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There is nothing more deceptive than an obvious fact.
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Abstract

The present (cumulative) thesis examines fundamentals of nanostructure-enhanced ex-

treme-ultraviolet light generation in noble gases using two different nanostructure ge-

ometries for local field-enhancement. Specifically, resonant antennas and tapered hollow

waveguide nanostructures are utilized to enhance low-energy femtosecond laser pulses,

which in turn induce light emission from excited xenon, argon and neon atoms and ions.

Spectral analysis of this radiation reveals that coherent high-order harmonic generation is

not feasible under the examined conditions, contrary to former expectations and reports.

Instead, the spectral characteristics unequivocally identify that incoherent fluorescence

from multiphoton excited and strong-field ionized gas atoms is the predominant process

in such schemes. Furthermore, novel nanostructure-enhanced effects are reported such

as surface-enhanced fifth-order harmonic generation (from bow-tie nanoantennas) and

the formation of a bistable nanoplasma (in a hollow waveguide). These effects offer in-

triguing links between nonlinear nano-optics, plasma dynamics and extreme-ultraviolet

radiation.

v



vi



Contents

List of Figures ix

1 Introduction 1

1.1 Extreme-ultraviolet light generation in atomic gases . . . . . . . . . . . . 7

1.2 Plasmonic nanostructures for field enhancement . . . . . . . . . . . . . . 13

1.3 Plasmon-enhanced strong-field gas excitation . . . . . . . . . . . . . . . 19

1.4 Experimental methods . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

2 Nanostructure-enhanced atomic line emission 25

3 Extreme-ultraviolet light generation in plasmonic nanostructures 29

4 Generation and Bistability of a Waveguide Nanoplasma Observed by En-

hanced Extreme-Ultraviolet Fluorescence 41

5 General discussion 51

5.1 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

5.2 Plasmonic enhancement of HHG revisited . . . . . . . . . . . . . . . . . 52

5.3 Concept for efficient plasmon-enhanced HHG . . . . . . . . . . . . . . . 56

5.4 Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

5.4.1 Gauging of plasmonic near-fields . . . . . . . . . . . . . . . . . 58

5.4.2 Surface-enhanced low-order harmonic generation . . . . . . . . . 60

5.4.3 Optical bistability of the waveguide nanoplasma . . . . . . . . . 60

5.4.4 Future applications for EUV fluorescence . . . . . . . . . . . . . 65

A Kim et al. reply 67

Bibliography 69

vii



Contents

Author contribution 83

Danksagung 85

viii



List of Figures

1.1 Experimental setup and nanostructures for plasmon-enhanced HHG . . . 2

1.2 Extreme-ultraviolet emission spectrum . . . . . . . . . . . . . . . . . . . 3

1.3 Schematic illustration (a) and spectral data (b) for plasmon-enhanced HHG

experiments using a hollow waveguide for field enhancement . . . . . . . 4

1.4 Schematic illustration of the fluorescence excitation and radiation mech-

anisms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

1.5 EUV fluorescence spectra from nitrogen and argon gas . . . . . . . . . . 9

1.6 Three-step explanation of the simple man’s model . . . . . . . . . . . . . 10

1.7 High-order harmonic spectrum . . . . . . . . . . . . . . . . . . . . . . . 12

1.8 Quadratic scaling of the harmonic yield with target density . . . . . . . . 13

1.9 Illustrations of light induced excitation of a plasmonic metal . . . . . . . 14

1.10 Absolute value of the polarizability |α| for a small gold sphere and a gold

ellipsoid with high aspect ratio . . . . . . . . . . . . . . . . . . . . . . . 16

1.11 Scheme of a bow-tie antenna and FDTD simulations . . . . . . . . . . . 17

1.12 Waveguide excitation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

1.13 FDTD simulations for the intensity enhancement in a tapered hollow wave-

guide . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

1.14 Schematic illustrations of the two concept for nanostructure-enhanced

strong-field gas excitation . . . . . . . . . . . . . . . . . . . . . . . . . . 20

1.15 Experimental setup and excitation schemes for EUV light generation with

and without nanostructure-enhancement . . . . . . . . . . . . . . . . . . 21

1.16 Home-built vacuum setup for EUV light generation and spectrally-resolved

detection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

1.17 Optimization of the gold film roughness for the fabrication of nanoanten-

nas with high structural quality. . . . . . . . . . . . . . . . . . . . . . . . 24

2.1 Experimental set-up and results . . . . . . . . . . . . . . . . . . . . . . . 26

ix



List of Figures

3.1 Diagrams of the set-up and generation schemes . . . . . . . . . . . . . . 31

3.2 Nanostructure-enhanced emission spectra . . . . . . . . . . . . . . . . . 32

3.3 Durability measurements . . . . . . . . . . . . . . . . . . . . . . . . . . 34

3.4 Intensity-dependent reference measurements . . . . . . . . . . . . . . . . 35

4.1 Schematics of the experimental setup/SEM images of the waveguide nano-

structures/Third harmonic signal . . . . . . . . . . . . . . . . . . . . . . 43

4.2 Nanostructure-enhanced EUV spectra . . . . . . . . . . . . . . . . . . . 45

4.3 Polarization dependence and EUV emission map . . . . . . . . . . . . . 46

4.4 Intensity-dependent hysteresis and bistability of the EUV signal . . . . . 49

5.1 Nanostructure-enhanced EUV spectrum by Park et al. . . . . . . . . . . . 55

5.2 Concept for efficient plasmon-enhanced HHG by using SPP waves in a

channel waveguide . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

5.3 Channel-plasmon-polaritons . . . . . . . . . . . . . . . . . . . . . . . . 57

5.4 Bistability in a inductively-coupled gas discharge plasma . . . . . . . . . 61

5.5 Ionization paths . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

5.6 Illustration of the appearance of bistability based on stepwise excitation

processes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

5.7 Intensity hysteresis from a fresh and moderately modified waveguide . . . 64

5.8 Possible applications for the waveguide-enhanced EUV emission . . . . . 65

x



Chapter 1

Introduction

Plasmonic nanostructures enable the spatial confinement of electromagnetic radiation on

sub-wavelength scales, leading to orders of magnitude intensity enhancements of incident

laser fields. This allows for the study of numerous linear and nonlinear optical processes

such as surface-enhanced Raman scattering [1, 2], second [3, 4] and third [5, 6] harmonic

generation, and multiphoton photoemission [7, 8] using low-energy laser pulses with high

