ultrathin

(≈1.9 µm) continuously renewed flat-jet [109]. An unavoidable problem of liquids in vacuum

is their high vapour pressure, which results in a gas phase that intrinsically surrounds the jet.

This leads to an inevitable ambiguity in the HHG process as it is inherently unclear where the
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Figure 3.12: (a) HHG spectra obtained with different liquids. The experimental conditions were op-

timized for each liquid individually. Dashed lines represent guides to the eye. (b) Dependence of the

cutoff energy on the peak electric field strength. The red and green lines indicate the absolute and relative

errors inherent in the measurement, respectively. The near linear fit (blue line) agrees well with the data-

set. Reproduced with slight adoptions from [45], under the terms of the Creative Commons Attribution

4.0 International License.

radiation is generated. However, the work reports an elegant solution to the problem by using

the wedge-like geometry of the jet itself, resulting in a decreasing thickness of the sheet as it

spreads out from the nozzle. The difference in the refractive index between the XUV and the

SWIR wavelength region results in a different refraction angle of the two beams when leaving

the jet. This enables the separation of the harmonic emission originating from the liquid and the

gas phase, which are propagating in different directions after the jet. Since the absorption length

of XUV wavelength is in the order of tens of nm in liquids, all harmonics generated before the

jet are absorbed in the sheet.

Odd harmonic generation was detected for several alcohols and water extending beyond

20 eV, as shown in Fig. 3.12 (a), which corresponds up to the 23rd order of the 1.5 µm field

with a 1.2 mJ pulse energy. Similar to the generation process in solids, the cutoff was found to

scale near-linearly (Ecutoff ∝ E1.2) with the electric field amplitude (cf. Fig. 3.12 (b)). From this

finding the theoretical framework developed, in which the HHG emission was modelled by the

assignment of a band structure to the liquids.

In addition, a broader ellipticity dependence was measured compared to the generation of

gas phase harmonics, as shown in Fig. 3.13. In contrast, this result was explained by means of

the three-step model. Here, a larger extension of the electron-hole pair was assumed for liquids,

typically of the size of several molecules, which was justified by the cluster formation caused by

intermolecular bonds. This extension allows the recombination of the electron even for larger

field ellipticities as long as the electron wave-packet still overlaps with the extended hole. Thus,

a softened ellipticity dependence in comparison to gas phase harmonics is justified.

Nevertheless, HHG in the liquid phase is still a widely unexplored domain with a lot of
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Figure 3.13: (a) Schematic illustration of the evolution of the electron wave-function for different ellip-

ticities where ε = 0,1 corresponds to linear and circular polarization of the driving field, respectively.

Below, a water monomer and a water cluster are shown, which indicate the increased extension of the

pentamer. (b) Comparison between the ellipticity dependence of HHG in gas-phase and liquid-phase

water for several harmonic orders measured under identical experimental conditions. Reproduced with

slight adoptions from [45], under the terms of the Creative Commons Attribution 4.0 International Li-

cense.

open questions to be answered. Similar to solid-state HHG, the underlying macroscopic and

microscopic mechanism and the influence of different liquids or solutes on the harmonic gener-

ation remain the decisive factors that have to be addressed in order to understand the XUV built

up in dense media.

A more detailed investigation of the harmonic generation in different liquids, which is based

on the variation of different laser and medium parameters, is described in chapter 6. Before this,

the next chapter will introduce the experimental setup that was used for the experiments pre-

sented later, which are dealing with the high harmonic generation driven by few-cycle infrared

fields in gases and liquids.
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Chapter 4

A high harmonic setup for absolute flux

measurements

One of the main challenges in the characterization of the high harmonic emission is the con-

version of the measured harmonic spectra to an absolute photon flux, as amplified detectors are

mostly used due to the low conversion efficiency in the HHG process. Their gain is highly de-

pendent on the amplification setting and a back conversion to a photon number cannot be done

without a large possible error.

Within the course of this work, a new high harmonic generation beamline was designed, with

the aim to further allow an absolute photon flux measurement by means of a XUV photodiode.

In contrast to amplified detectors, a photodiode has a well known response function that allows

the photon current to be converted into a photon number as long as the photon wavelength is

known. Fig. 4.1 shows the schematic drawing of the implemented optical setup.

4.1 Setup and beampath

The principal idea was to build a versatile setup that on the one hand supports a variety of

different target geometries, to explore different interaction media like solids and gases, and on

the other hand allows to scan multiple driving field parameters, to investigate their influence on

the HHG process.

The centerpiece of the setup is represented by a cylindrical shaped stainless steel cham-

ber used as the generation chamber. For maximal tunability, two three-axis manipulators are

mounted on the central axis of the cylinder on the lower and upper lid of the chamber, which

enable HHG targets to be mounted and translated from both directions. One possible application

is schematically shown in Fig. 4.1, in which a liquid sheet target is deployed. In this geometry,

the bottom manipulator is used to mount a collector, allowing the removal of the liquid jet from

the vacuum chamber, while the liquid jet system is attached to the other.

The input beam is guided by two folding mirrors, which allow the alignment into the inter-
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Figure 4.1: Beam path in the high harmonic generation setup.

action region and the connected spectrometer. A subsequent plano-convex lens installed just in

front of the vacuum window is used to focus the beam. The overall small dimensions of the va-

cuum chamber allow the usage of lenses with a focal length down to 40 cm and thus enable the

required high intensities to be reached in the high harmonic generation process. By mounting

the lens in the generation chamber, the minimum focal length can be further reduced down to

15 cm. To fine tune the harmonic build up by optimizing the phase-matching conditions inside

the interaction region, an aperture upstream the focusing optic was used.

The use of a lens as focusing optic proved to be the preferred choice over a mirror for two

reasons. First, due to the space constraint for the input optics, especially for a shorter focusing

length, the intrinsic problem of astigmatism introduced by a spherical focusing mirror used with

larger beam angles is avoided. In addition, the lens is mounted on a 5 cm translation stage which

allows a full adjustment of the focus plane with respect to the target. The entrance window can

either be set up in Brewster configuration, avoiding reflection losses, or perpendicular to the

input beam, allowing experiments where a variation of the field polarization is investigated.

Both transmissive optics, the window (1 mm thickness) and the lens (depending on the focal

length, ∼2.4 mm thickness for f=50 cm), are calcium fluoride (CaF2) optics. This material

has minimal second order dispersion with respect to the signal and idler wavelength given at

around 1.45 µm (3.7 fs/mm) and 1.75 µm (−8.5 fs/mm), respectively. Fig. 2.7(b) summarizes

the group velocity dispersion (GVD) of various materials.

The HHG generation chamber is followed by a differential pump section, which separates

the generation chamber from the spectrometer chamber by a small section, which offers only

a minimal aperture to the respective chamber on both sides. These holes are typically only a

few millimeter in diameter, thus minimizing the gas flow downstream the experimental setup.

The aperture sizes can be easily adjusted by interchangeable end plates and are therefore fully

adaptable to the specific requirements of the experiment.
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This section is followed by the spectrometer chamber for the characterization of the generated

radiation. During the experiments two different spectrographs were deployed, either a scanning

monochromator based on a XUV photodiode, or a flat field X-ray spectrometer with suitable

imaging detector system. Both are introduced in the following section, starting with the former.

4.2 Photodiode based detector

In the photodiode based detector, a vacuum scanning monochromator (Princeton Instruments,

Acton VM-502) with an optimized wave length range in the vacuum ultraviolet region is used to

disperse the incoming radiation by means of an aberration corrected concave holographic grat-

ing with 1200 lines/mm (coating Al & MgF2). The setup is shown in Fig. 4.1. Two bilateral

slits before and after the grating, the entrance and exit slit, respectively, are adjustable between

a width of 5 µm to 3 mm and a height of 0 to 20 mm. The entrance slit reduces the acceptance

angle of the radiation into the spectrometer, mainly blocking the driving field, as the HHG is in-

trinsically less diverging. The benefit is the reduction of stray light from the much more intense

and therefore more crucial driving beam, resulting in a more favorable signal to noise ratio. In

addition, the diffraction of the beam by the entrance slit allows the entire grating to be filled and

thus to achieve the theoretical optimal spectral resolution, which is given in the specifications

as 0.1 nm for a 10 µm slit size. Subsequently, the focusing grating (f=200 mm) images the beam

from the entrance slit plane into the exit slit plane, but disperses the beam depending on the

wavelength. The kinematically mounted grating holder is driven by a sinusoidal-drive scanning

mechanism which gives a linear wavelength change by rotating a precision lead screw. The lat-

ter is turned by a computer-controlled stepper motor, which enables automated measurements

of the entire spectrum. By rotation of the grating, the wavelength region of interest is selected

and measured by an XUV Silicon photodiode with an in-house developed readout, which is

introduced in more detail in Sec. 4.2.1. In order to further block the remaining stray light, me-

tal filters can be introduced into the beam path via a motorized filter wheel. These ultra thin

metal foils with a typical thickness of down to 100 nm have a material specific absorption in

the XUV region efficiently blocking light in the NIR and visible range. In addition, their sharp

absorption features provide a frequently used tool for calibrating the spectrometer. Materials

like aluminum (Al), indium (In) and tin (Sn) already transmit light in the vacuum ultraviolet

(VUV) region (10 to 200 nm). Their unique spectral transfer functions are shown in Fig. 4.2.

As an entirely ionizing radiation, XUV light is completely absorbed by the atmosphere within

a short distance. Therefore, pressures below 1×10−3 mbar are required starting from the HHG

source until final detection. Hence, to achieve such low-pressures, the high vacuum, turbomole-

cular pumps must be used. They act as a compression stage between the rough pump, realized

by a screw pump (Leyvac, LV80C, 80 m3/h), and the high vacuum chamber. Each separate
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Figure 4.2: Photon energy dependent transmission in the VUV spectral region of different filter materials

with a thickness of 200 nm. Data taken from [20].

chamber of the experimental setup has its own turbomolecular pump, allowing a low base

pressure throughout the entire beamline (Generation chamber: Pfeiffer, TMM261P, 237 l/s;

Differential pumping section: Agilent, X3502-64000, 67 l/s; Spectrometer chamber: Pfeiffer,

HiPace80, 67 l/s). Since high background pressures may occur during the experiment caused

by the interaction medium, i.e. gas or liquid, the generation chamber requires the highest pump-

ing speed. By means of the differential pumping section and its small apertures, the gas load

flowing downstream is efficiently reduced. This results in a significantly lower background

pressure in the subsequent spectrometer chamber (<1×10−4 mbar). A fused silica gate valve

between the differential pumping section and the spectrometer chamber allows the exchange

and alignment of the harmonic target at atmosphere, while the monochromator chamber can be

kept under vacuum. This prevents the frequent exposure of the photodiode, the optics and the

sensitive filters to air.

4.2.1 Custom photodiode readout

The radiation transmitted by the monochromator is measured by a silicon XUV photodiode

(AXUV-100G, Opto Diode), depicted in Fig. 4.3(a). It is capable of detecting photon wave-

lengths from 1.1 µm down to 0.07 nm (1.1 eV up to 17.6 keV) and can be read out with a low

noise amplifier. In addition, it is vacuum compatible and can be cryogenically cooled, but does

not require a high vacuum compared to other XUV detectors such as a microchannel plate

(MCP) detector. The impinging photons generate electron-hole pairs, most of which contribute

to the photocurrent. Depending on the photon energy, the number of generated electron-hole

pairs varies, which is characterized by the response S of the photodiode shown in Fig. 4.4. The

final arising photocurrent Iphoto of an monochromatic beam with photon energy Ephoton is given
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(a) (b)

Figure 4.3: (a) AXUV-100G photodiode with an active area of 10 ×10 mm2. The two golden connectors

are cathode and anode pin. (b) Computer aided design of the photodiode mount. The two compartments

are used for the circuit boards of the readout. By mounting them inside the vacuum chamber directly

behind the diode, a low-noise readout is enabled. Images reproduced with the permission of S. Parker.
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Figure 4.4: Response function of the AXUV-100G photodiode as given in its datasheet [110]. The

dashed line separates two regions, which are using a different wavelength spacing. Reprinted by permis-

sion from Opto Diode Corporation.

by

Iphoto = SPoptical = η
e

Ephoton
Poptical, (4.1)

where Poptical denotes the optical laser power shining on the diode, η represents the quantum

efficiency of the diode and e is the electron charge. The quantum efficiency is the direct mea-

sure of the number of electrons that are initiated from one photon and varies significantly with

the wavelength. It can be larger than one due to the avalanche effect, which means that excited

carriers can produce secondary carriers due to their sufficiently high initial kinetic energies.

Fig. 4.5 shows the quantum efficiency η of the AXUV-100G photodiode for the region of inter-

est from the XUV to the visible range deduced from the response function S.

The arising photocurrent is subsequently characterized by a custom-built charge detector

setup. The heart of the detector is an Arduino based controller (Arduino, M0 Pro board) con-
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Figure 4.5: (top) Linear fits of the responsivity function of the AXUV-100G photodiode according to its

datasheet (cf. Fig. 4.4 ) and the calculated (bottom) quantum efficiency. The latter is required to convert

the accumulated charge at the detection board into an actual photon number.

nected via feed-troughs to the detector board which is located inside the spectrometer chamber.

It is mounted just behind the photodiode to avoid potential noise, e.g. arising from capacitances

due to long cables. Fig. 4.3(b) shows the complete in-vacuum mounting assembly.

The signal is measured and amplified at the detector board, converted to digital values by an

analog to digital converter (ADC) board and sent to the controller. To minimize external noise,

both boards are electrically separated from the controller by an isolator board. This ensures the

complete isolation of the data acquisition boards from the environment and thus minimizes any

possible influence of the controller board on the signal. The system is powered by an external

power supply, which is also connected via feed-throughs to the vacuum side. Inside the vacuum

chamber, a power supply board converts the supply voltage by means of linear regulators to

the voltage required for each board. It is isolated by an intermediate power isolation from the

outside in order to avoid any coupling of power fluctuations. In addition, a test light-emitting

diode (LED) is fixed in the housing of the detector board behind the photodiode, which allows a

fast and reliable test of the complete detection setup via short light flashes that can be triggered

by the controller. The complete functional diagram of the charge detector is shown in Fig. 4.6.

All internal timings of the diode, which enables up to shot to shot acquisitions at 1 kHz,

are locked to the timing of the laser via a transistor-transistor logic (TTL) signal taken from

the main delay box of the laser system. As a multitude of relevant parameters such as the

integration time or internal data handling processes like averaging or summation are externally

controllable via G-code, a high dynamical range is accessible in the measurement. In addition,

a complete adjustment of the timings is possible, i.e. the time delay between the trigger and the

laser pulse. G-code is a numerical control programming language, transmitted over a serial USB
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Figure 4.6: Functional diagram of the custom-built charge detector, reproduced with the permission of

S. Parker.

connection from the control PC. It is a standard programming language to control computer-

aided machines. Commands can be sent to the controller via any available serial connection.

The detector board is based on an operational amplifier (Texas Instruments IVC 102). It

is a precision integrating amplifier, designed for the detection of low-level currents, in which

the feedback capacitor Cint = 10pF is charged from the input current Iin. The resulting output

voltage is given by

V0 =
−1

Cint

∫

Iin(t)dt, (4.2)

which implies an effective transimpedance gain of 100 GΩ for a constant input current measured

over an integration time of 1000 ms. Therefore, an input current of 10 fA produces an output

signal of 1 mV after 1 s integration. This signal value is further amplified by the subsequent

amplification board with a gain of 10 and the result is converted by the ADC board (LTC2380-

24) into a 17 bit digital value with a reference voltage of 4.096 V. Only the first 17 bit are used,

downshifted from the possible 24 bit array, as the internal noise level of the diode is impeding a

more accurate measurement. Thus, 1 count over background equals a voltage increase of 31 µV

at the ADC board and the example current of 10 fA integrated over 1 s is theoretically converted

into 323 counts over background.

The internal readout noise is minimized by utilizing an integrated digital averaging filter. It

measures every signal voltage for a specified number of times, which is adjustable again by G-

code, and only returns its average readout. The available time window for the measurement is

ultimately restricted by the acquisition frequency of the detector which limits the maximal con-

version time for the ADC board. The default value of 128 internal averaging processes supports
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shot to shot measurements up to 1 kHz and maximizes the number of readings, significantly

reducing any internal readout noise by an order of magnitude (1/
√

128).

4.2.2 Spectral resolution of the monochromator

To characterize the maximal spectral resolution of the detector, the monochromator needs to be

reviewed in more detail. Monochromatic light incident on a grating surface is diffracted into

discrete directions, given by the grating equation

a(sin(I)+ sin(D)) = mλ , (4.3)

with a as the spacing between adjacent grating grooves, λ the wavelength of the incident light,

m the order of diffraction and I and D the angle of incident and diffraction angle, respectively.

An important parameter of a grating is the resolving power R, i.e. its ability to isolate two

adjacent spectral wavelengths separated by ∆λ . It is a dimensionless quantity expressed by

R =
λ

∆λ
= mN =

Na(sin(I)+ sin(D))

λ
, (4.4)

where N denotes the number of illuminated grooves [111]. However, the resolving power only

limits the resolution of the monochromator if just a small fraction of the grating is illuminated.