(MHz) repetition rates. The rapidly increasing number of reports about the enhancement

of optical phenomena in nanoantennas, -waveguides, -tips, -spheres, -particles, and rough

surfaces impressively illustrate the growing importance of nano-optics in the natural sci-

ences. Recent review articles summarize progress in the field and highlight the great

potential of plasmonic nanostructures to serve as ultimate tools for light control, enhance-

ment and detection [9, 10, 11].

Most of the reported nanostructure-enhanced implementations rely on light-matter in-

teractions at moderate local intensities, resulting in the excitation of low-order nonlinear-

ities due to electron perturbations in atoms, molecules or solids and surfaces. Recently,

also higher-order nonlinear optical phenomena have become accessible in such experi-

ments. Specifically, the so called strong-field regime was reached in nanostructures using

local intensities sufficient to trigger field-driven ionization and electron acceleration—

effects that have been shown in the context of the strong-field photoelectric effect at

metal nanotips, -antennas and -particles [12, 13, 14, 15, 16, 17]. Furthermore, the spa-

tial confinement and inhomogeneity of the enhanced near-fields often lead to alterna-

tive, nanostructure-specific scalings of the observed processes, which are at variance from

those exhibited by their classical—non-field-enhanced—counterparts.

In this context, the integration of one of the most prominent strong-field effects—high-
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Chapter 1 Introduction

order harmonic generation (HHG)—into a nanostructure-based scenario has created a

sensation in the scientific community for the wealth of new physics and potential appli-

cations it could enable. High-order harmonic up-conversion of intense laser radiation in

gaseous media was first discovered in the late 1980s [18, 19, 20] and allows for new exper-

imental strategies in nanoscale photonic-imaging [21] or ultrafast spectroscopy [22, 23]

by providing fully coherent attosecond light pulses at extreme-ultraviolet (EUV) wave-

lengths. State-of-the-art HHG concepts typically utilize moderately focused, ultrashort

laser pulses from kHz amplifier systems to reach intensities in excess of 1013 W/cm2 (for

infrared light frequencies), which are necessary to drive the HHG process in an atomic

gas. Using the plasmonic field enhancement of ultrashort, low-energy laser pulses in res-

onant nanoantennas as described by Kim et al. [24] could greatly simplify the generation

of high harmonic radiation. In addition, the much higher generation rates promised in

nanostructure-enhanced HHG would have great advantages for ultrafast spectroscopy.

Figure 1.1(a) schematically illustrates the basic experimental approach used by Kim

et al. in 2008 in their attempt to realize nanostructure-enhanced HHG. Ultrashort pulses

from a Ti:sapphire laser oscillator are focused on an array of gold bow-tie nanoantennas

(see scanning electron micrograph in Fig. 1.1(b)), and the intensity is enhanced in the gap

(a) Experimental scheme for plasmon-enhanced HHG (b) SEM image of bow-tie nanoantennas

Figure 1.1: Experimental setup and nanostructures for plasmon-enhanced HHG. (a) Ultra-
short, low-energy laser pulses from a Ti:sapphire oscillator are enhanced in bow-tie nanoanten-
nas and the excitation of noble gas atoms is induced in the associated near-fields. EUV radiation
is spectrally resolved and recorded with a scanning photomultiplier detector. The experiment
was carried out under high vacuum conditions. (b) Scanning electron micrograph of a bow-tie
nanoantenna array used for field enhancement. Images taken from Ref. [24]. c©2008 npg.

2



regions between the triangular tips. Although the incident laser peak-intensity of about

1011 W/cm2 is not sufficient to trigger HHG, it was believed that the near-field intensity

enhancement of at least two orders of magnitude would allow for HHG in argon atoms

delivered to the nanostructures by a gas nozzle. In this experiment, Kim et al. observed

EUV emission down to a wavelength of about 50 nm. Figure 1.2 shows the reported spec-

trum taken from their 2008 publication. The wavelength positions of the EUV emission

peaks appear to fit perfectly to the odd overtones of the driving 800 nm laser light and,

therefore, were thought to correspond to coherent high harmonic radiation up to the 17th

order. The remarkably high photon flux reported in their paper (>108 photons per second)

Figure 1.2: Extreme-ultraviolet emission spectrum. The EUV emission peaks are attributed to
odd harmonics from the 7th to the 17th order. Graph is taken from Ref. [24]. c©2008 npg.

suggested conversion efficiencies comparable to those reported for state-of-the-art HHG

methods using amplified laser pulses in gas jets and capillaries. Thus, nanostructure-

enhanced HHG appear to offer a convenient method to generate bright, coherent EUV

radiation from compact sources. If correct, such sources could provide attosecond pulses

at high repetition rates for ultrafast comb spectroscopy. Indeed, it was thought that these

groundbreaking results presented "an easier route to high harmony", as stated in a "News

and Views" article [25] accompanying the first report of nanostructure-enhanced HHG. As

a result, this work rapidly triggered significant excitement in the strong-field and nano-

optics communities, with over 500 citations1 to date.

1Google Scholar, http://scholar.google.de, January 24, 2014
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Chapter 1 Introduction

However, despite worldwide efforts from at least a dozen expert groups, these obser-

vations of nanostructure-enhanced HHG were not reproduced. The sole exceptions were

followup reports of enhanced HHG in a different kind of nanostructure from the same

research group [26, 27]. The experimental scheme for this second approach is illustrated

in Figure 1.3(a). A hollow waveguide is utilized to enhance the incident low-energy laser

pulses, resulting in local intensities sufficient to trigger HHG in a xenon gas volume at

the tapered end of the waveguide close to a nanometric exit aperture. Figure 1.3(b) shows

the published EUV spectrum for this experiment. Compared to the previous bow-tie mea-

surements, the authors claimed to observe about an order of magnitude increase in photon

flux and, additionally, an extension of the wavelength cutoff up to the 43rd harmonic order.

(a) Scheme for plasmon-enhanced HHG in
hollow tapered waveguides

(b) EUV spectrum

Figure 1.3: Schematic illustration (a) and spectral data (b) for plasmon-enhanced HHG ex-

periments using a hollow waveguide for field enhancement. Published by Park et al. in
2011. Images taken from Ref. [26]. c©2011 npg.

The present thesis critically revisits EUV light generation processes in plasmonic nano-

structures. It is shown that the concept of plasmon-enhanced HHG, as reported in Refs. [24,

26, 27] is fundamentally flawed. Contrary to previous interpretation, our new experiments

and analysis reveal a different origin of the EUV emission seen under these conditions and

clearly show that it is in fact not caused by coherent HHG. Instead, the radiation origi-

nates predominantly from incoherent fluorescence due to multiphoton and strong-field

gas excitation and ionization. These findings beg an important question: Is nanostructure-

4



enhanced HHG feasible at all under the reported conditions? It is of paramount impor-

tance to clarify this issue as quickly as possible and to identify new avenues for realizing

nanostructure-assisted strong-field processes, such as EUV light generation.

This work contributes to a clarification of this issue and describes future possibilities

for strong-field nano-optics by demonstrating novel effects in the EUV spectral range.

These findings include the gauging of local fields in nanostructures with the intensity-

dependent spectral characteristics of atomic fluorescence, the generation of fifth-order

harmonic radiation intrinsic to bare gold nanostructures and the formation of a noble

gas EUV nanoplasma exhibiting a pronounced optical bistability in tapered waveguide

structures.

Outline

This thesis comprises a compilation of three original publications. These articles capture

the main parts of the conducted experiments and contain all considerations and conclu-

sions concerning the generation of EUV light in resonant plasmonic nanoantennas and

tapered hollow waveguides.

Chapter 2 reprints a Brief Communications Arising [28], which is the commentary

format of the scientific journal Nature. This paper directly concerns the first report of

nanostructure-enhanced HHG [24] and presents a short critical discussion of plasmonic

EUV light generation in this context. For completeness, the accompanying reply of Kim

et al. [29] is reprinted in the Appendix A. Due to the inherent length restriction of such

commentary formats, the article in Chapter 2 only covers a small fraction of the results

obtained with resonant plasmonic nanoantennas and briefly sketches the fundamental con-

siderations concerning nanostructure-enhanced HHG.

In Chapter 3, a comprehensive article provides an extended presentation of our experi-

ments with bow-tie nanoantennas and allows for a more detailed discussion of nanostruc-

ture-assisted EUV light generation. Furthermore, for the first time, the direct gauging

of strong fields in plasmonic nanostructures and surface-enhanced fifth-order harmonic

generation are reported.

The Letter reprinted in Chapter 4 presents an analysis of EUV light generation in ta-

pered plasmonic waveguides, which is consistent with the findings in Chapters 2 and 3

concerning the feasibility of nanostructure-enhanced HHG. Moreover, the observation of

an intensity-dependent hysteresis in the fluorescent EUV signal caused by the formation

5



Chapter 1 Introduction

of a bistable noble gas plasma in the waveguide structures is discussed.

Before the results of this study are presented in Chapters 2-4, additional background

material is provided, since the space restrictions of the paper formats prohibit a more

detailed treatment of the basic concepts in those individual publications. The following

sections provide a brief introduction into the relevant aspects of the generation of EUV

light in atomic gases by strong-field excitation, the field enhancement in plasmonic anten-

nas and waveguide nanostructures, and the combination of these concepts. In Chapter 5,

a general discussion finally concludes the findings of this study and gives an outlook for

the future investigations in this field.

6



1.1 Extreme-ultraviolet light generation in atomic gases

1.1 Extreme-ultraviolet light generation in atomic gases

Ever since coherent laser radiation from mid-infrared to ultraviolet frequencies has been

available, revolutionizing daily life and modern science, researchers have also sought for

laser-like radiation with even shorter wavelengths.

Currently, the key approach to access wavelengths in the EUV and soft X-ray spectral

regimes at laboratory scales is the conversion of extremely intense visible or infrared laser

radiation in gaseous media. Two distinct processes far beyond the realm of linear optics

are responsible for the generation of EUV light in gas atoms. Specifically, ultrashort, high-

energy laser pulses can produce highly-energetic photons via multiphoton and strong-

field excitation of gas atoms accompanied by either fluorescence or high-order harmonic

generation. These two processes have fundamental differences in terms of their excitation

schemes and the optical properties of the produced radiation. In the following, the basic

concepts of EUV fluorescence and HHG are briefly presented.