In most cases the spectral resolution is mainly limited by the slit width of the entrance and exit

slit, but aberrations, diffraction and the laser line width must also be considered. If only the slit

width is taken into account, the transmitted spectral width is given by the bandpass B. It reflects

the width of the spectrum which is passed by the monochromator when it is illuminated by a

light source with a continuous spectrum and calculated by

B =WRd =W
a · cos(D)

f ·m (4.5)

with the reciprocal linear dispersion of the grating Rd, the focal length of the grating f and the

slit width W . Rd gives the number of wavelength intervals contained in each interval of unit

length. In the monochromator deployed, this quantity is given by 2.9 nm/mm, which allows

a quick estimation of the maximal resolution by multiplication with the used slit width. For a

correct estimation, the larger width of the two slits (entrance and exit slit) is decisive and has

to be taken into account. The maximum attainable resolution of the monochromator is given in

the specifications as 0.1 nm for a 10 µm slit size.
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4.2.3 Test of the XUV detector

To commission and test the capabilities of the diode detector in combination with the mono-

chromator, a high harmonic generation experiment was conducted. As source a needle tube

with 800 µm inner diameter was chosen. The geometry represents a widely used target for gas

phase harmonic generation and is known to be an efficient but simple HHG source [112].

First, the level of the background noise was checked in relation to the integration time of the

detector without any light beam in the system. This makes it possible to distinguish a signal

detected later in the experiment from background noise.

Fig. 4.7 shows the background noise measured at 1 ms and 250 ms integration time of the

diode with the latter greatly increasing its sensitivity. The analyzed standard deviation of the

ADC readout using 1 ms integration time is only 33 counts, which is small compared to the

17 bit (217 = 131072) dynamical range of the charge detector. Since a 1 kHz laser system was

used in the experiments, this also characterizes the expected noise in a shot-to-shot experiment.

For sufficiently long measurement, the characterized noise has a probability density function

that reflects the normal distribution and can therefore be represented by a Gaussian function.

Its origin lies in the discrete nature of electronic charges and inherent in all electronic circuits.

Averaging N times over an obtained value reduces the noise by the factor 1/
√

N.

It is not surprising that this noise increases with prolonged integration. The analyzed value

for a 250 ms integration time is a standard deviation of 45, which is shown in Fig. 4.7(b).

By fitting a polynomial function to the data, a slight fluctuation of the mean ADC readout

value over time is noticeable (cf. Fig. 4.7(b) red line). This behavior can be interpreted as

a long-term thermal drift of the photodiode and the charge detector, but may also be caused

by supply voltage fluctuations, since the system is designed for and driven to its maximum

sensitivity. The long term drift of the diode readout can be corrected by means of an internal

software modification of the diode controller as follows. Before a signal pulse impinges on the

photodiode, the absolute current dark noise level of the readout is determined. A subsequent

subtraction of the background from the real signal is handled internally by the ADC board

and removes the background fluctuations. This feature can again be activated by a G-code

command. Particularly here, the laser does not have to be blocked, since the detector board and

the ADC are fast enough to process two readings within the time interval of a single laser pulse.

Only the readout value corrected by the background is then sent to the controller. This kind of

operation is the default setting for the charge detector, which was always used after this first test

run.

After the analysis of the background behavior, the test of the diode was conducted using the

signal beam of the laser system at a wavelength of 1.4 µm to generate HHG. For this experi-

ment a 12 mm diameter, 1.05 W beam was focused by a 50 cm lens into the needle target with

67 mbar Krypton gas, reaching a maximum intensity of 5×1014 W/cm2. Any stray light from
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Figure 4.7: Test of the internal background noise of the photodiode: Acquisitions with (a) 1 ms and (b)

250 ms integration time, illustrating the standard noise fluctuations of the ADC readout. The red and

black lines show the the standard deviation and the time varying mean value, respectively. The latter was

shifting on a slow timescale in the course of this measurement.
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Figure 4.8: Measurement of the HHG signal with the photodiode using a 1 nm step size, 250 ms in-

tegration time and averaging the ADC readout over 8 consecutive shots. The upper panel shows three

successive measurements of the harmonic signal analyzed at low resolution settings (∆λ ≈6 nm) and

their corresponding background measurements, which were taken before and after the scan. The lower

panel presents the background subtracted signal.

the driving field was blocked by a 250 nm thick aluminum filter. First, to maximize the photon

flux on the diode, the exit slit of the monochromator was fully opened (∼3 mm) whereas the

entrance slit width was set to 0.5 mm to reduce the background. However, these settings lead to

a low spectral resolution of the monochromator (∆λ ≈6 nm). Fig. 4.8 summarizes the result.

In the measurement, every data point was acquired over 250 laser shots by using an integra-

tion time of 250 ms and was subsequently averaged over 8 consecutive shots. Scanning the

entire spectral range of 60 nm with a step size of 1 nm took about 5 min. The two background

measurements (grey and black line) were taken before and after the three independently re-

corded HHG spectra (red, green and blue line). During this extended (∼30 min) measurement

period, the background signal was constant, thus confirming the validity of the result. The

HHG signal can be clearly distinguished by almost 1000 counts above the background level and

thereby proved the capability of the spectrometer setup for the first time. As seen in the constant

background level, the deviations of the measured signal can be mainly attributed to fluctuations

of the pulse energy and pointing of the laser.

By decreasing the exit slit width to 0.5 mm, the theoretical maximum resolution of the mo-

nochromator is enhanced to ∆λ ≈1.5 nm (cf. Sec. 4.2.2). Fig. 4.9 shows the corresponding
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Figure 4.9: HHG signal over background noise measured with the photodiode using a step size of

0.5 nm, 250 ms integration time and averaged over 16 consecutive shots per datapoint. Compared to the

data shown in Fig. 4.8, the slit width was decreased, which resulted in an increased spectral resolution

(∆λ ≈1.5 nm). The adjacent harmonic orders are clearly resolved. The dashed vertical lines show the

expected odd harmonics of a 1400 nm driving field.

measurement. Here, the odd order harmonics of the 1400 nm driving field are well separated

and marked by the dashed vertical lines. The closest resolved harmonics in the lower wave-

length range are separated by only 1.8 nm, thus validating the theoretical resolution limit of the

monochromator and corresponding to a resolving power of λ/∆λ > 30 for the range of interest.

The increased resolution, however, comes at the expense of the signal level, which dropped

from about 1000 to 400 counts.

Due to the known response function of the diode, it is now possible to calculate the actual

photon flux at the HHG source per second at a certain wavelength and bandwidth with the mea-

sured ADC signal over background. However, to perform this conversion accurately, a number

of parameters have to be known. These are the reflectivity of the grating, the transmission

function of the 250 nm aluminum filter, the quantum efficiency of the diode, and the signal

amplification and conversion factors of the detector and the ADC board. Several assumptions

have to be taken into account to perform this conversion. The diode response is given in the

data sheet and was approximated for the wavelength region of interest by linear fits as shown

in Fig. 4.5. The grating reflection was taken to be on the order of 1 %, based on the informa-

tion provided by the supplier, and the transmission function of the aluminum filter, presented in
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Figure 4.10: Estimated photon flux at the HHG source per second and 1.5 nm bandwidth deduced from

the high resolution data set shown in Fig. 4.9. For the conversion, the grating transmission and the

250 nm aluminum filter were taken into account.

Fig. 4.2, is reported in the literature [20]. The charge detector is fully specified, as all important

quantities like the gain are known, which enables the conversion from the ADC readout value

to the gathered charge at the detector and thus the incident photon flux at the diode. Finally,

the actual photon flux Nphoton at the HHG source can be estimated by applying the discussed

assumptions as follows:

Nphoton

[
photons

s

]

= ADC readout[counts]×31

[
µV

counts

]

× Cint[F]

Tint[s]
×

× 1

gain
× 1

responsitivity[A/W]
× λ [m]

hc[J/m]
× losses, (4.6)

with Tint the time of charge integration at the integrating amplifier. In Eq. (4.6), the ADC

readout is first transferred to the voltage required to obtain the value, and then converted into

the associated current. This current can be translated into a photon number, in which the losses

must be taken into account. As mentioned before in the description of the charge detector, the

gain and Cint are given by 10 and 10 pF, respectively. Fig. 4.10 shows the calculated photon flux.

The bandwidth of the photons at each data point is limited by the resolution of the spectrometer,

which was ∆λ ≈1.5 nm for this measurement.

Additional measures can further improve the signal to noise level of the charge detector setup.

A firmware optimization, that allows to optimize the internal averaging and the subtraction

of the background by the controller has been already developed and implemented, reducing

the drifts during the operation of the system. By cooling the photodiode and the integrating
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Figure 4.11: Beam path of the experiments for the generation and characterization of HHG using the

flat field spectrograph.

amplifier board with Peltier elements to −25 ◦C, the noise level can be further reduced by

a factor of two to four. Another option is to replace the integrator or the ADC board with

extremely low-noise multilayer boards that are commercially available.

Finally, it must be mentioned that the detector, as it stands, can be easily modified to be

used for all types of charge detection schemes such as a photomultiplier tube. This makes it a

versatile device with a wide range of applications.

The great advantage of using the photodiode detection scheme lies in the straightforward

calibration of the readout signal to an absolute photon flux. In various experiments, however,

the efficiency of the harmonic generation is very low, especially when reaching the soft X-ray

radiation (SXR) region (<10 nm). Therefore, often a more sensitive detection scheme must be

used to reach the required signal levels, given by a flat field spectrograph introduced in the next

section.

4.3 Flat field XUV and SXR spectrograph

A flat field spectrograph, which is the alternative spectrometer for the experiments reported

later, consists of a flat field grating in reflection geometry combined with an imaging detector.

Fig. 4.11 depicts the beam path used for this type of detector.

The spectrum generated by the HHG process can span over several hundred eV spectral

bandwidth. When structures on the sub eV level are of interest, demanding a high spectral

resolution, a careful design of the spectrometer is required. The crucial part is the grating. The

grating line density not only determines the achievable deflection of the harmonic beam and

therefore the resolution, but also the diffraction efficiency, which in turn scales inverse with the

line density.
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4.3 Flat field XUV and SXR spectrograph

The deployed flat field grating is a concave aberration corrected grating capable of imaging

an object, wavelength-selectively, from the object to the image plane. This is achieved by a

sophisticated design with a variable line density throughout the grating surface. The resulting

image plane, also named spectral plane, is a flat surface, which allows the recording of the

spectrally dispersed image using a planar detector and also justifies the naming of the spectro-

graph. A variety of gratings with different imaging conditions are commercially available. For

each imaging condition a range of line spacings (600 to 2400 lines/mm) is available, ensuring

simple adaption of the experimental setup to the specific requirements [113].

For the later reported experiments, two different imaging detectors were used. In the first

option, a microchannel plate (MCP) assembly is followed by a phosphor screen (Photonis)

which is then imaged by means of an objective lens (f/0.95) onto a low noise charge coupled

device (CCD) camera (PCO, Pixelfly). The use of a MCP assembly imposes restrictions on

the spectrometer chamber as it is a high vacuum device that requires a base pressure below

1×10−5 mbar. Moreover, the gain of the detection scheme is highly dependent on the voltage

applied at the MCP plates and a conversion to an absolute photon flux is not possible without

considering a large error.

The second available imaging detector is an X-ray CCD detector (Andor, Newton SO). When

the sensor is cooled down to −100 ◦C, it exhibits a better thermal and shot signal-to-noise

response compared to a MCP detector [114]. A further advantage is its known response function

to quantitatively analyze the harmonic radiation. However, the X-ray CCD requires a thoughtful

suppression of visible scattered light due to its increased sensitivity. Therefore it is absolutely

necessary to use a metal filter at the input of the spectrometer, which excludes an application

for the measurement of low order harmonics.

As already introduced in the setup of the photodiode detector, metallic foils can optionally

be inserted into the beam path by means of a motorized filter wheel for both image detectors,

allowing the calibration of the spectrometer setup. A motorized slit is placed perpendicularly to

the grating normal, upstream of the grating in its image plane. It represents the object which is

imaged by the flat field grating and, additionally, blocks any scattered light arising in the gen-

eration chamber. Maximum spectral resolution is accomplished by carefully adjusting the slit

width. An extensive ray-tracing calculation based on the real parameters of the setup has shown

that a slit size of 250 µm constitutes the perfect compromise between highest resolution and

minimum clipping of the harmonic beam. [115]. At this slit setting, the ray-tracing calculations

suggested and subsequent experiments confirmed a resolving power of λ/∆λ > 500 [114].

This was of particular importance in the first experiment described in the next chapter, the

HHG generation in the SXR regime, since low harmonic fluxes had to be spectrally character-

ized.
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Chapter 5

High harmonic generation deep into the

soft X-Ray region

Considering the characteristics of high harmonic based sources, such as the potential of sub

femtosecond pulse generation, the intrinsic synchronization to the fundamental beam, and the

small laboratory footprint, HHG can be seen as the driving force of time-resolved experiments

especially in the XUV region, where a variety of experiments in atoms [4], molecules [5, 116]

and solids [117] have already been conducted in the past. Moreover, its potential application

for time-resolved X-ray absorption spectroscopy (TR-XAS) [118–121] in the SXR region, with

an unprecedented temporal and spatial resolution, has sparked great research interest in exten-

ding the harmonic pulses generated to higher photon energies for already over 2 decades [122].

Between the carbon K-edge at 285 eV and the oxygen K-edge at 540 eV, water is mostly trans-

parent, known as the water window. This makes it a particularly interesting area for time-

resolved HHG experiments such as the study of complex molecules in solution by monitoring

their absorption at the abundant carbon or nitrogen (398 eV) K-edges. However, so far, these ex-

periments were mostly limited by low photon fluxes, which are attainable at these high photon

energies [123]. The experiment described within this chapter is intended to lift this limitation.

5.1 Scheme to generate HHG in the SXR

To generate harmonics up and beyond the water window, the compressed 12 fs and CEP-stable

idler beam at 1.8 µm was deployed, reaching a pulse energy of up to 550 µJ in the HHG target.

A 20 cm lens was used as the focusing optic (≥f/10). Taking into account the scaling law of the

HHG process, the driving field yields a high cutoff energy due to its relatively long wavelength,

but at the same time prevents complete ionization of the generator medium, as the SFI tunneling

rate is independent of λ [62]. In contrast to the scheme to increase the driving field intensity,

it is therefore an advantageous route to enhance the cutoff energy, since an increase in intensity

is accompanied by a sharp rise in the ionization rate. This in turn leads to a substantial ground
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state depletion and thus HHG emission ultimately switches off due to the loss of emitters. In

addition, phase matching is hindered by the high ionization contribution.

However, the long driving wavelength also poses a great challenge resulting from the poor

single emitter response. TDSE [124] and enhanced SFA calculations [125] predict a reduced

conversion efficiency scaling with λ−5 and λ−9, respectively, with λ as the fundamental wave-

length. At the idler wavelength, a reduction of the harmonic yield by a factor of up to ≈ 1500

is predicted when compared to a similar 800 nm driving field. The key to overcoming this chal-

lenging obstacle is efficient phase matching of the generated harmonics, which may balance

or even overcompensate for the single emitter response, resulting in detectable harmonic flux.

In order to achieve maximum field intensities, and therefore highest cutoff energies, without

complete ionization of the generation medium, only the noble gases with the highest ionization

potential, helium (24.6 eV) and neon (21.6 eV), were considered for the experiment. These two

gases also have the advantage to minimize the reabsorption of emitted harmonics and therefore

maximize a potential build up.

First of all, it is helpful to understand the general phase matching of HHG deep into the

SXR region and thus to get information about the interaction medium to be used. This can

be achieved by reviewing the contribution of the gas and the plasma dispersion of the phase

matching equation for HHG in gases given by Eq. (3.18) as follows1:

∆kq,at = (1−η)p
ωq

c

[
n(ωq)−n(ω0)

]
(5.1a)

∆kq,el ≈−qη pNa
2πcre

n(ω0)ω0
(5.1b)

with p as the pressure in atmospheres, η the ionization fraction, n the refractive index of the

medium and Na as the number density at one atmosphere. Following Heyl et al. [126], both

dispersion terms can be rewritten to ∆kq,at/el = p · ∂∆kq,at/el/∂ p, where the partial derivatives are

independent of the pressure. In addition, the contribution of the Gouy phase is inversely pro-

portional to the Rayleigh range ∆kq,geo ∝ 1/zr. By using Gaussian optics, zr can be expressed

as zr = 4λ f 2/πD, with the driving field wavelength λ , the focal length f and the beam diameter

D. The Guoy phase term can thus be rewritten as ∆kq,geo ∝ 1/(λ · f 2). Due to its scaling behavior,

(∆kq,geo ·λ · f 2) can be treated as independent of f and λ . At the focus position, the dipole phase

wave-vector mismatch ∆Kq,traj(z = 0) is nil and does not contribute. Thus, the total mismatch

for the qth harmonic order is compensated, assuming that there is a sufficient high intensity for

the generation of this order, when

(∆kq,geo ·λ · f 2)

λ · f 2
+ pmatch

[
∂∆kq,at

∂ p
+

∂∆kq,el

∂ p

]

= 0 (5.2)

1Considering a Gaussian beam propagating along the z axis.
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is satisfied, where p = pmatch is the required phase matching pressure. To fulfill this equation,

pmatch must scale proportional to 1/λ and 1/f 2.