EUV fluorescence Fluorescent light emission from gas atoms or ions is caused by the

transition of excited electrons from higher-energetic states to lower-lying states. The char-

acteristic energy of a particular fluorescent photon is therefore determined by the energy

difference of the involved states, and this amount of energy is at least required to excite

the system in advance. In the case of EUV fluorescence, the corresponding energies are

on the order of several tens of electron volts (eV), and an excitation with infrared light fre-

quencies (photon energies below 2 eV) implies that several photons have to be absorbed

simultaneously to trigger the process.2 Due to the very large number of infrared-photons

required for such a multiphoton excitation, this process is only feasible at high laser in-

tensities exceeding 1013 W/cm2. Fig. 1.4 schematically depicts the nonlinear multiphoton

process. Whereas the energy of a single infrared-photon (red arrows in Fig. 1.4(a)) is

far too small to lift one ground-state electron into a higher-lying state, the simultaneous

absorption of many photons is sufficient for such an excitation. After a certain lifetime in

this excited state, the electron returns back to its initial ground-state through the emission

of an EUV photon (see Fig. 1.4(b)). As illustrated in Fig. 1.4(c), atoms can be ionized

if the number of photons, and thus the total energy absorbed by the electron, is large

2Please note that EUV fluorescence can also be triggered by considering other excitation methods, such
as high-energy electron impact or gas discharges, which cause the ignition of a plasma. However, such
excitation mechanisms will not be discussed here.
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Chapter 1 Introduction

enough to overcome the vacuum energy level Evac of the atom. In turn, these ions can be

excited in the same manner as the neutral atoms, acting as sources for fluorescence at dif-

ferent emission wavelengths due to their modified energy levels. Under certain excitation

conditions—at high gas pressures or laser intensities—large free electron densities in the

gas volume can lead to the formation of a laser induced plasma, additionally contributing

to the generation of fluorescent emission [30, 31].

(a) (b) (c)

Ground 
state

Electron

Excited
state

E
vac

Photon
energy

x

V
(x

,y
)

EUV radiation

y

Figure 1.4: Schematic illustration of the fluorescence excitation and radiation mechanisms.

Shown is an atomic coulomb potential (blue shaded). (a) A ground state electron is excited
into a higher-lying state via multiphoton absorption. (b) After a certain lifetime the excited
electron decays back into the ground state under emission of an EUV photon. (c) Multiphoton
ionization. Evac displays the vacuum energy level.

Following the above explanation, it becomes clear that every gas species exhibits its

characteristic fluorescence spectrum with emission lines corresponding to the specific

transitions of the respective element. By way of example, Fig. 1.5 shows two typical

EUV spectra for nitrogen (a) and argon (b), which were obtained using ultrashort infrared

laser pulses for the excitation of the gas atoms [32].

The emission characteristics of the EUV fluorescence are determined by the nature of

the generation process, which is intrinsically incoherent and governed by the spontaneous

lifetime of the excited energy states. These properties cause the fluorescent photons to

have random phase relationships and direction. Thus, the optical properties of the driving

laser beam are lost, and the EUV emission is neither temporally nor spatially coherent and

is not pulsed in time. Furthermore, the emission yield scales linearly with gas density and

exhibits a nonlinear intensity dependence caused by the multiphoton or plasma excitation.

8



1.1 Extreme-ultraviolet light generation in atomic gases

(a) Nitrogen spectrum

(b) Argon spectrum

Figure 1.5: EUV fluorescence spectra from nitrogen and argon gas. The fluorescence was
excited with ultrashort infrared laser pulses at an intensity of 1014 W/cm2. The gas pressure
was 100 mtorr. Graphs taken from Ref. [32]. c©2004 APS.

High harmonic generation In contrast to EUV fluorescence, high harmonic gener-

ation is a coherent process, which conserves the optical properties of the driving laser

source. This facilitates the access to ultrashort, extreme-ultraviolet light pulses at labora-

tory scales [33, 34, 35] and makes HHG valuable for novel experimental realizations such

as attosecond spectroscopy [22, 23] or nanoscale photonic imaging [21].

HHG is the frequency up-conversion of intense laser radiation in atomic gases and leads

to the observation of odd overtones—harmonic orders—of the incident light frequency.

Two excitation regimes attributed to below-threshold low-order harmonic generation and

above-threshold high-order harmonic generation are distinguishable. Depending on the

9



Chapter 1 Introduction

excitation intensity, harmonic orders with photon energies below the atomic ionization

threshold are treated in an electron perturbation theory [36, 37], whereas the generation

of above-threshold harmonic orders is usually explained in a three step picture (including

electron re-collisions), called the simple man’s model [20]. The following section focuses

on the above-threshold excitation regime, since the main statements made in this work

concern high-order harmonic generation.

The excitation scheme for above-threshold HHG (hereafter simply termed HHG) in

noble gases completely differs from the mechanism for EUV fluorescence. Specifically,

the HHG process can only be induced using ultrashort, linearly polarized laser pulses with

high enough peak intensities to trigger tunnel-ionization of gas atoms. For noble gases

and infrared light wavelengths, this situation corresponds to intensities in the excess of

1013 W/cm2, which are usually reached using moderately focused femtosecond pulses

from Ti:sapphire laser amplifiers.

(a) (b) (c)

Bound
state

Electronx,t

V
(x

),
E

(t
)

Field E(t)

High-
harmonic
radiation

Tunnel ionization Ponderomotive acceleration Recombination

Figure 1.6: Three-step explanation of the simple man’s model. (a) Field-ionization of an
atomic system by tunneling of one electron through a short-lived finite potential-barrier. (b)
Acceleration of the quasi-free electron in the oscillating laser field E(t). (c) Re-collision of the
electron with the parent ion core and emission of EUV light pulses.