High peak intensities in combination with a long driving field wavelength are essential to

generate harmonics up to the SXR region. In order to focus the idler beam on a small spot and

hence generate the necessary intensity, a short focal length (20 cm) is used in the experiment.

According to Eq. (5.2), under these conditions a high pressure is required in the HHG source to

guarantee an optimal phase-matching process.

A simple back-of-the-envelope calculation can help to estimate the required pressure. In an

early work on HHG, L’Huillier et al. reported the efficient generation in neon using a Ti:Sa

system focused by a 2 m lens into an approximately 25 mbar neon target (≈f/80) [127]. This

represents an increase of the focus length by a factor of 10 and the driving wavelength by a factor

of 800/1800 when compared with the setup described here. Thus, a ≈44 fold increase (800/1800×
(2/0.2)2) of the optimal gas pressure is predicted for the experiment described here, demanding

a multi-atmospheric pressure in the interaction zone (1.1 bar). Since the target must be installed

in a vacuum chamber, a sophisticated gas handling is necessary. Nevertheless, the necessity

for these high pressures is an advantage for the generation of a high photon flux, because a

high target pressure also implies a high number of possible emitters in the interaction area.

Efficiently phase-matched, this can compensate for the less efficient single emitter response.

As discussed, the laser parameters have a decisive influence on the selected pressure in

the source. The last missing parameter is the optimal target dimension, over which a cohe-

rent build up of the harmonics can be achieved. Here, a numerical calculation of the specific

phase-matching conditions in the interaction zone provides further insights. Closely resembling

the available experimental conditions, Fig. 5.1 shows the result for the harmonic generation at

300 eV in 0.8 bar neon, assuming a 12 fs, 1.8 µm pulse focused down to a spot size of 40 µm

and reaching a peak intensity of 6×1014 W/cm2. Perfect phase-matching is achieved at ap-

proximately 1 mm after the focus, when the atomic dipole phase and neutral gas contribution is

canceled out by the terms of the geometrical and plasma contribution. However, the region of

phase-matched build up is very small and a mismatch smaller than 1 rad/mm is only given for a

distance of around 10 µm. Therefore, the most efficient geometry for the generation of harmo-

nics in the soft X-ray region requires a maximal confined interaction zone at a high pressure.

This not only minimizes the reabsorption of the generated harmonics, but also the reshaping of

the driving field [48].

5.2 Double differentially pumped gas target

Three different geometries are frequently used for the generation of harmonics in gases – a gas

jet, a gas cell, or a capillary [128]. Since the latter is not suitable for a sub millimeter target
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Figure 5.1: Calculation of the wave-vector mismatch on-axis for the harmonic generation at 300 eV in

0.8 bar neon, assuming a 12 fs, 1.8 µm pulse with a peak intensity of 6×1014 W/cm2 and a focal spot

size of 40 µm.

zone and furthermore has not been proven to support the generation of isolated attosecond

pulses, only the first two geometries are considered in the following. Both of them allow the

confinement of the gas to the required tiny volume. The decisive argument for one over the

other is the scaling of the inevitable parasitic gas flow from the source into the vacuum chamber

in relation to the source pressure, as this ultimately restricts the maximum applicable backing

pressure in the interaction zone.

Deploying a gas jet, the volume of the interaction zone can be easily adjusted by the width

of the nozzle which may have a dimension in the range of a few tens of microns. However, this

comes with an intrinsic problem. Monte Carlo simulations have suggested a rapid pressure drop

away from the nozzle, with a fall to one-tenth of the applied back pressure at a distance of only

one orifice radius from the nozzle [129]. Assuming that one aperture radius is also the minimal

distance of the driving laser to the nozzle, this severely limits applicable pressure for HHG in

the interaction region. In contrast, a gas cell has other limitations. Due to structural problems,

the minimum cell size is limited to at least a few hundred micrometers and, in addition, a gas

plume propagates through the laser entrance and exit holes along the beam direction. In this

geometry, the attainable density in the interaction zone is determined by the backing pressure

of the gas cell and the parasitic flow into the vacuum chamber is given by the gas flow through

both holes.

Considering a phase-matched harmonic generation at the pressure pmatch, the parasitic gas
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800 μm
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Figure 5.2: (a) 800 µm needle target with the laser drilled approximately 200 µm hole. (b) Gas target

surrounded by the two-stage differential pumping jacket. Reprinted from [114], with the permission of

AIP Publishing.

flow F for the two different geometries can be determined by

Fjet ≈ f (10pmatch) (5.3a)

Fcell = 2 f (pmatch) (5.3b)

where f (p) is the gas flow through an aperture assuming a pressure difference of p before and

after the hole. For both geometries, an equally large opening diameter can be assumed, since

the size is determined by the laser focus. This is a valid assumption for a target size much

smaller than the Rayleigh length of the laser. Here, the two holes of the gas cell have the size

of the beam waist which represents the minimal aperture size for both geometries. Since the

flow f (p) furthermore scales with the backing pressure between p and p2 [129], the gas cell

geometry allows for much higher pressures in the interaction zone before the overall limit set

by the pumping speed is reached. This applies in particular to the noble gases used, helium and

neon. These impose a technical difficulty as they are difficult to pump due to their low relative

molecular masses and high heat capacity ratios [114].

Consequently, a thin gas cell was chosen as most promising interaction geometry. Using

a stainless steel needle with 720 µm ID and 800 µm OD (VWR, hypodermic needle), the ex-

tremely thin walls allow to laser drill the holes and simultaneously do not suffer any structural

deformations even at high backing pressures of up to 10 bar. Fig. 5.2 (a) shows a used needle

target with a cleanly drilled hole of approximately 200 µm, minimizing the gas flow into the

surrounding vacuum chamber.

To further limit the parasitic flow, a two-stage differential pumping jacket was designed con-

centrically around the target. It consists of two separate chambers, each provided with openings

to allow beam propagation as shown in Fig. 5.2 (b). By evacuating the inner chamber with a

80 m3/h screw pump (Leyvac, LV 80C), high flow rates are controllable even with gases such
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Figure 5.3: (a) Schematic design of the two-stage differently pumping jacket with the profile (left) along

the beam axis and (right) in propagation direction. The laser beam is indicated in red. (b) Pressure in

the various vacuum chambers as a function of the HHG source backing pressure, where the pressure of

the HHG and the spectrometer chamber are multiplied by a factor of 1×104 and 1×107, respectively.

Reprinted from [114], with the permission of AIP Publishing.

as helium, since the screw pump has only a small dependence of the pumping speed on the gas

species. The outer volume is pumped independently by a small turbomolecular pump (Varian,

V-81) which is backed with a separate roughing pump (Edwards, nXDS20iC). The dimension

of the two pumped jackets were chosen to be 50 mm for the outer and 26 mm for the inner one.

For the first, this ensures a compact source on the one hand but increases the free-gas expansion

volume on the other hand, reducing the density-length product along the laser propagation to

a minimum. For the latter, this clamps the pressure of the outer jacket to below 1 mbar for

backing pressures of up to 10 bar, which was calculated by modeling the gas flow from the

needle apertures assumed as ideal gas jets [114]. The aperture sizes were chosen to match twice

the expected FWHM of the driving beam at the corresponding position, based on an estimated

focal size of 60 µm. Fig. 5.3 (a) illustrates the schematic design of the differentially pumped

gas cell. Its capabilities are demonstrated in (b), where the measured pressures at different po-

sitions are plotted as a function of the gas cell backing pressure. Even at a maximum source

pressure of up to 16 bar, all pumps stay well within their specification limits and the pressure in

the spectrometer chamber remains low enough to operate a MCP plate (<5×10−6 mbar).

5.3 Experimental results

High-order harmonic radiation was generated well into the SXR region by focusing the beam

into the high pressure differently pumped gas target. By installing the 1 mm CaF2 entrance win-

dow to the HHG chamber in Brewster configuration, reflection losses could be minimized. As

SXR spectrometer, the X-ray CCD detector in combination with a 2400 lines/mm grating was

used, which provided a high energy resolution throughout the water window (λ/∆λ > 500) but

at the same time was capable to detect short wavelength radiation down to <2 nm (>600 eV).
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Figure 5.4: (a) Image of the beam at focus and (b) SEA-F-SPIDER reconstruction, showing the excellent

spatiotemporal quality of the 12 fs idler driving field. Reproduced with slight adoptions from [48], under

the terms of the Creative Commons Attribution 4.0 International License.

Considering the spot size, energy and pulse duration, a 40 µm beam waist in the focus with

a nominal intensity well above 2×1015 W/cm2 is reached. The driving pulse possess an ex-

cellent spatiotemporal quality, suppressing potential beam break up at these high intensities,

which was measured by imaging the focus and by an additional SEA-SPIDER characterization

(cf. Sec. 2.4) as shown in Fig. 5.4

Fig. 5.5 summarizes the measurements and shows the resulting SXR radiation using neon

(top row) and helium (bottom row) as target species. The harmonic flux as a function of the

backing pressure is given in panel (a) and (d), respectively. The data indicate that the target

pressure can be optimized to guarantee the highest possible flux at any wavelength. This proves

that the generation is not limited by pressure restrictions, which was a known problem in earlier

reported works [130].

By further scanning the focal plane relative to the gas needle, an optimal focus position is

found. It is approximately 1 mm behind the center of the gas target, optimizing the flux across

the entire harmonic spectrum simultaneously. The full focus scan is shown in Fig. 5.6. The

cutoff energy in neon reaches up to 450 eV and is therefore well beyond the sulfur L-edge and

carbon K-edge at 165 eV and 285 eV, respectively. The latter is clearly visible in the spectra

due to contamination of the flat-field grating by organic molecules. Switching to helium gives

an overall reduced flux by about one order of magnitude across the water window but further

extends the cutoff up to a maximum of around 600 eV. Tab. 5.1 summarizes the measured

photon fluxes at various energies and across the whole water window always quoting the flux

for optimized generation conditions, indicating a flux and conversion efficiency one order of

magnitude higher than previously reported attosecond HHG sources [7]. It has to be mentioned

that previous works have achieved higher conversion efficiencies by the usage of hollow core

fibres as generation medium. However, no demonstration was given that an isolated attosecond

pulse was generated or even accessible [131]. The full angle-divergence of the SXR radiation

was characterized to below 2 mrad by translating the grating out of the beam path and imaging

the beam through metal filters straight onto the X-ray CCD camera. By tuning the backing
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Figure 5.5: SXR harmonic generation in (top row) neon and (bottom row) helium. (a)/(d) show the

pressure dependence while (b)/(e) show the CEP dependence of the generated harmonics at the pressure

indicated by the grey dashed lines in (a) and (d), respectively. (c)/(f) show the lineouts of the correspon-

ding colour coded dashed lines in (b) or (e), respectively, which are in each case separated by a phase

of 0.5π . The black dashed lines illustrate relevant edges. Reproduced with slight adoptions from [48],

under the terms of the Creative Commons Attribution 4.0 International License.

pressure and selecting the appropriate gas species, the maximum harmonic flux or cutoff energy

can be adjusted to any wavelength region throughout the water window up to 600 eV, thus

representing a versatile tuneable SXR source.

Temporal and spatial characterization of the SXR harmonics

The temporal characteristics of the generated harmonic beam can be analyzed by its CEP de-

pendence, which is shown in Fig. 5.5 (b) and (e) for neon and helium around the carbon and

oxygen edges, respectively. These two edges represent the boundaries of the water window

region, which were chosen to demonstrate the application across the entire range. A clear CEP

dependent modulation of the harmonic spectra was observed in the experiment. The lineout

plots given in Fig. 5.5 (c) and (f) highlight this behavior by plotting the modified SXR spectrum

for two different relative CEP values separated by 0.5π . As discussed in Sec. 3.4, this tunabi-

lity with the carrier envelope phase is a direct indicator that the emitted harmonics within these

modulated ranges are confined to a sub-cycle of the driving field [89]. Therefore, by deploying

a suitable gating mechanism, the SXR source should be capable of producing attosecond pul-

ses [132]. Furthermore, it can be stated that an X-ray absorption measurement with subsequent
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Figure 5.6: Change of the harmonic signal averaged over all CEP values by scanning the relative position

of the focus to the target where positive numbers indicate a focus behind the centre of the 4 bar helium

gas needle. Reproduced with slight adoptions from [48], under the terms of the Creative Commons

Attribution 4.0 International License.

Gas 300 eV 400 eV 540 eV Integrated flux > 284 eV

Ne (3.0±0.8)×106 (5.6±1.4)×104 0 (1.4±0.4)×109

71 pJ±18 pJ

He (1.6±0.4)×105 (4.5±1.2)×104 (1.1±0.3)×103 (1.4±0.4)×108

7.7 pJ±0.2 pJ

Table 5.1: Measured harmonic photon fluxes at different energies or integrated over the water window

above 284 eV for optimzed generation conditions compared for neon and helium. Fluxes are given

in photons/second/1% bandwidth for the fixed energies and in photons/second or pulse energy for the

integrated flux.

spectral resolution constitutes a sufficient gate within a suitable spectral range.

Information about the spatiotemporal structure of the HHG pulse can be extracted by the

spectral wavefront optical reconstruction by diffraction (SWORD) technique [133, 134]. Here,

a vertical slit, which is located in the near field and installed perpendicular to the imaging

axis of the spectrometer slit, is scanned along the imaging axis through the beam. By tracing

the spectrally resolved diffraction pattern in the far field, information about the phasefront are

revealed. The direction of the phasefront at the position of the slit is imprinted in the centroid

of the diffraction pattern as depicted in Fig. 5.7 and thus, by scanning the slit, the complete

curvature of the wavefront can be characterized.

Within the Fraunhofer diffraction limit valid for ∆s2/(dλ ) ≪ 1, where ∆s is the slit width , d

denotes the distance between slit and the detector and λ represents the harmonic wavelength

under consideration, the spatial phase Φ(x) can be analyzed via

Φ(xi) =
2π

λ

n

∑
i=0

si − xi

d
δ s. (5.4)

In this equation, δ s is the sample spacing of the slit and si/xi is the position of the centroid
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Figure 5.7: Schematic depiction of the SWORD technique. The wavefront of the beam at the slit position

is revealed by the diffractogram measured at the far field detector. By scanning the slit throughout the

beam, the complete phasefront can be characterized.
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Figure 5.8: SWORD wavefront measurement in 2 bar helium for harmonic radiation between 300 to

450 eV. Reproduced with slight adoptions from [48], under the terms of the Creative Commons Attribu-

tion 4.0 International License.

in the diffractrogram at the far field detector and the position of the slit in the near field, re-

spectively [133]. The zero phase point can be chosen arbitrarily since a different value only

adds a linear phase offset, which in turn leads to a spatial shift of the entire field pattern on the

detector, but does not change the extracted wavefront. This approach only requires the assump-

tion that the reconstructed wavefront is spatially coherent within the spectral resolution of the

spectrometer [133].

For the characterization itself, the slit was positioned 128.5 mm behind the target to avoid

burning with a subsequent slit to detector distance of 1 m. By deploying a 10 µm slit, the m=±1

diffraction was resolvable down to a wavelength of ∼2 nm, verifying the Frauenhofer regime.

The arising diffraction pattern is the Fourier transformation of the slit, given approximately by a

sinc2 function in the far field, and was measured for 12 points across the beam with δ s ≈70 µm.

Fig. 5.8 shows the extracted wavefront for the harmonic emission generated in 2 bar of helium

between 300 to 450 eV.
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The plotted spatial intensity was measured after removal of the slit, because the amplitude

measured with the SWORD technique is extremely noisy due to the small slit dimensions and

therefore far less reliable than the extracted phase. In contrast, the extracted spatial phase is

very stable and differs from a quadratic fit by less than 1 % at any given point, constituting the

expected wavefront of a diverging nearly perfect Gaussian beam. The characterization of higher

harmonic energies was not feasible as the transmission from the thin slit was very limited. In

theory, the data allow a numerical back propagation of the beam, whereby the focus position

and size can be extracted. However, the extracted phase covers more than 1000 rad, implying

that even the measured small residual error is impeding a meaningful reconstruction of the

focus size. All harmonic orders have the same virtual foci, where the source position was

calculated to 8.5 mm±0.7 mm for 2 bar and 10.5 mm±0.8 mm for 4 bar of helium before the

gas target [48]. The given errors are extracted from the residuals of the least square fit to

the reconstructed phase profiles. The shift of the focus position relative to the fundamental

beam results from the radial phase imprinted from the intensity-dependent dipole phase term

∆Kq,traj, which leads to a change of the beam divergence in the generated beam [83]. This

spatiotemporal analysis has therefore confirmed that a beam of high spatial and temporal quality

can be generated throughout the entire water window. It should be noted that this represents a

constraint on the input beam quality, since only a high-quality input beam can lead to a high-

quality output beam and thus to a high generation efficiency in the SXR range.