A microscopic examination within the semi-classical simple man’s model [20] leads to

a coarse description of HHG without the need for a detailed quantum mechanical treat-

ment3. Figure 1.6 illustrates the particular sequences of the simple man’s model within a

half-cycle of the driving laser field (red curve). In the first step, one bound-state electron

is liberated into the continuum via field driven-ionization, when the absolute field value

is close to its maximum. At this point, the applied strong field alters the atomic Coulomb

3Of course, for an explicit treatment of HHG, quantum mechanics have to be considered, e.g. for the
calculation of the probability amplitudes of tunnel ionization and electron re-collisions [33].
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1.1 Extreme-ultraviolet light generation in atomic gases

potential (solid black) relative to the undisturbed case (dashed gray), and the electron es-

capes by quantum mechanical tunneling through a short-lived finite potential-barrier. The

quasi-free electron is then accelerated in the oscillating laser field and therefore gains ad-

ditional ponderomotive energy, which is proportional to the intensity of the driving laser

field. Finally, the electron returns to the starting point and re-collides with the ion under

the emission of highly-energetic photons with discrete frequencies corresponding to odd

overtones (harmonics) of the driving wave. The maximum energy Emax of the photons and

the corresponding maximum frequency ωmax of the harmonics generated in this scheme

is determined by the cut-off law [20, 38]

Emax = hωmax = Evac +3.17Up. (1.1)

Here, Evac is the ionization energy of the atoms, Up ∝ Iω−2
0 represents the ponderomotive

potential4, and the second term determines the maximum kinetic energy (3.17Up) that

an electron can have upon re-collision [20]. The cut-off law in equation 1.1 shows that

the possible photon energies for HHG scale linearly with the laser intensity and are not

determined by any atomic energy transitions. Hence, in contrast to EUV fluorescence, the

high harmonic emission from any gas species exhibits very similar spectral shapes, which

consist of odd harmonics of the fundamental laser frequency. The exhibited emission

strengths and the maximum cut-off energies are influenced by the atomic properties of

the respective gas species and the excitation intensities.

As an example, Figure 1.7 reprints one of the first HHG spectra reported in Ref. [19].

In this early experiment, a xenon gas jet was excited with amplified picosecond laser

pulses at 1064 nm central wavelength. The reported peak intensity of the laser pulses was

3×1013 W/cm2, and the gas pressure was 15 torr. The spectrum shows odd harmonics of

the incident laser radiation spanning from the 9th to the 21st order. Higher orders are not

observed due to the energy cut-off presented in equation 1.1.

Beyond these unique spectral characteristics, it may be noted that HHG is generally

a rather inefficient process [38]. In the single atom picture of the simple man’s model,

this inefficiency is caused by the very low re-collision probability of the electrons with

their parent ions. In general, sufficient photon fluxes are only obtainable by consider-

ing the coherent buildup of the harmonic radiation over a large propagation distance in

4The ponderomotive potential describes the mean energy, that an electron can gain in an oscillating elec-
tromagnetic field with intensity I and frequency ω0.
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Chapter 1 Introduction

Figure 1.7: High-order harmonic spectrum. One of the first demonstrations of HHG in a xenon
gas jet by using 1064 nm, picosecond laser pulses. Graph is taken from Ref. [19]. c©1989 APS.

a mesoscopic (tens to hundreds of micrometers or even millimeters) generation volume.

Therefore, the high harmonic photon flux scales quadratically with the number of partic-

ipating atoms, as shown in Fig. 1.8. However, such a coherent radiation buildup is only

obtainable under ideal conditions that are influenced by certain propagation effects of the

radiation during the generation process. In this respect, the most important propagation

effect is the dephasing between the driving and the generated radiation due to frequency-

dependent dispersion in the gas volume, whereas effects like absorption or defocusing are

usually negligible for high harmonic wavelengths [33]. The two main contributions to

the phase mismatch are plasma dephasing and geometrical dephasing caused by the free

electrons (plasma dispersion) in the ionized gas volume and the focusing conditions for

the driving laser beam (Gouy-phase shift), respectively. Both kinds of dephasing lead to

a mismatch of the phases between the driving laser wave and the high harmonic waves

during the propagation in the gas volume, resulting in destructive interference for the

high harmonic radiation when the phase difference reaches π . The corresponding limited

propagation distance for coherent buildup of the high harmonic radiation is determined

by the coherence lengths Lg, f s and L f e for the geometrical and the plasma dephasing,

respectively [33]:

Lg, f s =
πz0

N
. (1.2)

L f e =
2πcω0

ωp(τ)2N
. (1.3)

12



1.2 Plasmonic nanostructures for field enhancement

Here, N is the order of the harmonic radiation, z0 is the Rayleigh length of the laser focus,

and ω0 and ωp(τ) are the light and the plasma frequencies, respectively. Maximizing

these coherence lengths by choosing the proper focusing conditions and gas pressures

yields the only means of generating appreciable high harmonic radiation.

Figure 1.8: Quadratic scaling of the harmonic yield with target density. The double-
logarithmic plot shows the photon numbers for the 17th harmonic order from krypton as a
function of gas pressure. The slope of 2 indicates the quadratic pressure dependence of the
high harmonic generation process. This measurement was carried out under phase-matched
conditions. Graph is taken from Ref. [19]. c©1989 APS.

For the discussion below, it is important to stress that under ideal—perfectly phase-

matched—conditions the high harmonic output power scales quadratically with the num-

ber of participating gas atoms in propagation direction or, more generally, with the pressure-

length product.