The overdriven regime

Considering the extreme intensity of the driving field focused into the gas target at the wave-

length of 1.8 µm, the theory suggests that the setup should be capable to generate even higher

cutoff energies. Following the cutoff law in gases as given in Eq. (3.2), energies of up to around

2 keV are predicted. In addition, the theory of SFI suggests a full ionization of the generation

medium for these extreme intensities, impeding any efficient HHG generation. However, ex-

perimental results have shown that a decrease of the driving intensity through either an aperture

or a looser focusing lens leads to a rapid decrease of the generated harmonic flux [48].

These results can be understood by considering the free electron density of the generated

plasma and the associated introduced self-action on the driving field. Using the apparatus as

shown in Fig. 5.9, the free electron density can be estimated via spectral phase interferometry

(SPI). For this measurement, a small fraction of the 800 nm beam which was used to pump

the OPA is split off and sent into a Mach-Zender interferometer, producing a pulse pair with a

controllable delay of ∼500 fs. These two pulses are afterwards combined with the HHG driving

field in such a way that one leads and one trails the fundamental beam by using the reflection

of the compression wedges, minimizing any disruptive dispersion of additional optics. All

three beams are focused into the HHG target, where the SXR harmonics are generated with
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Figure 5.9: Schematic drawing of the setup for the spectral interferometer used to characterize the free

electron density, which is encoded in the interferogram of the two 800 nm pulses where one is leading

and one is trailing the fundamental field. Reproduced with slight adoptions from [48], under the terms

of the Creative Commons Attribution 4.0 International License.

much lower divergence. Therefore, the 800 nm beams were picked-off by means of an annular

mirror, which was installed at the same position as the slit used in the SWORD measurement.

The 800 nm pulse intensity was low enough to have no measurable impact on the harmonic

generation. A subsequent short-pass filter removes the residual much stronger 1800 nm pulse

and the spectral interference pattern of the two delayed pulses is characterized with a suitable

spectrometer.

The successful analysis of the plasma density does require a high temporal stability of the

delay of the two 800 nm pulses but does not need a high stability between the delays of the

800 nm and 1800 nm, which were separated over 10 m before their recombination. A SPI mea-

surement without the 1800 nm beam revealed the delay of both pulses which was thereafter

fixed to 500 fs. Adding the idler beam and adjusting the delay to the 800 nm until a blue shift

of the fringe pattern was detected ensured the temporal overlap. This blue shift is lost if both

800 nm pulses are before or after the driving field, as both pulses are experiencing the same

phase shift. By means of the around 50 nm bandwidth of the 800 nm beam, the measurement al-

lowed the absolute characterization of the phase shift, which was always below π rad. Fig. 5.10

shows the experimental measured phase shifts in helium (blue) and neon (red), indicated by

the datapoints (x), for a focus position 1.4 mm behind the gas cell. The figure furthermore pre-

sents the theoretical predictions for the expected phase shift on the trailing 800 nm beam from

a full-dimensional propagation model of the driving field (cf. Sec. 5.4) including (solid lines)

and excluding (dashed lines) the self-action effect of the plasma. To evaluate the theoretical

prediction of the total phase shift, the 1800 nm beam is propagated through the target and the

resulting plasma density, which introduces a local change in the wavenumber k for the trailing

800 nm beam, is calculated at every position in the interaction medium. The total phase shift
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Figure 5.10: Introduced plasma phase shift as a function of the backing pressure in helium (blue) and

neon (red) for a vacuum focus 1.4 mm behind the gas target. The experimental results are given by

the datapoints (x), whereas the theoretical predictions including and excluding the plasma effects are

given by the solid and dashed lines, respectively. The error bars are showing the extreme values over 3

measurements. Reproduced with slight adoptions from [48], under the terms of the Creative Commons

Attribution 4.0 International License.

ΦSPI is given by

ΦSPI =
∫

dz

∫
dr2πr|E(r,z)|∆k(r,z)
∫

dr2πr|E(r,z)| . (5.5)

Here, the contribution of each volume element is weighted by the electric field amplitude which

is calculated by assuming a 800 nm Gaussian beam with a beam waist of w0 =64 µm shifted due

to the chromatic aberration of the CaF2 lens to the position 2.54 mm behind the gas cell [48].

It has to be noted that the theoretical predictions are only weekly dependent on the assumed

focus position and beam waist, only introducing a small overall scaling factor. The calculations

show (cf. Fig. 5.10) that the strong ionization, introducing reshaping of the driving field, cannot

be neglected and has to be integrated in a full model of the HHG emission. This regime can

be named overdriven [135] in contrast to the usually deployed adiabatic regime, where plasma

influences on the driving field can be ignored [83].

5.4 Numerical simulations of the driving field propagation

To gain further insight of the harmonic build up in the overdriven regime, a full numerical simu-

lation of the propagation of the driving field was performed [48], using the Forward Maxwell

Equation as introduced in Sec. 2.1 and including dispersion, third-order nonlinearity, plasma

dephasing and absorption [136]. Three dimensional cylindrical symmetry is assumed and the

instantaneous ionization rates are calculated by means of the ADK theory [63]. The simulation

can be simplified by calculating dispersion and diffraction effects in the frequency-wavenumber

domain, while all nonlinear effects are calculated in the time-space regime. Both regimes
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Figure 5.11: Numerical simulation of the propagation of the driving field. (a) Pulse parameters (top)

and ionization calculations (bottom) along the propagation axis for a 3.5 bar helium gas target and (b)

the spatiotemporal evolution of the driving field at the centre of the gas cell. Reproduced with slight

adoptions from [48], under the terms of the Creative Commons Attribution 4.0 International License.

are linked by the discrete Fourier transformation and the quasi-discrete Hankel transforma-

tion [137], respectively. All temporal propagation equations are examined in the co-propagating

frame with the fundamental field in vacuum. An emission at negative time is therefore corre-

sponding to times before the peak of the vacuum driving field. A Gaussian pulse matched to the

experimental pulse parameters is used as initial condition. The gas cell is assumed as a constant

pressure gas target inside the cell, whereas the pressure is modelled as a decaying Lorentzian

with a half-maximum point 105 µm away from the target asymptomatically falling towards the

differential pumping background pressure [48]. The width of the Lorentzian reproduces the

decay rate of the gas pressure predicted by Monte Carlo simulations [129].

Fig. 5.11 shows the simulated results of the driving field propagation in a 3.5 bar helium gas

target. A strong plasma, which is predicted accurately by the model as demonstrated via SPI as

shown in Fig. 5.10, is generated in the gas. The plasma already starts in the wings of the gas

distribution. This leads to a substantial refraction and defocusing of the driving field, which effi-

ciently clamps down the intensity inside the target to around 7×1014 W/cm2, and thus explains

the large divergence between the expected and the observed cutoff. Components further off-axis

are less affected and are coming to their focus after the on-axis components, leading to a double

peak structure on-axis. The intensity variation throughout the target is efficiently reduced by

focusing the beam after the target, therefore minimizing the intensity dependent dipole-phase

gradient and enabling the harmonic build up via phase matching. Furthermore, a strong spatio-

temporal reshaping of the pulse is apparent. As shown in Fig. 5.11, the trailing components of

the driving field are strongly defocused and are coming to a focus off-axis. This results in the

self-compression of the on-axis components, leading to the formation of a single-cycle pulse

capable of generating a single cycle attosecond pulse throughout the harmonic spectrum and
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thus even in the plateau region. The off-axis components are strongly reshaped leading to a

longer duration. However, the intrinsic spatial gradients and intensity fluctuations in different

wave cycles are resulting in varying phase-matching conditions throughout the pulse, allowing

the optimization of only a single half-cycle emission. Finally, a phase-matching simulation

suggests an extremely efficient build up of isolated attosecond pulses over a distance of only

around 100 µm, in good agreement with the measured HHG emission in the experiment [48]. It

has to be noted that the harmonic emission is only possible due to the intensity clamping of the

driving field, reducing the ionization fraction by an order of magnitude and thus allowing the

high harmonic generation in the first place.

In summary, this set-up constitutes an ideal versatile and tunable attosecond source of soft

X-ray radiation, also possessing a perfect spatial mode. It is already frequently used for time-

resolved X-ray absorption measurements in the Blackett Laboratories, where the HHG module

was installed into the "Attosecond X-ray Beamline", in principle enabling experiments at high

absorption edges well into and beyond the water window. The experiments and simulations

described here were conducted using the 1.8 µm driving field. However, the overdriven regime

will become increasingly important for increasing wavelength and harmonic photon energies,

since both the plasma contribution to the refractive index and also the phase mismatch between

the harmonics and the driving field increase [138]. Therefore, this work provides a good basis

for future developments of the next generation of SXR attosecond light sources.

Within this chapter, the extension of HHG to high photon energies was introduced. Although

a reasonable high conversion efficiency was achieved, the attainable photon flux is still very

restricted. The next chapter will deal with a completely different approach, the application

of liquids as generation medium in the HHG process. Due to their intrinsically high particle

density and associated density of possible emitters, a better understanding of the generation

processes in such dense media constitutes one possible route to overcome this limitation (cf.

Sec. 3.5).
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Chapter 6

High harmonic generation in liquids

As already discussed in more detail in Sec. 3.5, the generation of high order harmonics in

the liquid phase is still only little understood. Solely, the recent report of the generation of

XUV light in liquids by Luu et al. [13] shed for the first time some light upon the linking

medium between the solid and the gas phase. A debate on the mechanism to describe harmonic

generation in such dense, but only partially ordered media, is ongoing. It is still an open question

if the key findings can be confirmed by other groups. Only on the basis of a broad consensus on

these results can a basis for future work be established.

One of the key questions is whether the harmonic emission can be explained via single emit-

ters like in the gas phase, or more like in a solid via a band structure. This question cannot be

sufficiently clarified, especially with regard to previous work, since both models were used to

fully describe the generation or characteristics of the XUV radiation [13].

This chapter describes the HHG experiments in the liquid phase conducted at the Blackett

Laboratory at Imperial College. For this work, a 1 to 2 µm thick liquid sheet was deployed as

interaction medium, representing an almost identical harmonic source to the flat sheet used in

previous work [13]. In order to gain a comprehensive understanding of the involved process,

the strong field interaction of the driving field upon interaction with the dense medium and

the generation of XUV radiation were thoroughly investigated. At first, however, the deployed

apparatus and its performance is introduced.

6.1 Apparatus and performance

6.1.1 Flat jet system

For the liquid phase HHG experiments presented in this work, a slit type liquid sheet setup was

used. It was designed in the course of the last four years at the Blackett Laboratory. The main

setup and the characteristics necessary for this work are presented in this section, whereby all

details of the technology and its capabilities are summarized in an article [139].
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Figure 6.1: Microscopic picture of the 3D printed nozzle structure on top of the substrate.

The centerpiece of the setup is the nozzle, shown in Fig. 6.1, which is printed by a 3D printer

(Photonic Professional GT, Nanoscribe GmbH) onto a metallic substrate with sub micrometer

resolution. The substrate acts as the connector to the tubing system and in addition minimizes

the printing volume by its shape. The printing at this extreme resolution is achieved by a laser,

which utilizes a two photon process in its focus to polymerize a photoresist. By subsequently

developing the nozzle in a bath, the leftover not polymerized photoresist is removed. The

crucial parameter to design the internal structure of the nozzle is given by the viscosity of

the liquid. So far optimized for isopropanol, the printed nozzles have an absolute dimension

of 260 µm×30 µm. Thus, at the current level, only liquid sheets with similar viscosity of the

liquids as isopropanol can be produced, e.g. ethanol or dimethyl sulfoxide (DMSO), and for

other media, e.g. water, a further development of the overall nozzle geometry with a slight

adjustment of the design is required.

The basic idea of the design is to compensate all momenta of the flowing liquid inside the

nozzle along an axis by a sophisticated flow geometry, which in turn leads to the formation of

a liquid sheet extending in a plane perpendicular to this axis. In principle, the same mechanism

is used in the colliding jet geometry. Here two cylindrical and laminar jets which originate

from identical nozzles compensate their momenta along one plane upon collision, when aligned

carefully, and form a stable liquid sheet. For the generation of sheets of micrometer thickness,

the diameter of the two jets have to be in the order of ≈50 µm [109]. Fig. 6.2 schematically

compares the working mechanism of the two different geometries.

One of the great advantages of the nozzle geometry is the simplified liquid handling, as the

jet formation is guaranteed by the nozzle design, thus circumventing the difficult alignment of

the cylindrical jets and stability problems intrinsically apparent in the colliding jet geometry. As

the change of the viscosity between different liquids can be compensated by adjusting the flow

rate through the nozzles [13], however, the advantage of a colliding geometry is given by its

possible application for all types of liquids simultaneously. A drawback of the nozzle geometry

is the small printed structure itself, which is prone to blockage due to microparticles inside the
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Figure 6.2: Schematic comparison of the two different flat jet geometries, where the liquid sheet is either

formed upon collision inside the nozzle (nozzle geometry [139]) or by crossing two separate laminar jets

(colliding jet geometry [109]).
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Figure 6.3: Schematic drawing of the liquid handling system, zooming onto the jet-collector section and

further onto the nozzle, which is shown as computer aided design (CAD) drawing. Images reproduced

with the permission of G. Galinis.

liquid and also wears out over time, thus requiring a regular exchange.

Having discussed the principle and advantages of the nozzle geometry, Fig. 6.3 illustrates the

complete liquid handling system. After emerging from the nozzle, the liquid expands radially in

the jet plane and a leaf like sheet is formed, which is bounded by a thicker rim [140–142]. The

large surface area leads to a high surface tension, resulting in an inward directed force parallel

to the jet plane and recombining the jet after a short propagation. At this point, the perfect leaf

shape guarantees a compensation of the momentum in the plane of the jet. Thus, following the

first sheet, a chain of mutually orthogonal leafs with deceasing sizes are formed until only a

single cylindrical jet is observed [143].

At the recombination point of every sheet, the jet transverse profile is near circular, which al-

lows the trapping and removing of the liquid with a circular collector nozzle. The liquid is sub-
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Figure 6.4: Images of the jet and the imprinted interference pattern from the back reflection of mono-

chromatic light using a backing pressure of (a) 2 bar and (b) 3 bar at the liquid reservoir. The images were

recorded by a microscope objective and several acquisitions were stitched together to form the complete

picture. Reprinted from [139], with the permission of AIP Publishing.

sequently gathered in a reservoir and forced by the hydrostatic pressure into a high-performance

liquid chromatography (HPLC) pump. This pump is not only circulating the liquid back but

also capable of generating the required backing pressure of 1 to 4 bar at the nozzle, needed to

drive the system in closed loop operation. To prevent pulsing of the jet, a damping section was

introduced, which is realized via a flexible corrugated tube. Alternatively to the closed loop

operation, the liquid can be pumped into a second reservoir from where it is circulated by ap-

plying a static backing-pressure by means of a gas cylinder. By using helium as backing gas,

the absorption of the gas into the liquid phase at the required high backing pressure is mini-

mized to the greatest extend. This method not only simplifies the operation but also allows for

faster pressure adjustments. It is the method of choice for non-precious liquids and used for

all experiments presented in this work. An inline filter prior to the nozzle with a pore size of

2 µm removes any impurities in the liquid and has been proven to be essential to avoid clogging

of the small nozzle structure. The liquid can be refilled by a loading port and outgassed from

dissolved N2, CO2 and O2 via an additional outgassing valve connected to a rough pump.

Characterization of the stability and flatness

For testing the capabilities of the jet and its suitability for sensitive experiments, a complete

characterization of the flat-jet was required. At first, monochromatic interferometry with a

633 nm helium-neon laser was performed to measure the relative thickness and the flatness

of the jet and to further monitor its stability. For this measurement, the jet is illuminated by

a collimated beam and the interferogram arising from the interference of the front and back

reflection of the jet surface is captured, resulting in the image shown in Fig. 6.4. Analyzing

the recorded interferences reveals the relative thickness and thus the flatness of the jet, which
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Figure 6.5: Thickness characterization of the jet via white light interferometry. (a) White light inter-

ference pattern with extracted center-of-mass peak positions (red line) and the predicted peak positions

for the best fitted thickness (dashed line). (b) Deduced jet thickness (data points) at different distances

to the nozzle, which is gradually decreasing from 4.58 µm±0.20 µm to 1.02 µm±0.02 µm across the

full length of the jet. The data was taken at a flow rate of 9.1 ml/min. Reprinted from [139], with the

permission of AIP Publishing.

was calculated to be < λ/20 over the range of a typical laser focus of 100 µm at the center

of the flowing jet [139]. Depending on the chosen backing pressure (1 to 4 bar), the overall

dimension of the jet can be adjusted changing the length from around 0.5 to 1 cm and the width

between 1 and 2 mm. This in turn also alters the flow rate through the nozzle (5 to 15 ml/min).

Furthermore, the monitoring proved the formation of a constant laminar flow. In this regime, a

stable operation of the liquid jet was established over several hours, only restricted by the size

of the liquid reservoir.

Characterization of the jet thickness

The other but equally important specification of the liquid sheet is its thickness, which served

as the crucial parameter for the design of the printed nozzles. The thickness can be accessed

by means of another interferometric measurement, the white-light interferometry. Here, white

light is focused onto the jet at 45◦ and the spectral interference pattern of the two reflected

beams arising from the front and back surface of the jet is recorded by a spectrometer. The

interferogram, shown in Fig. 6.5 (a), contains the information about the absolute path difference

of both beams over the known beam waist at focus and reveals the absolute thickness of the jet.

Repeated measurements at various positions across the full length of the jet showed a gradual

decrease in the jet thickness from 4.58 µm±0.20 µm at the nozzle to 1.02 µm±0.02 µm close

the tip of the 9.45 mm±0.05 mm long leaf for a backing pressure of 3 bar. In the middle of the

jet, 5 mm away from the nozzle, the thickness was characterized to 1.53 µm±0.26 µm [139],
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(a) (b)

Figure 6.6: (a) Liquid jet nozzle holder with attached nozzle assembly (in front) and (b) inner and outer

collector.

which pushes the previous limits of slit type nozzles (≈3.5 µm) [144, 145] and represents a

similar result as achieved with the colliding jet geometry (≈1.2 µm) [109]. For the experiments,

the backing pressure was adjusted to form a leaf of about the same length, i.e. about 1 cm.

Unless otherwise indicated, the laser was directed to the middle of the jet, where a thickness of

around 1.5 µm and a smooth surface of the sheet can be assumed.

Transferring the jet into a vacuum chamber

Since XUV wavelength are strongly absorbed by air, a HHG experiment has to be conducted

under vacuum with pressures below 1×10−2 mbar, starting from the interaction medium up to

the detector. For this reason, the liquid jet system had to be transferred into a vacuum chamber.

Unavoidable modifications had to be made to the previously described setup (cf. Sec. 4) and the

liquid handling system itself to guarantee a stable operation of the liquid jet in such an envi-

ronment. The intrinsic problems of using liquids inside a vacuum chamber are their high vapor

pressures, which are highly dependent on the liquids and their temperature, e.g. isopropanol

has a vapor pressure of 42 mbar at room temperature.

At first, in order to achieve a stable flow of the liquid, the collector diameter must be carefully

adjusted, as a too small or too large diameter prevents stable operation at a pressure below the

vapor pressure of the liquid. If it is too small, the circular jet at the recombination point cannot

be captured completely and if it is too large, evaporation driven back flow from the liquid

reservoir through the orifice significantly destabilizes the jet. Only if the jet diameter matches

the collector size at the entrance, the back flow is reduced to a minimum and a stable operation

in vacuum is possible. For the jet type deployed here, this was accomplished for a collector

diameter of 600 µm.

The assembly of the nozzle holder and the collector are shown in Fig. 6.6. The collector

assembly is composed of the inner and outer collector, the inner being the main collector de-
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scribed so far. The outer collector catches all spillages that mainly occur during the alignment

procedure. Once a stable flow is reached, the valve connecting the outer collector to the liquid

container is closed for long-term operation to prevent any backflow of the vaporized gas.

Using this assembly, the condensed liquid is removed efficiently and quickly from the vacuum

chamber. However, a significant fraction of the liquid is lost due to evaporation because of the

vapor pressure and the relatively large surface of the liquid leaf. A careful measurement of the

evaporation loss of a water jet revealed a mass loss of around 5 % during one vacuum passage

for a double sheet of 4.6 mm and 2.2 mm length and 1 mm and 0.5 mm width, respectively [109].

This high loss of liquid into the vapor phase complicates reaching a low vacuum and demands

for an effective pumping scheme. If isopropanol is used as a liquid medium with a vapor

pressure that is more than twice as high as water, an even higher mass loss is to be expected.

As countermeasure, a cylindrical shaped cryogenic trap (32 cm long, ID: 73 mm, OD: 122 mm)

was installed, surrounding the entire HHG generation area, to support the turbomolecular pumps

of the vacuum chamber. By filling the hollow walls of the trap with liquid nitrogen (L:N2) and

thus cooling them far below the freezing point of the liquids used, gas molecules striking the

wall are efficiently frozen out. Fig. 6.7 displays the CAD design and two pictures of the fina-

lized custom-built trap. As shown in figure (b) and (c), a further collector is fitted to the trap,

which collects all spills that were not caught by the main collector and that mainly arise when

the trap is defrosted. In total, the cryogenic trap has four inlet or outlet holes with a diameter

of 5 cm each, which can be shut by metal plates. This ensures that the openings can be adapted

to different experimental requirements by drilling holes in the plates. For the HHG experiment,

a 2 cm hole in the front and rear plates allowed the propagation of the driving field, and a 3 cm

hole was used in the side plate for monitoring the jet and its interaction with the beam during

operation.

As final modification, the differential pumping section separating the generation chamber

from the spectrometer chamber was optimized for the high background pressure in the liquid

jet chamber to guarantee a minimal gas flow towards the detector. Skimmer diameters of 3 mm

and 5 mm were installed at the first and second plate, respectively. With them a pressure of

below 1×10−6 mbar was guaranteed in the spectrometer chamber for all pressures of less than

1×10−2 mbar in the generation chamber, which ensured the unrestricted use of a MCP detector.

By the implementation of all measures a stable long-therm operation of the liquid jet with iso-

propanol in vacuum was possible. Reviewing the dimensions and stability of the jet in vacuum

confirmed identical parameters to the one taken at atmosphere. A thickness of 1.49 µm±0.04 µm

at a flow rate of 9.4 ml/min 5 mm away from the nozzle was measured at 5×10−1 mbar [139].

At full pumping speeds during the experiment, a stable operation over several hours (2 to

3 hours) was demonstrated, while the background pressure in the generation chamber did not

exceed 1×10−4 mbar. The liquid sheet hence constitutes an optimal target for sensitive experi-

ments, which require a constant liquid flow in vacuum over an extended period of time, e.g. the
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(a) (b) (c)

Figure 6.7: (a) CAD drawing of the liquid nitrogen (L:N2) trap. To visualize the structure, a three-

quarter section view is applied. The tubes on top of the trap are for filling L:N2 and venting of the

evaporated nitrogen. (b) Manufactured trap with attached differential pumping windows and collector

container which can be drained by the small metal tube. (c) Top-view, also showing the collector contai-

ner inside the trap.

high harmonic generation in liquids.

At a flow rate of 10 ml/s, the dimensions of the nozzle (260 µm×30 µm for isopropanol)

yield a flow velocity of approximately 21 m/s. Thus, at 1 kHz, the sheet spreads over 20 mm

per laser shot, which is more than twice the jet length, and a complete renewal of its surface

can be expected. Even at repetition rates of up to 100 kHz, a new area of the jet is exposed to

the driving field for every laser shot, if a focus size of 200 µm or less is assumed, making it in

general a suitable target for high repetition rate experiments.

6.1.2 Liquid sheets in a vacuum

As already mentioned, liquids behave differently in a vacuum than in the atmosphere. This

section will discuss more detailed the relevant processes and present the associated implications.

Evaporation driven cooling

Emerging from the nozzle, the jet thickness quickly decreases to its minimum of ≈1 µm through-

out the entire propagation (cf. Fig. 6.5 (b)), while the width of the jet widens up to a few mil-

limeter at the center of the leaf. At all chamber pressures below vapor pressure, the molecules

of the liquid begin to evaporate from the large jet surface, resulting in a reduction of the liquid

temperature due to the amount of heat consumed by the phase conversion from liquid to gas.
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Figure 6.8: Decreasing liquid jet temperature after propagation in vacuum, assuming a diamond shaped

jet with a start temperature of 295 K, a maximum width of the sheet of 1.5 mm and modeling the vapor

pressure for every propagation step by means of the Antoine equation [146, 147]. Calculated jet temper-

ature plotted against the vertical position in the jet for (a) a different jet length in isopropanol and (b) for

a 5 mm jet in different liquids.

Following [147, 148], the number of molecules N vaporizing from a surface A during a time

interval dt is given by
dN

dt
=

1√
2πmkbT

(pvap − p)A, (6.1)

where m is the mass of one molecule, pvap denotes the temperature dependent vapor pressure,

p represents the pressure of the gas phase surrounding the jet and T is the temperature of the

liquid. Due to the phase transition, the negative evaporation enthalpy Hvap is added to the liquid

substance, which in turn is linked to a change of the jet temperature dT by

dT =
Hvap

NACM
dN. (6.2)

In this equation, NA denotes the Avogadro constant, C is the specific heat and M represents

the mass of the remaining liquid in the volume under consideration. With the two equations

Eq. (6.1) and Eq. (6.2), the cooling rate of the liquid jet can be estimated. Fig. 6.8 shows the

results of a numerical calculation, in which infinitesimal small jet volumes were propagated

in vacuum, assuming a diamond-shaped jet evolution and adjusting the temperature dependent

vapor pressure at every step. The evaporation enthalpy Hvap was estimated as constant over

the temperature range of interest. In Fig. 6.8(a) the cooling rate for different jet lengths in

isopropanol is illustrated, whereas in the figure (b) it is compared for different liquids. The

calculation was further confirmed by a cross-check of the expected jet temperature after the

vacuum passage with measured data from Ekimova et al. [109], whereby a good agreement was

found.
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The theoretical model suggests a rapid decrease of the jet temperature starting from the noz-

zle, especially for liquids with a high vapor pressure. This leads simultaneously to a fast re-

duction of the vapor pressure, e.g. in isopropanol from 42.4 mbar to 21.5 mbar by decreasing

the jet temperature by only 10 ◦C from 20 to 10 ◦C. In liquids containing a lower vapor pressure,

such as DMSO or water, the cooling is far less pronounced.

Surrounding vapor layer

Depending on the number of particles evaporating from the surface, different regimes have to

be deployed to describe the vapor layer surrounding the jet. Gases at low pressure with a mean

free path λ of the molecules much larger than the size of the molecular source, in our case the

width of the jet w, are in the Knudsen diffusion regime, in which the evaporated molecules are

efficiently propagating away from the source on ballistic, collision-free, trajectories [149]. This

model is valid for

λ =
1√

2πσ2
collρgas

≫ w, (6.3)

where σcoll denotes the collision diameter of the gas molecules and ρgas represents the density

of the gas.

Assuming a molecular point source, the evaporation takes place in the full solid angle and the

pressure drop away from the target is specified by ∝ 1/4πr2, with r as the distance to the point

source. When expanding the point source to an infinitesimal long rod, which is a good approxi-

mation for a circular jet, the dependence is given by ∝ 1/2πr and is only linearly decreasing with

the distance r [149]. Widening this 1D beam to a small surface with the width w, which reflects

the case of a liquid sheet, the emission is described by the Lambert’s cosine law. Hence, the

pressure drop has to be modified to ∝ cosφ/r, where φ is the angle of emission relative to the

normal of the sheet.

The model has to be revised for w ≫ λ . In this regime, molecules are held back due to

collisions near the jet surface and form a vapor layer surrounding the jet [149]. Consider-

ing the relatively large jet width w ≈1 mm and a representative collision diameter σcoll, e.g.

2.6×10−10 m for water molecules [150], the transition range between both regimes is approx-

imately at 0.1 mbar gas pressure. Therefore, a dense molecular gas layer surrounds the jet for

vapor pressures exceeding 0.1 mbar. However, on moving sufficiently far away from the jet, the

pressure again drops as ∝ 1/r once the Knudsen regime is reached.

The ultimate impact of the evaporation driven cooling and the surrounding gas phase on the

experiment depends on the type of liquid used and its temperature, since these two parameters

determine the vapor pressure. Their implications for HHG in liquids are discussed more in

depth with the experimental results, presented in the following section.
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6.2 Results

The high harmonic generation in the liquid phase is a largely unexplored field, with only a few

groups having demonstrated the generation of XUV radiation from liquid samples. This section

describes a sequence of experiments conducted at the Blackett Laboratory and the insights into

the relevant processes gained from them. To fully characterize the involved mechanisms, a

multitude of different devices were deployed and a variety of laser and target parameters were

scanned.

This section is structured as follows. First, all experiments carried out in the liquid isopro-

panol, which was used as the main medium, are presented and the results discussed. Then the

results of a second liquid, i.e. dimethyl sulfoxide, are introduced and linked to the preceding

results. In the following, the properties of the generated XUV radiation are discussed in more

detail, providing first deep insights into the underlying mechanism. Finally, a short outlook for

future experiments is given.

6.2.1 Isopropanol sheet

Isopropyl alcohol (IPA), commonly called isopropanol, was used as the liquid for the majority

of experiments, as the jet technology was most advanced for this medium. Moreover, the low

freezing point of −89 ◦C ensured stable operation without freezing for an extended period of

time of up to 3 hours and the vapor pressure of 43 mbar at 20 ◦C is lower than that for other

potential usable alcohols, e.g. ethanol with 58 mbar.

During the operation of the jet, however, a significant fraction of the IPA evaporates into the

vacuum, whereby a large fraction is immediately frozen out at the cryogenic trap. Hence, a

thick layer of ice is formed around the walls. The ice formation, which is depicted in Fig. 6.9

for a period of 2.5 hours, drastically reduces the cooling power of the trap over time. Ultimately,

liquid droplets form and start to flow down the walls of the L:N2 trap. As soon as these droplets

reach the warm chamber bottom, the low pressure required for the experiments can no longer

be maintained, which forces the operation to be stopped and the defrosting of the L:N2 trap.

Front- and side-view camera

A front- and a side-view camera (Sumix, SMX-150M/SMX-M7) were used to align the liquid

sheet onto the collector, to ensure the overlap of the driving laser with the jet, and also to monitor

the jet during the experiment. Fig. 6.10 shows the running jet with the pictures recorded by the

front- and side-view camera. Only the latter can be used continuously during the experiment,

since the front camera is directed through the laser entrance window and must be removed

during measurements. The visible bright spot at the jet surface in Fig. 6.10(b) is the result of

the strong field interaction of the beam with the dense medium, which can be seen visually
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(a) (b) (c) (d)

Figure 6.9: Ice formation at the side window of the cryogenic trap during the experiment, while an

isopropanol sheet was used at room temperature in 2×10−5 mbar vacuum after (a) 15, (b) 75, (c) 120

and (d) 150 minutes.

starting from intensities of 1×1014 W/cm2, and demonstrates a good alignment of the driving

laser onto the liquid sheet. As already reported in previous studies [13, 151], a plasma plume,

which will be discussed further later in this section, emerged from this interaction zone in the

upstream direction of the driving laser.

Low-order harmonics

In order to investigate and characterize the emission of low-order harmonics down to a wave-

length of about 150 nm and further to determine their absolute flux, the photodiode setup, which

is described in more detail in Sec. 4.2, was deployed first. The complete optical setup including

the spectrometer is shown in Fig. 4.1.

For the harmonic generation, the signal beam (1480 nm, 550 µJ at target, 40 fs, 15 mm beam

size) was focused with a 75 cm convex lens onto the jet. An optimal HHG build up was achieved

when the pulse energy was reduced by means of an aperture to 360 µJ (8 mm aperture size,

f/97.5), which corresponds to an estimated focus intensity of 4×1013 W/cm2. Fig. 6.11 shows

the measured spectrum, demonstrating the generation of the 5th to the 9th odd harmonic order.

The 11th harmonic order was below the noise floor of the detector and was not detected. The

data was recorded by scanning over the wavelength region of interest with a step size of 1 nm,

integrating over the signal of 5 laser shots and averaging the value over 200 consecutive mea-

sured values, which implies a measurement time of 1 s for every data point. The entire spectrum

was acquired in a total of about 5 minutes, which was determined by the integration time of the

charge detector and the readjustment of the spectrometer grating at every step.

Taking into account the wavelength-dependent response of the photodiode and considering

the spectrometer transmission, the measured signal can be converted into an absolute photon

flux (cf. Sec. 4.2.3), which is shown in Fig. 6.12. To illustrate the strength of consecutive

harmonic orders, the data is plotted three times with different magnification factors, which are
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(a) (b)

Figure 6.10: Pictures taken with the (a) front- and (b) side-view camera of the flat jet. The bright spot at

the jet surface and the arising plasma plume in (b) show the perfect alignment of the laser onto the liquid

medium.
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Figure 6.11: High harmonic spectrum generated with the signal beam (1480 nm, 360 µJ, 40 fs, 8 mm)

and measured with the photodiode at 1 mm step size. Every data point is integrated over 5 laser shots and

averaged over 200 consecutive values.

115



Chapter 6 High harmonic generation in liquids

160 180 200 220 240 260 280 300

wavelength [nm]

0

1

2

3

4

5

6

p
h

o
to

n
fl

u
x

[p
h

o
to

n
s
/s

/1
.5

n
m

B
W

] ×1011

data

data x 25

data x 300

Figure 6.12: Absolute photon flux converted from the data shown in Fig. 6.11. For better comparison

of the signal strength of the consecutive harmonic orders the result (blue) was multiplied by the factor of

25 (black) and 300 (red).

given in the legend. For the 5th, 7th and 9th harmonic, a maximum photon flux of 6×108 ,

2×107 and 1×106 photons per laser shot per 1.5 nm bandwidth was detected, respectively,

which corresponds to an absolute flux of 4×109, 7×107 and 2×106 photons per laser shot in

the different harmonic orders. A drop in signal strength of approximately one order of magni-

tude for each harmonic order becomes apparent. Since all three harmonics are well below the

ionization potential of isopropanol, which is given at 10.15 eV±0.07 eV (∼122 nm) [152], they

are in the range of the perturbative regime of harmonic generation. Here, the measured sharp

decrease of the absolute flux between the adjacent orders is expected. To further investigate the

characteristics of the generated radiation, the driving field was modified in two ways. By de-

ploying a λ/4 wave-plate, the influence of the ellipticity on the harmonic emission was analyzed

and the intensity dependence was revealed by scanning the relative position of the focus with

respect to the sheet.