1.2 Plasmonic nanostructures for field enhancement

Plasmonic light concentration into sub-wavelength volumes allows for orders of magni-

tude enhancements of incident fields. This familiar effect relies on the optical properties of

the material that makes up the nanostructures. For visible and infrared excitation frequen-

cies, gold and silver are plasmonic metals and are harnessed in numerous nanostructure-

based applications. The negative real part and positive but small imaginary part of the

13



Chapter 1 Introduction

dielectric function εm(ω) enables the resonant excitation of the electron plasma at the

surface of a plasmonic metal with an oscillating electromagnetic wave. A detailed the-

oretical treatment within classical electrodynamics (Maxwell’s equations in conjunction

with the Drude-model for metals) provides a good description of the associated plasmonic

phenomena [39]. Depending on the shape of the nanostructures, two types of plasmonic

effects are generally distinguishable.

First, the electron density oscillations at the surface of a planar metallic structure

cause so-called surface plasmon polaritons (SPPs), which can propagate in the form of

exponentially-decaying electromagnetic waves (confined in the z-direction) at the met-

al/dielectric interface (see Fig. 1.9(a)). Second, the collectively excited free electrons of

a sub-wavelength metal particle lead to a resonantly oscillating electron density within

the particle boundaries, termed localized surface plasmons (LSPs) (see Fig. 1.9(b)). LSPs

lead to a dipole-like field distribution and the concentration of the fields at the edges of

the nanoparticles5.
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Figure 1.9: Illustrations of light induced excitation of a plasmonic metal. For a planar metal
surface (a) and a sub-wavelength metal particle (b) both in the environment of a dielectric with
constant permittivity εd . (a) An impinging laser field excites surface plasmon polariton waves
(red arrows), which propagate in x-direction at the metal/dielectric interface. (b) Spherical nano-
particles exhibiting LSPs driven by an external oscillating field E(t) (red curve). The dipole-like
field distribution outside the particles is indicated by the red arrows.

Both of these plasmonic effects can be utilized in a vast number of different nano-

structure geometries for light localization. A few examples of such geometries include

5Please note that this explanation is only valid for particles which are much smaller that the light wave-
length λ (quasi-static approximation, see below). For larger particles (> 100 nm for visible or infrared
radiation) the Mie theory [40] has to be applied. However, a detailed explanation of this theory shall not
be given here.
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1.2 Plasmonic nanostructures for field enhancement

nanoparticles, sharp tips, and even rough surfaces. Additionally, much more complex

structures such as split ring resonators, diverse antennas, and hollow waveguides are also

known. The manifold research activity in this topic has led to an impressively large num-

ber of reports [9, 10, 11, 41, 42] and several textbooks [43, 39] about the optical properties

of light-concentrating nanostructures and possible applications. Due to the tremendous

variety of imaginable geometries and effects, it is not in the scope of this thesis to give a

complete overview of the whole field of plasmonics. Instead, the most important aspects

of the plasmonic excitation mechanisms for bow-tie nanoantennas and tapered hollow

waveguides—the structures utilized in the present work—are elucidated in the following

two paragraphs.

Resonant bow-tie antennas Generally, metal antennas offer the important possibility

to amplify electromagnetic radiation, whether for radio or light frequencies, and allow for

high field enhancements due to their adaptability in terms of tailored shapes. In this re-

spect, the most important property comprises the antenna’s resonance frequency at which

efficient operation can be realized. For light-enhancing nanoantennas, this frequency is

determined by the localized surface plasmon resonance, which is shape and material de-

pendent. The simplest expression for such a LSP resonance can be found for a metal

sphere of radius a, excited with an oscillating light field (see Fig. 1.9(b)). If the radius

a is much smaller than the light wavelength λ , the field distribution in the metal can be

considered quasi-static, and this approximation allows us to derive the sphere’s electric

polarizability [39]

α = 4πa3 εm(ω)− εd

εm(ω)+2εd

. (1.4)

Here, εd is the permittivity of the surrounding dielectric medium, and εm(ω) is the frequen-

cy-dependent dielectric function of the metal. For a plasmonic Drude metal, the polariz-

ability α exhibits a strong resonance with a resonance frequency independent of radius

(see Fig. 1.10, solid blue). The situation changes for the same analytic treatment of an

ellipsoid with different semiaxes a1 ≤ a2 ≤ a3. The quasi-static approximation leads to

αi = 4πa1a2a3
εm(ω)− εd

3εd +3Li(εm(ω)− εd)
(1.5)

as an expression for the polarizabilities αi (i=1,2,3) along the major axes of the ellip-

soid [39]. Here, Li = Li(ai) ∝ a−2
i is the axis-dependent geometry parameter, which has
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Chapter 1 Introduction

to satisfy the condition ∑Li = 1. For a sphere L1 = L2 = L3 = 1/3, and equation 1.4 is

recovered.

Equation 1.5 shows that the polarizability for an ellipsoid exhibits a shape-dependent

resonance for an excitation along the respective axis. This enables us to tune the frequency

of an antenna by tailoring its shape. For example, an antenna-like ellipsoid, i.e., with a

high aspect ratio of the axis (L1 << L2 = L3), exhibits a resonance frequency (of the long

axis) that is significantly red shifted compared to the frequency of a sphere (see Fig. 1.10).

Figure 1.10: Absolute value of the polar-

izability |α| for a small gold sphere and

a gold ellipsoid with high aspect ratio.