In the former case, depending on the rotation of the fast axis of the wave plate to the driving

laser polarization, a fraction of the driving field is rotated onto the other polarization axis and

retarded, thus generating an elliptically or circularly polarized beam. As shown in Fig. 6.13, a

variation of the ellipticity e from linear (e= 0) to circular (e= 1) lead to a significant drop of the

harmonic flux. In the perturbative regime, this behavior can be fully explained by the change in

the peak intensity of the driving field, which is reduced over cos(e)2 for a change of e, indicated

in the figure by the red line. The expected harmonic intensity in the perturbative regime scales

with the laser peak intensity to the power of the harmonic order and is plotted as solid lines for

the different harmonic orders five to nine, agreeing well with the measured data. Only the 9th
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Figure 6.13: Harmonic intensity depending on the ellipticity of the driving field for the different har-

monic orders, normalized to the maximum. The solid lines show the expected behavior of the peak field

intensity of the driving field (red) and the peak field intensity raised to the power of the different harmonic

orders, where blue, green and grey are representing the 5th, 7th and 9th harmonic order, respectively.

order harmonic is subject to a high fluctuation due to the low signal-to-noise level. The signal

beam was preferred to the idler for this series of measurements, since the GDD of the optics

used has a smaller effect on the longer laser pulses also inheriting a narrower bandwidth.

The same intensity scaling was confirmed by scanning the focus position in respect to the jet

plane, as shown in Fig. 6.14. Again, the harmonic flux perfectly followed the driving field peak

intensity raised to the power of the harmonic order, which was the 5th in this measurement.

Therewith both measurements confirm a clear dependence of the signal on the scan parame-

ter and follow the expected intensity dependency for the perturbative regime, well below the

ionization potential.

High-order harmonic generation with the 1480 nm beam

For the investigation of higher harmonic orders, the photo-diode based detector was replaced

by the flat-field spectrometer, whereby lower signal fluxes can be observed due to the amplified

detection scheme. The complete setup is shown in Fig. 4.11. By using a 1200 lines/mm grating,

energies as low as 11 ev were detectable, enabling the measurement of harmonics starting from

around the ionization potential of isopropanol. Fig. 6.15(a) and (b) shows the measured har-

monic spectrum generated again with the signal field at 1480 nm (8 mm beam, 350 µJ, 40 fs).

The spectra were integrated over 5000 laser shots and are plotted on linear and logarithmic

scale. They cover odd harmonic peaks from the 13th (10.9 eV) up to the 41st (34.3 eV) order,

which are clearly distinguishable over the background in the logarithmic plot. To the author’s
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Figure 6.14: Normalized harmonic intensity of the 5th harmonic for different focus positions relative

to the jet plane, where a positive number indicates a focal plane after the liquid sheet. The solid line

shows the change of the driving field peak intensity at the jet plane raised to the power five when the lens

position is moved and a Gaussian beam is assumed.

knowledge, this represents the highest harmonic energy ever reported using a liquid sheet as in-

teraction medium. Under consideration of the harmonic cutoff law in gases, a threshold energy

of 36.2 eV is predicted in IPA for the given laser parameters, i.e. driving field intensity of

4×1013 W/cm2, which matches the observed cutoff energy. The MCP diameter was too small

to measure the entire HHG spectrum at once. By shifting the detector along the energy axis,

however, this problem was overcome. In the experiment, a translation by 3 cm, indicated by the

label in the plots, was sufficient. The overlay of data obtained at different MCP positions, as

shown in Fig. 6.15(b), allowed to normalize the relative intensity of the harmonic peaks in the

overlap region arising at the different positions and thus to plot the entire spectrum, as shown

in Fig. 6.15(c). It should be noted that the 13th harmonic order, as the only one, is clipped at the

detector plate of the MCP, explaining the reduced signal strength compared to its neighboring

harmonic order.

In contrast to the pre-calibrated scanning monochromator, an photon energy calibration is

required for the flat field spectrometer. It was accomplished in two different ways. First, the

deflection of a certain harmonic order along the energy axis was calculated by means of the

known flat field geometry, which is possible especially for the low order harmonics, diffracted

at a larger angle at the flat-field grating. This calibration was cross checked by deploying a

200 nm aluminum filter in transmission, which blocks all harmonics below the transmission

window of about 17 to 72.7 eV [20]. Fig. 6.16 shows the aluminum transmission function

(red) and the measured harmonic spectrum with Al filter (blue and black), confirming the good
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Figure 6.15: High-order harmonics of the signal beam (1480 nm, 8 mm beam diameter, 350 µJ, 40 fs)

generated in isopropanol and measured at two different MCP positions to record the entire spectrum.

The spectra are shown on a (a) linear and (c) logarithmic scale. The overlap of the spectra collected at

two different positions is presented in (b), which was used to adjust the relative intensities of the two

measurements for the plots given in (a) and (c).
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Figure 6.16: Transmitted harmonic spectrum through a 200 nm aluminum filter, showing the perfect

agreement with the Al transmission function (red) and thus confirming the energy calibration of the flat

field spectrometer.

calibration of the system.

Ellipticity scan using the 1480 nm beam

As already demonstrated with the photodiode for the harmonics below the ionization potential

of isopropanol, a scan of the driving field ellipticity can shed some light onto the generation

mechanism of the higher harmonic orders in liquids. Using the two different MCP positions,

the dependence of the harmonics starting just around the ionization potential were compared

with the higher order radiation. Fig. 6.17 summarizes the performed scans.

A strong dependence of the harmonic intensity on the field ellipticity is already apparent in

the images recorded with the CCD camera, as shown in figure (a) where the raw data at different

ellipticities were stacked together to from this plot. Figure (b) indicates the two spectral regions,

in which the ellipticity scans were performed. The corresponding measurements are shown in

(c) and (d) for the low and high energy range, respectively.

Taking a closer look at Fig. 6.17(c) reveals several interesting aspects of the underlying

processes. Here, the harmonic orders 13 and 15 have a distinctly broader dependence on el-

lipticity compared to the higher orders 17 to 23. Their photon energy at 10.9 and 12.6 eV is just

above the ionization potential of isopropanol given at 10.2 eV. Nevertheless, their dependence

here is less broad than expected for harmonics generated in the perturbative regime, as indica-

ted by the grey and red dashed line. This is a well known behavior for harmonics generated

in gases just above the ionization threshold [86] and can be understood as the transition range

between the perturbative regime and the region of high-order harmonics described by the three

step model as a nonlinear strong-field process. As shown in Fig. 6.17(d), all higher harmonics
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Figure 6.17: Ellipticity dependence of the signal harmonics using the same driving parameters as in

Fig. 6.15. (a) Harmonic flux at the CCD camera for various field ellipticities stacked together at the

dashed lines. (b) Regions of interest for the two ellipticity scans, where region (c) and (d) are shown in

plot (c) and (d), respectively. (c) and (d) show the relative harmonic intensities depending on the field

ellipticity for various harmonic orders. The solid lines are Gaussian fits to the scattered data and help as

a guide to the eye. The grey and red dashed lines show the expected behavior for perturbative harmonics

of the 13th and 15th order, respectively, which do not agree to the measured data. The blue dashed line

shows the data reported in [13] for the 13th harmonic of a 1500 nm field in liquid isopropanol.

121



Chapter 6 High harmonic generation in liquids

ρvapour≈ 10-4ρliquid

ρvapour

ρliquid

distance

density

gas phase

liquid phase

≈

0.0 0.1 0.2 0.3 0.4 0.5

ellipticity

0.0

0.2

0.4

0.6

0.8

1.0

in
te

n
s
it

y
[n

o
r
m

.]

only gas

gas

liquid (expected)

gas + liquid

(a) (b)

Figure 6.18: (a) Schematic diagram of the liquid sheet as structured target, which is composed of the

liquid sheet surrounded by a vapor phase in all directions. (b) Under the assumption of harmonic emis-

sion in both, the vapor phase and the liquid (ratio 1/1) (dashed lines), the ellipticity dependence smears

out and a potential wider dependency in the liquid phase is less pronounced (solid lines).

orders follow the same narrow distribution and no further transitions are discernible.

So far, all characteristics presented closely resemble those of the HHG generation in gases.

The resulting challenge is the exact localization of the harmonic generation within the inter-

action zone, which is to be understood as a structured target. As schematically depicted in

Fig. 6.18(a), the liquid IPA sheet with a particle density of 7.8×1027 molecules/m3 is sur-

rounded by a gas phase with a particle density dependent on the vapor pressure of the liquid

and thus on the liquid temperature. The latter is about 1×1024 molecules/m3 for isopropanol

at room temperature, approximately 4 orders of magnitude lower than within the liquid sheet

and decreases with increasing distance to the jet, as discussed in Sec. 6.1.2, over ∝ 1/r.

Regarding the ellipticity dependence in the electron recollision model (cf. Sec. 3.4), the

measured distribution can be understood as a probe for the extension of the electron-hole wave

function [87]. As shown in Fig. 3.13, it was reported that liquids possess a broader dependence

compared to their gases. This was attributed to the extension of the electron-hole over several

molecules in the liquid, i.e. a pentamer cluster [13].

Considering the structured target, where a harmonic generation can be expected in both

phases (liquid and gas), both are detected simultaneously. However, as already discussed, the

absorption length of XUV wavelength is in the order of tens of nm in IPA and all harmonics

generated in the gas phase before the jet are absorbed in the sheet, as long as the sheet remains

intact. The detection of both contributions leads to a smearing of the ellipticity dependence,

which depends on the relative signal strength. Fig. 6.18(b) demonstrates, as an example, the

expected broadening for a chosen signal ratio of 1/1 (dashed lines), if a wider dependency is as-

signed to the liquid. However, the presented data in Sec. 6.18 does not show a broadening of the
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Figure 6.19: SEA-SPIDER characterization of the deployed idler pulse.

distribution as reported in liquid isopropanol by Luu et al. [13], which is shown in Fig. 6.17(c) as

blue dashed line. This dataset represents an interesting reference, because it was recorded with

a SWIR driving field pulse at 1500 nm and an intensity of 4×1013 W/cm2, which is closely

resembling the signal beam parameters in the experiment reported in this work. It shows the

distribution of the ellipticity dependence for the 13th harmonic in liquid isopropanol. Neverthe-

less, this has to be treated with caution, since it is with 10.7 eV only slightly above the ionization

potential of IPA and thus in the transition range from the perturbative to the strong-field regime.

Furthermore, no difference was found in the ellipticity dependence of the low order harmonics

close to the ionization potential compared to higher orders, which is in contrast to the results of

the experiment presented here.

High-order harmonics generated with the few-cycle idler beam at 1700 nm

As an alternative driving field, the idler beam (1700 nm, 12 mm beam diameter, 330 µJ) was

used for the harmonic generation in isopropanol. Not only does it provide a new wavelength

as an additional parameter for the experiment, but it can also be compressed to a few optical

cycles, thereby opening up new investigations, such as a scan of the carrier-envelope phase. On

a daily basis, depending on the spectral broadening in the HCF, a pulse duration between 15 to

20 fs was achieved, which corresponds to a three to four cycle pulse at this center wavelength.

Fig. 6.19 illustrates a measurement taken with the SEA-SPIDER.

In Fig. 6.20 the harmonic spectrum of the idler beam is shown, which reaches a slightly

higher cutoff at 37.2 eV compared to the signal beam. At the idler wavelength, this corresponds

to the 51st harmonic order. For achieving the highest cutoff energy, the beam was apertured, by

means of an iris down to 6.5 mm, reducing the pulse energy to 220 µJ. Here, the focus intensity

can be estimated to 3 to 4×1013 W/cm2, which leads to an expected cutoff energy of around

36 eV for the idler wavelength in IPA gas, again agreeing well with the threshold measured.
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Figure 6.20: Harmonic spectrum generated with the idler beam (1700 nm, 12 mm beam diameter, 330 µJ,

≈20 fs) in isopropanol, measured at two translated MCP positions to record the entire energy range. The

spectrum is shown on a (a) linear and (b) logarithmic scale.

The spectra were integrated over 10000 laser shots.

Optimization of the photon flux with the driving field intensity

As mentioned before, the harmonic flux and cutoff energy were improved by an aperture instal-

led before the convex lens, which needed to be investigated further. Fig. 6.21 demonstrates the

achieved optimization of the harmonic flux. A clear signal increase was observed with a slightly

clipped beam at an aperture diameter of around 11 to 13 mm. However, it was not only the har-

monic flux that changed, but also the absolute photon energy and the divergence of the emitted

radiation. A higher field intensity led to a significant red-shift of the generated harmonics and

simultaneously increased their divergence angle.

The former can be explained by at least three different processes. At first SPM leads to

change of the instantaneous frequency, resulting in a red-shift of the leading and in a blue-shift

of trailing edge of the pulse [153]. Secondly, the ultrafast strong-field ionization taking place at

the high density liquid sheet leads to a rapid increase of free electrons, starting from intensities

of around 1×1013 W/cm2. This ionization break down causes a high-electron-density plasma

to be formed, which introduces a severe self-action effect on the beam. Already at relatively low

plasma densities, the freed electrons change the refractive index of the medium. This introduces

a plasma shift, which is dependent on the change of the refractive index in the medium [154].

It is negative for an increasing electron density over the pulse duration, leading to a blue-shift

of the driving field. At last, also the Stark effect has to be considered. It describes the shifting

and splitting of atomic or molecular energy levels due to the presence of an external electric
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Figure 6.21: Optimization of the harmonic signal with an aperture before the convex 75 cm lens using

the 1700 nm idler beam. (12 mm beam diameter, 330 µJ, ≈20 fs). (a) Stacked regions of interest showing

the raw signal at the MCP. (b) Harmonic spectra for different aperture diameters.

field [155]. The effect can lead to modifications of the energy levels in both energetic directions

but is hard to predict for the levels of a molecule like isopropanol. However, a shift of the energy

levels relevant for the harmonic generation simultaneously results in a shift of the harmonic

energy, e.g. already due to the change of the ionization potential. All of these mentioned

effects will eventually influence the measured harmonic spectrum. SPM and the Stark effect

may explain the detected red-shift. Nevertheless, a detailed theoretical calculation is required,

that models the actual experimental conditions, to provide further clarification.

The increased divergence angle is a phenomenon which can be explained by two mechanism.

One is given by the phase-matching theory in gases, where an increased field intensity leads to

a change in the dipole phase term which in turn may result in harmonic build up at increasing

divergence angles. The other is given by the strong self-action effects of the created plasma.

Due to the variation of the plasma density and associated refractive index of the medium across

the beam, a plasma lens is formed, which can significantly alter the driving field divergence and

thus the divergence of the harmonic emission.

Focus scan with the 1700 nm beam

In order to gain a better insight into the relevant processes, a further technique was applied to

change the driving field intensity in the interaction region. Here, the focus position of the laser

pulse was scanned in relation to the jet position. Fig. 6.22 summarizes the measurement.

In the top two figures, the raw CCD data are shown which were recorded with low (7-

8×1013 W/cm2), on the left, and high (1-2×1014 W/cm2), on the right, driving field intensity.
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Figure 6.22: Scan of the driving field focus position in relation to the jet plane using a 75 cm convex lens.

A positive number corresponds to a focus after the jet. (a) and (b) show the raw stacked MCP data for low

(7-8×1013 W/cm2) and high (1-2×1014 W/cm2) idler (1700 nm) driving field intensities, respectively.

The normalized intensity of various harmonic orders are shown in (c) and (d) which correspond to the

data presented in (a) and (b), respectively.
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For the latter, the complete laser beam was used, while in the former case it was clipped to a

beam size of 11 mm by an aperture. For the case of the higher field intensity, similar to the

intensity scan by means of the aperture, the maximum driving field intensity at the jet plane

did not result in the highest harmonic flux and the divergence of the created harmonics was

increased. Figures (c) and (d) present the normalized harmonic flux for several harmonic orders

depending on the focus position relative to the jet. In the low energy case, given with figure (c),

the plot only exhibits a single maximum simultaneously for all orders when the focus position

coincides with the jet plane (relative focus position of 0). This changes significantly for higher

field strengths as shown in figure (d). Here, two maxima are detected, which are stretched over

an extended plateau region. The position of maximal harmonic emission is no longer given

when the focus is at the jet plane but for a shifted focus position up- and downstream the di-

rection of the laser propagation. In all plots, a positive relative focus position corresponds to a

focus of the driving field after the jet plane. Hence, the scan of the focus position has demon-

strated conclusively that self-action effects, which reshape the driving laser field, have a major

impact on the description of HHG in liquids and cannot be neglected.

Transmission of the SWIR beam through the jet

To further investigate the high intensity self-action of the beam as it passes through the liquid

jet, a pick-off mirror was installed 10 cm after the jet plane. In this way, the driving field could

be reimaged after the interaction zone on a camera, enabling the measurement of the driving

field transmission. In addition, the convex 75 cm lens was replaced by a 50 cm focusing lens,

increasing the maximum intensity in the focus by a factor of 1.52 = 2.25 and thus the impact of

the strong-field effects.

Fig. 6.23(a) presents a series of images taken at various focus positions relative to the jet

which illustrate the transmission through the jet of a clipped (10 mm aperture) or full beam. In

figure (b) the transmitted beam intensities are compared, revealing that a substantial fraction of

the pulse is blocked when the laser focus coincides with the jet plane. In this range, however, a

higher transmission through the liquid sheet is achieved for a less intense driving field.

The explanation for this behavior can be given by the formation of a high-electron-density

plasma. As already mentioned, the free electrons change the refractive index of the medium,

resulting in a plasma lens. However, this changes drastically for electron densities reaching the

critical density nc given by

nc =
ω2

0 meε0

e2
, (6.4)

where ω0 is the driving field frequency. At this electron density, the plasma becomes opaque

and the beam is specular reflected by the metal-like plasma surface, which is known as plasma

mirror [156].

The critical density for the idler beam at 1700 nm is 4×1026 electrons/m3, which is more
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Figure 6.23: High intensity scan of the relative focus position to the jet in isopropanol using a 50 cm

focusing lens. The transmitted driving field modes imaged at a camera (a) and the corresponding intensi-

ties (b) are shown in the upper figures. The relative difference was defined as (I10mm−Iopen)/(I10mm+Iopen). The

resulting harmonic emission is shown in (c) and (d) for the apertured beam (10 mm, 0.9-1×1014 W/cm2)

and the full beam (2-3×1014 W/cm2), respectively.
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than two orders of magnitude higher than the vapor density at room temperature of isopropanol.

In the liquid phase, this corresponds to an ionization fraction of around 5 % of all molecules.

This implies that the beam passes a region of an underdense plasma in front of the jet but can

only be reflected upon plasma formation in the liquid phase [149].

The propagation through the plasma and the partial reflection of the laser pulse in the sheet

cause both a rapid temporal and spatial reshaping of the driving field, which results in a severely

distorted harmonic generation. As presented in Fig. 6.23(d), this distortion is manifested in the

raw MCP data taken at the high field driving intensity, which can be compared to the data taken

at a lower field strength, shown in figure (c). The arising interference pattern along the spatial

dimension of the MCP plate in Fig. 6.23(d) could be the result of beam break up of the pulse

into multiple modes, emitting harmonics at different positions, times and divergence angles.

Deploying the shorter focal length of 50 cm, the scan of the relative focus position to the

liquid sheet was repeated. Fig. 6.24(a) compares the normalized harmonic intensity of various

harmonic orders. Similar to the longer focus length before, a double peak structure is visible.

The plateau region, however, is considerably smaller compared to the scan performed with the

75 cm lens, which can be explained by the reduction of the Rayleigh length by a factor of 2.25

due to the shorter focal length.

The extreme plasma mirror and self-action effects upon the propagation through the liquid

sheet onto the beam are further demonstrated in Fig. 6.24(b). Here, the transmission of the

driving field is compared for the cases of a flowing and stopped jet. When the focal plane ap-

proaches the jet plane, the transmitted driving field is minimized, but recovers in both directions

before and after the jet. For the total absorption in the liquid sheet, single and multi-photon ab-

sorption, Snell’s law and the plasma mirror have to be considered. But only the plasma mirror

and the multi-photon absorption are intensity dependent and can therefore explain this behavior.

Nevertheless, as shown in Fig. 6.24(a), harmonics are only detected in the region, where

the focus position is close to the liquid plane or when the focus and the jet plane coincide.

This indicates that the detected harmonics are generated in the liquid medium. The transmitted

driving field is too weak to generate high-order harmonics in the gas phase after the jet. In

addition, all harmonics generated in front of the jet are absorbed in the sheet due to the short

absorption length in the order of around 10 nm in the XUV region in isopropanol. However,

this statement is only valid as long as the jet remains intact and no hole has formed, which in

turn would allow the propagation of HHG generated in the gas phase through the jet plane.

Dynamics of the laser-jet interaction and the plasma formation

The use of an ultrafast camera (Phantom, Phantom v7.3) allowed a more detailed investigation

of the extent to which the fluid flow was disturbed, whereby the dynamics of the laser-jet inter-

action and the arising imprint on the jet were examined. It is capable of recording up to 120000
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Figure 6.24: (a) Normalized intensity of different harmonic orders for a scan of the focus position

relative to the jet using a 50 cm lens in isopropanol (2-3×1014 W/cm2). The corresponding transmitted

driving field was measured with the pick-off camera (b) for the cases of a flowing jet compared to no jet.

The relative intensity was calculated as Ion/Ioff. In (c), the extracted intensities of the transmitted beams,

deepening on the focus position, are shown.
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frames per second at a resolution of 128×64 pixel with an extremely short exposure time of

down to 2 µs. By deploying a f/1.4, 50 mm objective with a 7 mm extension ring, a maximal

light sensitivity was achieved and the magnification was sufficient to fill the entire chip, so that

the interaction could be imaged with maximum resolution at the minimal exposure time.

First, the influence of the laser-jet interaction and the resulting instability of the jet was in-

vestigated. Fig. 6.25(a) illustrates the dynamics on a timescale of 125 µs, where images were

recorded at 40000 fps, corresponding to 25 µs delay between the consecutive frames, with an

exposure time of 23 µs per image. Here, the evolution of the jet was tracked by the scattered

light of the surface, which is encircled at time zero. Starting from a stable jet in the first frame,

the jet is exposed to the beam within the second frame at 25 µs. In the next three images, a

fluctuation of the jet surface is visible by the change of the scattered light. It is the result of the

instabilities due to the plasma formation at the front surface of the liquid sheet, which causes a

recoil to the jet. However, the sheet has fully recovered after only 100 µs.

To further resolve these dynamics, the frame rate was increased to 100000 fps, presented in

Fig. 6.25(b). For this purpose, a triggered LED was installed directly behind the liquid sheet in

order to achieve the required high illumination of the jet surface at the now shortened exposure

time of 2 µs, which generated a 100 µs long flash at each laser pulse. In this set of images, a

crater in the front surface of the jet is resolved, that slowly propagates down the jet plane at

approximately 20 m/s, corresponding to the expected flow velocity of the fluid in the jet. On

the back side of the sheet, however, there is no visible change in the liquid and the crater does

not appear to be drilled through.

The last remaining trackable interaction is the formation and evolution of the plasma plume.

It was resolved by starting the camera first with a TTL signal from the main clock of the laser

for the first frame followed by the internal clock of the camera triggering at 99983.3 Hz for all

subsequent exposures. This resulted in an image stream in which every 100th picture was offset

by 1 ms + 166.7 ns to the predecessor. Considering the laser repetition rate of 1 kHz, the plasma

plume could be monitored in these interleaved frames, which were offset by 166.7 ns to each

other, at an exposure time of 2 µs.

Fig. 6.26 shows the recorded movie. It is important to note that each successive image shows

the plasma plume of the next shot in the 1 kHz pulse sequence. Thus, the movie does not show

the evolution of a single plume but of consecutive plumes at different points in time, which

explains slight fluctuations in the plume formation.

An unimodal spark is observed only on the front side of the liquid sheet from which the

laser impinges. Fig. 6.27 schematically depicts the laser sheet interaction. The formed high-

density plasma expands in the upstream direction of the laser propagation (black arrows) and

generates plasma emission, which was recorded by the camera. The plasma evolution down-

stream of the propagation is shuttered by the liquid surface. A similar behavior was reported in

laser-induced breakdown spectroscopy of water [151]. The laser induced ablation in the liquid
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Figure 6.25: Time-resolved images showing the dynamics of laser-jet interaction. The laser pulse propa-

gates from the left to the right with an intensity of 2-3×1014 W/cm2. For (a) a frame rate and exposure

time of 40000 Hz/ 23 µs was used. The interaction can be tracked by the change of the scattered back-

ground light, which is encircled in the first frame. 100 µs after the laser impact, the jet has fully recovered.

By increasing the frame rate to 100000 fps (exposure time of 2 µs) shown in (b), the movement of the

created crater along the jet plane is resolved, additionally indicated by the arrows.
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Figure 6.26: Movie of the plasma plume evolution in IPA at a beam intensity of 2-3×1014 W/cm2.

The pictures were taken at a frame rate of 99983.3 Hz and 2 µs exposure time. The movie is showing

every 100th picture, which results in an offset of 166.7 ns for every frame, sufficiently small to track the

evolution of the plasma plume.

e-

liquid 
sheet

plasmalaser
beam

Figure 6.27: Schematic illustration of the laser-jet interaction. The incident beam forms a plasma at the

front surface of the liquid sheet, which expands only in upstream direction (black arrows), since it cannot

penetrate through the intact sheet at the rear of the jet.

generates a plasma of electrons and small droplets, which spread out and lead to an intense

plasma emission. As a function of delay time, the plasma is propagating perpendicular to the jet

surface. As shown in Fig. 6.25(a), the maximum extension of the observed plume is more than

1.5 cm×0.5 cm. Earlier work demonstrated, that the volume of liquid-laser interaction relevant

for plasma emission can be estimated by the recorded plasma intensity [157].

This result is in stark contrast to the earlier work of Luu et al., in which liquid sheets were

used for HHG [13]. In their report, a bimodal plasma plume is observed, up- and downstream

the liquid sheet. Nevertheless, the unimodal spark observed here guarantees harmonic genera-

tion in the liquid phase, since it confirms that the back of the sheet restricts the plasma expansion

and is therefore still fully intact. This difference may have been caused by several reasons. On

the one hand the liquid sheet used for this work could be thicker or on the other hand different

driving field parameters might have resulted in an expansion of the interaction volume, e.g.
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shorter pulse durations were deployed in the experiments described here. Based on this theory,

both parameters were examined. By translating the jet in vertical direction, the thickness of the

sheet was varied (cf. Fig. 6.5) and by using a different focusing length, the interaction volume

was changed. However, neither of them led to a bimodal plasma emission.

Influence of the vapor pressure on HHG

After assuring that the liquid leaf remains intact and the HHG was generated in the liquid phase,

another important finding can be obtained by a vertical scan of the jet. As already mentioned,

the rapid evaporation of the jet leads to a significant change in the liquid temperature and to a

reduced vapor pressure. Thus, recording the harmonic emission at different vertical positions of

the beam in the jet reveals the influence of the vapor pressure on the HHG. Fig. 6.28 summarizes

the result.

In figure (a), the 5 vertical positions of the beam are indicated, leading to the 5 recorded

spectra shown in figure (b). By translating the beam vertical along the liquid sheet, a change in

the harmonic spectra was discernible, which becomes clearer in the logarithmic representation

in figure (d). At lower positions (position 4 and 5), the higher photon energies above 13 eV

are more pronounced which is flipped in the lower energy range. Besides the decrease in the

vapor pressure, also another effect has to be considered to explain this variation. Along the

vertical direction, the jet thickness decreases from around 5 µm, 1 mm away from the nozzle,

to just above 1 µm, at the end of the leaf, as illustrated in Fig. 6.5 (b). In addition, at higher

positions in the jet, the beam must pass a denser vapor shield surrounding the jet, presented

in Fig. 6.28(c), and simultaneously a thicker liquid sheet, thus causing a more pronounced

reshaping of the driving field. Moreover, harmonics generated in the sheet must be transmitted

by the surrounding gas phase to reach the detector. The corresponding transmission of 1 mm

gaseous IPA at 4 mbar is given in Fig. 6.28(b). Since a higher transmission is noticeable for the

low energy harmonics, this transmission function can partially explain the observed behavior.

However, not all harmonic peaks can be balanced at the same time, suggesting that the driving

field reshaping must be included to obtain a complete description.

Especially for the two lower positions of the beam in the jet (position 4 and 5), the vapor

pressure is well below 1 mbar. This pressure is at least two orders of magnitude lower and thus

negligibly small compared to pressures that result in good phase matching conditions known for

the harmonic build up in gases. Despite this, an increased emission of harmonics is measured at

these positions for higher photon energies, confirming that the short-wavelength radiation must

be generated in the liquid. Since the absorption also decreases for the lower vapor pressures, this

further indicates that changes between position 4 and position 5 are mainly due to the self-action

effects on the driving field.

These findings were further reinforced by an extended vertical scan, in which the harmonic
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Figure 6.28: Influence of the vertical position of the idler beam (6-7×1013 W/cm2) in the jet. (a) Pic-

ture of the jet, indicating the 5 different measurement positions. (b) Linear and (d) logarithmic plot of

the resulting harmonic spectrum. In (b), also the transmission function of 1 mm gaseous IPA at 4 mbar

is shown, with the data taken from [158]. (c) Calculation of the expected cooling and the thus resulting

vapor pressure for a 1 cm long and 2.5 mm wide diamond-shaped sheet as a function of the vertical po-

sition in the jet. The color-coded scatter plot shows the estimated values for the corresponding positions

1 to 5.
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Figure 6.29: Schematic illustration of the available techniques to separate HHG from the liquid and

gas. In (a), the wedge like shape of the jet is utilized, which was first reported by [13]. The alternative

method, shown in (b), is to rotate the liquid jet. For the HHG generated in the liquid, in both cases the

change of the refractive index at the exit of the sheet is negligible and the beam is not refracted, which is

in contrast to the driving field.

generation in the second leaf of the jet was examined. Since this sheet is perpendicular to the

previous ones, a horizontal translation can be used to check the generation in the gas phase

directly in front of the jet. The use of the pick-off camera enabled the exact determination of

the beam to the liquid leaf. No harmonic emission was detected at a maximum exposure time of

the CCD camera (60000 laser shots) for the three positions where the laser was either directly

directed at the rim of the sheet, or was half clipped by the leaf, or was just passing the jet.

This not only provided further evidence for the localization of the generation in the liquid but

also confirms the presented theory of the jet cooling, as the vapor pressure at this position was

calculated to approximately 0.5 mbar.

Seperation of the harmonic radiation from different sources

As introduced in Sec. 3.5, earlier work reported the separation of harmonic radiation originating

from the liquid and the gas phase by utilizing the wedge like shape of the liquid sheet and the

difference in the refractive index of the laser and the harmonic beam [13]. In this method, har-

monics generated in the liquid phase of water were not refracted as they leave the jet, because

the change in refractive index between the liquid and gaseous phase is negligible for the XUV

wavelength region, in contrast to the driving field. HHG generated after the jet, therefore, pro-

pagated in a different direction, as illustrated in Fig. 6.29 (a). The same result can be achieved

by a simple rotation of the jet, which is shown in (b). As Fig. 6.30 demonstrates, this assumption

holds for all harmonic radiation in water above approximately 15 eV, however does not explain

the observed separation in the range at around 10 eV. It therefore remains questionable whether

this method can explain the detected split, which was observed for the energy range between 10

and 50 eV.

Several experimental runs were devoted to separate the harmonic radiation in the latter way

(rotation of the jet), by using the change of refractive index between the XUV and the SWIR

beam in IPA, but without success. To detect simultaneously both contributions, a more or
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Figure 6.30: Refractive index for water [159, 160] and IPA [161] at room temperature below (a) and

above (b) 1 eV.

less equal harmonic flux must be generated in each phase. As the vapor pressure decreases

drastically in the vertical direction of the liquid sheet, this may not be achievable for the jet

geometry in the experiment described here.

6.2.2 DSMO as alternative liquid medium

To further study the relevant mechanism of HHG in liquids, the use of different generation

media can provide new insights and dimethyl sulfoxide (DMSO) was identified as a suitable

source. Not only is the ionization potential reduced to 9.1 eV [162] as compared to 10.2 eV in

IPA, which provides the opportunity to investigate the effects of the formation of the plasma, but

also the vapor pressure is extremely low with 1 mbar at 20 ◦C [163]. Thus, DMSO is suitable to

examine the harmonic generation in the liquid sheet with minimal influence on the surrounding

gas phase. In addition, the viscosity is similar to IPA, making it possible to work with the

same nozzle geometry. However, its freezing point near room temperature at 18.4 ◦C [163]

adds another complication to the experiment, as the liquid must be preheated to at least 50 ◦C

to avoid freezing at the collector, which impedes any stable operation as shown in Fig. 6.31.

Comparing the harmonic build up with isopropanol, an overall reduced emission is detected,

as shown in Fig. 6.32. Here, the harmonic intensity is plotted for a low (8-9×1013 W/cm2)

and high (2-3×1014 W/cm2) driving field intensity in both liquids. All datasets were recorded

using the idler beam at 1700 nm. A significant larger red-shift is detected for DMSO even at a

low field intensity in the interaction region compared to IPA.