Shown are the calculated polarizabilities
for a sphere and an antenna-like ellipsoid
with respect to the excitation frequency
of the driving light wave (expressed in
eV). The dielectric function εAu(ω) was
fitted with an analytic model for the opti-
cal properties of gold [44].
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However, this above analytic treatment is only valid for the quasi-static approxima-

tion, i.e., if the dimensions of the particles are significantly smaller than the excitation

wavelength. Nevertheless, it already shows the great potential of tailored nanoantennas

to reach high field enhancements. Furthermore, beyond the quasi-static approximation,

diverse effects, e.g., interband transitions in the respective metals, influence the shape and

width of the exhibited plasmon resonance. For larger antennas with complicated shapes,

such as those shown schematically in Figure 1.11(a), the description via an analytic model

is quite difficult, and numerical simulation methods based on the solution of Maxwell’s

equations have to be applied to calculate their optical properties. Specifically, for bow-tie

antennas, the resonance frequency and also the field enhancement are critically depen-

dent on the particular shape and can be tuned by the variation of the length h, opening

angle θ , thickness t, and gap size d, as well as the choice of the substrate for the bow-tie

fabrication [45, 42].

The coupled dipole fields of two bow-tie elements in the tip-to-tip arrangement with 20
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1.2 Plasmonic nanostructures for field enhancement

Figure 1.11: Scheme of a bow-tie antenna and FDTD simulations. (a) Schematic for the exci-
tation for a bow-tie antenna pair with linearly polarized laser pulses. (b,c) FDTD simulations
for the intensity enhancement. Images are taken from Ref. [24]. c©2008 npg.

nm gap size are expected to result in an intensity enhancement of more than 103 (corre-

sponding to field-enhancement factors over 30) as shown theoretically in FDTD6 simula-

tions (see Figs. 1.11(b) and (c)) [24]. Even though these simulations, which are presented

in Ref. [24], may overestimate the field enhancement by assuming ideal bow-ties with

very sharp apexes, alternative simulations for realistically-shaped antennas still predict

intensity enhancement factors of several hundreds [46].

SPPs

Bulk gold

Enhanced
field

Incident
field

Figure 1.12: Waveguide

excitation.

Tapered hollow waveguides In contrast to plasmonic anten-

nas, the excitation scheme for tapered hollow waveguides is yet

somewhat unclear, and a fully established theoretical treatment

is not available so far.7 Most likely, surface plasmon polaritons

are induced at the inner walls of the hollow waveguide by an

incident, linearly polarized light field and propagate towards the

narrowed end of the taper (see Figs. 1.9(a) and 1.12). The SPP

waves couple to LSP modes if the dimensions of the waveguide

drop below the light wavelength; this coupling results in a large

field-enhanced volume near the exit aperture.

6Finite difference time-domain
7Please note that a first approach to quantify the field enhancement in tapered hollow waveguides involving

numerical FDTD simulations was reported in Ref. [26] (see below).
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Chapter 1 Introduction

This possible excitation scheme is analogous to that of a solid metal taper, where the

SPPs are induced at the outer surface and propagate to the apex of the tips [47, 48].

However, in such a scheme, the direct plasmonic excitation of the plain metal surface is

restricted due to the dispersion relation of the SPPs. Considering the interface between a

metal with frequency-dependent dielectric function εm(ω) and a dielectric medium with

a constant εd , the wave vector β of a SPP can be expressed as [39]

β = k0

√

εm(ω)εd

εm(ω)+ εd

. (1.6)

Here, k0 is the wave vector of the exciting light wave. This dispersion relation causes

a mismatch between the wave vectors of the incident light and the SPPs and, therefore,

prohibits a direct excitation of the free electrons at the planar surface of the metal. Hence,

(a) Schematic of a hollow waveguide (b) FDTD simulations

Figure 1.13: FDTD simulations for intensity enhancement in a tapered hollow waveguide. (a)
Schematic for the excitation of a hollow tapered waveguide with linearly polarized laser pulses.
(b) FDTD calculations for the intensity enhancement within an elliptical waveguide structure.
Images taken from Ref. [26]. c©2011 npg.
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1.3 Plasmon-enhanced strong-field gas excitation

for reasons of momentum conservation it is usually unavoidable to use a prism or grating

to realize efficient SPP coupling in such a scenario [47, 48]. In contrast, the incoupling of

SPP waves into a hollow tapered waveguide also seems to work without special structural

requirements at its inner surface. Although it can be assumed that fabrication imper-

fections such as steps or roughnesses of the inner walls enable an excitation, the exact

incoupling mechanism for SPPs is yet to be revealed. Besides these fundamental con-

siderations, which surely demand further experimental investigations and the need for a

profound theoretical model, numerical simulations have shown that high field enhance-

ments are most likely possible in tapered hollow waveguides. Fig. 1.13 reprints the results

of FDTD calculations from Ref. [26] for a silver waveguide. Here, intensity enhancement

factors as high as 350 within the last 450 nm of the hollow taper are predicted. It is fur-

ther reported that the right choice of specific geometrical parameters like height h, open-

ing angle θ , and entrance and exit aperture dimensions strongly influence the exhibited

field enhancement, with the highest enhancement values expected for elliptically-shaped

waveguides [26].