Fig. 6.33 compares the idler beam transmission through the DMSO sheet at full intensity

(2-3×1014 W/cm2) for various focus positions relative to the jet. As expected for the low

ionization potential of DMSO, strong plasma effects are apparent. While the entire beam is

transmitted at the relative focus position of −25 mm, this changes considerably when the focus

and jet planes overlap, in which case no beam is detected behind the sheet. This suggests that
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(a) (b)

Figure 6.31: Liquid jet operation with DMSO as liquid medium. By preheating the liquid to 55 ◦C, a

stable jet is possible (a) while using the liquid at room temperature results in immediate freezing of the

DMSO at the collector (b) due to the evaporation driven cooling.
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Figure 6.32: Comparison of the harmonic intensity for isopropanol and DMSO for a low (8-

9×1013 W/cm2) and high (2-3×1014 W/cm2) driving field intensity in the focus, deploying an aper-

tured beam (8 mm) or the full beam, respectively. All spectra were recorded using the idler beam

(1700 nm, ≈20 fs) and are plotted on a (a) linear and (b) logarithmic scale.
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Figure 6.33: (a) Transmitted idler driving field through DMSO at a field intensity of 2-3×1014 W/cm2

for various focus positions relative to the jet plane comparing the jet on with the jet off condition. (b) A

drop of the relative transmitted intensity of almost 100 % is detected by scanning from a focus position

3 cm before the jet to a coinciding focus and jet plane. The relative intensity is calculated as Ion/Ioff.

the plasma formation in the prepulse already reaches the critical density due the more efficient

SFI process in DMSO and the trailing pulse is thus reflected at the liquid. A further self-

action effect can be seen in the transmitted mode at the relative focus position of −25 mm.

Here, almost 100 % of the beam is transmitted, but the mode is line shaped. This effect can be

attributed to the plasma lens.

Further insights can now be gained from the simultaneously generated harmonic signal. As

before performed in IPA, Fig. 6.34 illustrates the scan of the focus position in relation to the

jet for two different field intensities. For a low field energy with an apertured beam shown in

figure (a) (9 mm), a similar distribution of the normalized harmonic intensity is measured as in

isopropanol. However, a triple peak structure is detected when the full beam is deployed, as

presented in figure (b). In figure (d), which shows the raw MCP data, it becomes apparent that

this data is difficult to interpret. The strong-field interaction of the driving field with the fluid

significantly distorts the HHG process and can therefore not be neglected to gain a complete

understanding of the processes involved. However, here again a maximum harmonic signal is

detected for an overlapping focus and jet positions, which simultaneously leads to the loss of

the transmitted beam, again suggesting the harmonic generation in the liquid.

6.2.3 Characteritics and mechanism of HHG in liquids

So far, the focus has been on the laser-jet interaction and determining the exact position of the

harmonic emission within the structured target. After presenting a number of arguments that
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Figure 6.34: Normalized harmonic intensity for different relative focus positions to the jet plane using

a 50 cm convex lens in DMSO for (a) low (0.9-1×1014 W/cm2) and (b) high (2-3×1014 W/cm2) idler

intensity. Similar to Fig. 6.22(c), a smooth curve for low field strengths is measured, which however

changes significantly with increased field energies. The raw signal at the MCP is shown in figure (c) and

(d) for the data plotted in (a) and (b), respectively.
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Figure 6.35: Dependence of the harmonic flux on the driving field intensity in IPA (1700 nm,≈20 fs).

The plots present the revised data taken from (a) Fig. 6.21(b) and (b) Fig. 6.22(c).

strongly point to the generation in the liquid phase, the properties of the radiation will now be

examined in more detail.

Characteristics of the harmonic radiation

A striking difference to the harmonic generation in gases or solids is revealed by the dependency

on the electric-field strength for the observed harmonic orders. Fig. 6.35 shows the revised data

from the iris (cf. Fig. 6.21(b)) and a low intensity focus scan (cf. Fig. 6.22(c)), plotted as a

function of the driving field intensity.

In both cases the harmonic emission starts at about 1-2×1013 W/cm2, but notably the emis-

sion of all observed harmonic orders seems to start at the same field strength. In IPA gas, this

intensity is sufficient to generate harmonics up to ≈27 eV. However, a derivation of a cutoff

dependence is therefore prevented. After optimization of the harmonic signal for both the sig-

nal and the idler, the observed cutoff matched well the known law for harmonics generated

in the gas phase, as discussed before. Starting from 1-2×1013 W/cm2, a linear dependence

of the harmonic flux can be observed as a function of the driving field intensity up to around

1×1014 W/cm2, which is similar to HHG in the gas phase. At this high intensity, the self-action

effects on the beam and the plasma formation can no longer be neglected and the conversion

efficiency is reduced, as shown in Fig. 6.35(a).

A scan of the ellipticity dependence of the harmonic signal was presented in Fig. 6.17. No

significant broadening was found compared to the generation in the gas phase, which is in

contrast to earlier results [13]. Moreover, a repetition of the ellipticity scans for various vertical
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Figure 6.36: Characterization of the idler pulse for the CEP scan, demonstrating a <12 fs pulse dura-

tion. The red line compares the computed spectral intensity to the measured spectrum, showing a good

agreement.

positions in the jet, i.e. with different contributions from the gas phase and the jet thickness, did

not yield any new findings, as the collected data did not differ noticeably. Nevertheless, a more

careful investigation using gaseous IPA as reference is required to reveal subtle differences.

In a further scan, the influence of the polarization of the driving field was investigated by

means of a half-wave plate. As expected for a medium which lacks long-range order, no prefer-

red polarization direction was measured as the harmonic signal kept constant.

Finally, the absolute conversion efficiency from the signal driving field to high harmonic

radiation can be roughly estimated by means of the data taken with the custom-build charge

detector. As shown in Fig. 6.12, a flux of 2×106 photons per laser shot was detected for the

9th harmonic order. Assuming a further signal drop in the perturbative regime of one order of

magnitude per harmonic order, 1×104 photons per shot can be estimated at the 13th order, the

first order observed at the flat field. All subsequent harmonic orders are in the plateau region

of the spectrum and are equally intense. The resulting conversion efficiency from the signal

beam into the XUV region is approximately in the order of 1×10−10. Compared to HHG in

the gas phase, this is a relative inefficient conversion. Nevertheless, the generation mechanism

in liquids is not yet fully optimized and further work is required to fully exploit the potential.

Scan of the carrier-envelope phase

As already introduced for HHG in solids (cf. Sec. 3.5), a scan of the carrier-envelope phase

is capable to reveal the underlying electron dynamics in liquids. In order to perform this mea-

surement, the idler beam was further spectrally broadened and compressed to ≈12 fs, which

corresponds to a 2.2 cycle pulse at this wavelength. Fig. 6.36 shows the SEA-SPIDER charac-

terization of the pulse.

In Fig. 6.37, the recorded CEP dependence of the harmonic spectra is presented. For this
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Figure 6.37: CEP dependence of HHG spectra in IPA. No change of the photon energy as a function

of the CEP is detected, which indicates a different generation mechanism compared to harmonics from

gaseous sources.

scan, the CEP of the laser pulses was stabilized via the piezo-electronic actuated mirror in the

OPA system, as discussed in Sec. 2.3, whereby a stability of 400 mrad was measured. By a

lateral shift of the FS compression wedges and the associated introduced glass, a wide scan of

the carrier envelope phase was enabled due to the difference of the group and phase velocity of

this material. To avoid that possible fluctuations were recognized as a signal, the scan positions

were chosen in a randomized order.

In contrast to the harmonics generated in the gas phase, the harmonic spectra show no clear

dependence of the photon energy on the CEP. Only a weak π periodicity is apparent in the

amplitude of the harmonic emission, which can be attributed to the intermolecular structure of

IPA without any long-range order.

Considering solid state HHG, as introduced in Sec. 3.5, these findings can be explained by

two reasons. Either, only interband harmonics in the plateau region were observed, which

exhibit a far less pronounced slope compared to harmonics near the cutoff [103]. This can be

attributed to a minimized burst-to-burst variation of the harmonic emission time in consecutive

half-cycles of the driving field far away from the cutoff. Only if these emission times change

with the CEP, the periodicity in the temporal domain of the harmonic radiation is broken and

the detected harmonic peak energies shift.

On the other hand, this dependency may be explained by the emission of harmonics without

attosecond-chirp, a behavior known from solids when the generation mechanism is described

by intraband currents [102, 104]. Only when the XUV generation is attributed to this non-

recollisional model, solids have shown no photon energy dependence on the carrier-envelope
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Figure 6.38: Classical maximum electron excursion distance as a function of the photon energy for

various field intensities at the idler wavelength of 1700 nm. The mean interparticle distance r̄ for liquid

IPA is given by the purple line. The highest cutoff energy in the experiment was observed for an intensity

of around 3-4×1013 W/cm2, corresponding to the black line.

phase. In general, this raises the question of a band structure or at least a short-range molecular

order in fluids that would support such a mechanism. Further measurements are necessary, also

in other liquids, in order to finally clarify these results. Nevertheless, Fig. 6.37 represents the

first ever reported scan of the CEP dependence of the harmonic spectra from liquids.

Mechanism of the harmonic generation

The ultimate question is the mechanism responsible for the generation of XUV radiation in

liquids. In earlier works, concepts of the generation in gases and in solids were used to fully

describe the characteristics of the radiation (cf. Sec. 3.5).

On the one hand, a liquid can be described as a dense gas in which the HHG radiation can be

explained by the three-step model. Likewise in this work, some properties like the cutoff energy

are reminiscent of the mechanisms in gases. The immanent problem is whether the electrons

are not scattered on their trajectories at the nearest neighboring molecules.

Depending on the intensity of the driving field, the maximum electron excursion xmax on the

classical trajectory changes. For the short trajectories and a certain photon energy, it decreases

for increasing field intensities. This distance must be compared to the the mean interparticle

distance r̄, which can be estimated by

r̄ = 3
√

1/ρ (6.5)

with ρ as the molecular density of the gas or liquid, resulting in 0.5 nm for liquid IPA. A

comparison between xmax and r̄, shown in Fig. 6.38, allows a rough estimation if the observed

harmonics can be justified by the three step model [107].

The black line indicates the excursion distance as a function of photon energy for a field inten-

sity of 3×1013 W/cm2, which was the intensity used for the harmonic generation yielding the
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highest cutoff energy at above 35 eV presented in Fig. 6.20. While within this scan, a sharp drop

of the harmonic flux is observed for the lowest harmonic orders, the flux does not significantly

change over the plateau region from around 15 to 35 eV. However, since the excursion distance

over this energy range alters between 0.5r̄ and 5r̄, which significantly increases the probability

of scattering of the electrons on their trajectories, an exponential drop of the harmonic flux is

predicted by the theory [107].

On the other hand, HHG in liquids may be described by assigning a band structure to the

liquid, as first reported by Luu et al. [13]. This can be justified as follows. Due to the gradual

compression of a gas, atoms feel more and more their nearest neighbors. If one considers

a transition from a low-density gas to a high-density medium, the dispersion relation of the

electrons E are modified, leading also to a change of their trajectories (cf. Eq. (3.22)). In

comparison to a crystalline solid in which the long-range order leads to a well characterized

band structure, however, this dispersion relationship is hidden. Accordingly, the generation

mechanism must be described much more like in an amorphous solid possessing only a short-

range order. It can also be noted, that the characterized linear increase of the harmonic flux with

the driving field intensity and the periodicity of the CEP dependence agree well with reported

findings in amorphous solids, i.e. in fused silica [11]. The fact that no change in photon energy

was detected in the CEP scan permits further speculation. Based on the current state of the art,

intraband currents as well as other theories, such as Brunel generation, can be considered as

potential mechanisms (cf. Sec. 3.5). However, only matching experimental findings to rigorous

theoretical simulations can provide the needed clarification.

6.2.4 Future work and outlook

After demonstrating the harmonic generation in structured liquid targets, using IPA and DMSO

as independent media, and presenting the first characteristics of the emitted radiation in this

chapter, liquids are next to gases and solids an interesting and promising medium for the gener-

ation of XUV radiation. Further experiments and above all a basic theory is necessary to exploit

the full potential. Especially studying the influence of the thickness of the sheet and the use of a

variety of fluids and solutions promises a great deal of work, but also provides the opportunity

to further increase the conversion efficiency.

A very interesting parameter associated therewith is the plasma skin depth l, which indicates

the attenuation length of the incident radiation to 1/e of the initial intensity. It is given for a

plasma at the critical density as l = c/ω, where ω denotes the frequency of the radiation, resulting

in a skin depth of 0.3 µm for the idler beam. Progress in this direction is possible because gas-

driven liquid sheets with a thickness of less than 20 nm have recently been reported [164].

With new liquids and solutions, the influence of the internal molecular bond and the internal

structure on the involved generation mechanism can be investigated for a variety of systems.
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This can not only increase the understanding of HHG in dense systems, but can also be reversed

to gain knowledge about the electron structure or to temporally resolve charge processes in

liquids.

The presented results of HHG in liquids give new insights into the involved mechanism of

high-order harmonic generation in dense media, as liquids represent the missing link between

a high-density ordered solid target and an unordered atomic or molecular gas. This may be of

great importance for a full understanding of the generation processes in solids, in which a con-

tinuing debate is ongoing over the relevant processes. In addition, liquids promise to overcome

the known shortcomings of gases and solids. For the former, their high density promises a more

efficient generation mechanism, for the latter, sample damage is avoided due to the liquid flow.

Furthermore, liquids are now also available as a dense medium for advancing other areas of

research. On the one hand, the electronic structure of matter or ultrafast processes in liquids can

be investigated. On the other hand, one day HHG in liquids may complement gases and solids

as a technology for table-top XUV sources in the field of attosecond spectroscopy.
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Conclusion

In the framework of this thesis, the extension of the field of attosecond science to novel regimes

has been described, with the focus on the development and improvement of attosecond light

sources. With the implementation of a versatile laser beam line, in which different laser and

target parameters could be scanned, the systematic characterization of high harmonic generation

was made possible. By deploying two different spectrographs, a custom-built charge detector

with an XUV photodiode or a flat-field X-ray spectrometer, short-wavelength radiation from

the visible up to the SXR region was detected and maximum information about the involved

processes were extracted.

For the high-order harmonic generation process, a commercial Ti:Sa CPA in combination

with a high energy OPA system was deployed, generating two energetic SWIR beams at around

1400 nm (signal) and 1700 nm (idler). The latter around 40 fs pulse was further compressed by

self-phase modulation in a HCF, resulting in an 750 µJ few-cycle beam with perfect spatial and

temporal profile. By locking the CEP by means of an actuated mirror inside the OPA, a CEP

stability down to 250 mrad was achieved.

The idler beam increased the attainable ponderomotive energy by a factor of > 4 compared

to the wavelength of omnipresent Ti:Sa lasers operating at 800 nm. Using this beam, a table-top

SXR source was presented, in which the high harmonic intensity was optimized by phase-

matching the generation process in a high pressure neon or helium gas target. Short-wavelength

radiation well into and above the water window (284 to 540 eV) was measured. The genera-

tion mechanism was examined by an analysis of the plasma density in the interaction region,

whereby a strong reshaping of the driving field must be considered to explain the efficient har-

monic generation. A quantitative analysis of the harmonic flux showed that the source outper-

formed previously reported HHG-based water-window sources by an order of magnitude. The

capability to generate isolated attosecond pulses in this spectral region was demonstrated by

CEP scans. By means of a spatiotemporal analysis with the SWORD technique, a high quality

of the harmonic beam throughout the water window was found.

The main result presented in this work is the extension of harmonic generation to structured

liquid targets, given by a micrometer thin liquid sheet surrounded by a gas phase. HHG was
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detected up to the 51st order of the idler beam, which is the highest so far reported harmonic

order in liquids. Arguments were given that strongly suggest the harmonic build up within the

liquid phase. The emitted XUV radiation was characterized by scanning a multitude of laser

and target parameters in two different liquids, i.e. DMSO and IPA. Strong self-action effects

on the driving field considerably influence the build up of HHG from a field intensity above

1×1014 W/cm2. Similarities to gaseous HHG, like the dependence of the cutoff energy or the

ellipticity, were found. By utilizing the charge detector, an estimation of the absolute photon

flux of the harmonic emission was obtained. With a scan of the carrier envelope phase, first

insights into the underlying electron dynamics were revealed, which strongly point to a more

similar generation mechanism as known from solids. Henceforth, a theoretical model is required

that reproduces the experimental results. To correctly describe the detected radiation, also the

strong self-action effects on the driving field, arising from the interaction with the jet, have to

be taken into account.

Liquids thus represent a promising new medium, which may complement the generation in

solids and gases as a technology for table-top XUV sources. Moreover, the characteristics of

the short-wavelength radiation may enable to study the electron structure or ultrafast dynamics

in liquids or solutes.

Last but not least, a statement can be made without any restriction – liquids will inevitably

accompany the future of attosecond physics. On the one hand, liquids promise to combine the

advantages of solids, i.e. high sample density, with the advantages of gases, i.e. sample renewal,

which may, if the mechanism were fully understood, result in an efficient harmonic source. On

the other hand, only in the liquid phase can many relevant processes be assessed in their natural

environment.
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