1.3 Plasmon-enhanced strong-field gas excitation

This section illustrates the translation of the strong-field gas excitation concept, as dis-

cussed in section 1.1, into nanostructure-enhanced implementations utilizing plasmonic

light concentration in bow-tie antennas and tapered hollow waveguides. As already men-

tioned above, the main requirement to trigger strong-field optical effects, specifically with

respect to EUV fluorescence and HHG in atomic gases, are local intensities in the excess

of 1013 W/cm2 for infrared and visible excitation frequencies. For quite a long time, this

particular strong-field intensity regime was reserved for implementations involving the

use of high-energy ultrashort laser pulses from kHz amplifier laser systems. Now, the

concept of plasmonic light localization within suitable nanostructures enables us to ac-

cess the strong-field intensity regime by utilizing low-energy radiation. As shown in the

last section, sufficient local intensities above 1013 W/cm2 are generally reachable in par-

ticular nanostructure geometries for incident intensities of only 1011 W/cm2. Figure 1.14

schematically depicts the concepts of plasmon-enhanced gas excitation in the nanostruc-

ture geometries used in this thesis. In particular, these are arrays of bow-tie antennas (a)

and single tapered hollow waveguides (b), which are fabricated on transparent substrates

and on gold bulk supports, respectively. In both approaches, linearly polarized laser pulses
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Chapter 1 Introduction

from a MHz Ti:sapphire oscillator are concentrated in certain hot spot regions (see insets

of Figs. 1.14 (a) and (b)), and noble gas atoms are excited in these near-field volumes.

Figure 1.14: Schematic illustrations of the two concept for nanostructure-enhanced strong-

field gas excitation. (a) An array of bow-tie nanoantennas is illuminated with ultrashort laser
pulses. The local field enhancement of the incident light in the gap region (ca. 20 x 20 nm2,
see inset) leads to the excitation of the gas atoms exposed to the structures. (b) Laser pulses are
introduced trough the entrance aperture of the tapered waveguide. The field enhancement in the
last 500 nm of the waveguide results in the excitation of the gas atoms (see inset).

Whereas these concepts generally allow for the study of strong-field gas excitation and

the resulting EUV emission, as shown below, it has to be pointed out that the total field-

enhanced volumes in both kinds of nanostructures are orders of magnitude smaller than

those in implementations involving amplified laser pulses and large focal spots. This be-

comes already clear by considering just the generation lengths along the z-direction in

Fig. 1.14, which are about 100 nm and 500 nm for the bow-tie antennas and the wave-

guides, respectively. In contrast, typical generation lengths for state-of-the-art HHG con-

cepts are in the order of several millimeters or even centimeters [19, 49]. This specific

aspect of the nanostructure-enhanced implementations is of great importance for the later

discussion of the findings in this work.
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1.4 Experimental methods

1.4 Experimental methods

Experimental setup The experimental setup implemented for this work, schemati-

cally shown in Fig. 1.15(a), consists of a vacuum generation chamber and EUV flat-field

spectrometer, which are both evacuated separately. The setup allows for nanostructure-

enhanced gas excitation and EUV generation using low-energy laser pulses. For reference

measurements, EUV light emission is also induced with high-energy laser pulses. Optical

illumination with femtosecond laser pulses at a central wavelength of 800 nm is pro-

vided with a 78 MHz Ti:sapphire oscillator and a 1 kHz Ti:sapphire laser amplifier for

the nanostructure-enhanced (b,c) and the reference (d) measurements, respectively. For

8 fs, nJ laser
oscillator

40 fs, mJ laser 
ampilfier

Gas 
supply

nJ Pulses

mJ Pulses

EUV

Mirror

Lens

EUV light
generation

(see b-d)

MCP
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spectrometer

(a)

λ
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array

nJ Pulses nJ Pulses

Gas filled
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Figure 1.15: Experimental setup and excitation schemes for EUV light generation with and

without nanostructure-enhancement. (a) Top view of the vacuum setup consisting of a gen-
eration chamber and an EUV flat-field spectrometer. The flat-field spectra (see inset, xenon
fluorescence spectrum) are detected with a microchannel-plate detector (MCP) in combination
with a CCD camera. b,c) Excitation schemes for the measurements using resonant bow-tie
antennas (b) and tapered waveguides (c). Gas exposure of the bow-ties and the waveguides is
realized with a nozzle and a purged gas cell, respectively. (d) Excitation scheme for the ref-
erence measurements using high-energy laser pulses. EUV fluorescence and high harmonic
radiation are detected perpendicular and parallel to the laser beam direction, respectively.
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each of the measurements, EUV radiation is collected within a solid angle of ±1.2◦ and

spectrally resolved with the EUV flat-field spectrometer. The spectra are detected with an

imaging microchannel-plate (MCP) phosphor screen assembly and a CCD camera. As an

example, a recorded flat-field image is shown in the inset of Fig. 1.15(a).

The excitation schemes for the nanostructure-enhanced measurements using arrays of

bow-tie antennas and tapered hollow waveguides are depicted in Figs. 1.15(b) and (c),

respectively. The oscillator pulses are focused tightly in both cases to reach incident

intensities on the order of 0.1 to 1 TW/cm2. The plasmonic field enhancement in the

nanostructures leads to orders of magnitude higher intensities in certain hot spots, and gas

atoms exposed to these near-fields can be efficiently excited (see Fig. 1.14). For the bow-

tie measurements the gas atoms are provided via a nozzle facing the structures, while the

hollow waveguides are placed in a purged gas cell with a small exit aperture for the col-

lection of the generated EUV radiation. Measurements with amplified Ti:sapphire laser

pulses in an ordinary gas jet (without nanostructure-enhancement) are performed to ob-

tain reference EUV spectra. Fig. 1.15(d) illustrates the excitation scheme in the reference

measurements, which employ the same nozzle as used in the bow-tie measurements. For

comparison with the nanostructure-enhanced measurements, the fluorescent EUV emis-

sion perpendicular to the laser beam direction is recorded.

Home-built vacuum setup for EUV light generation and spectral detection The

results presented in this thesis rely on the accurate analysis of EUV radiation with wave-

lengths well below 200 nanometers. In this wavelength regime, the absorption of photons

in air under ambient conditions is a critical issue and limits photon propagation distances

to the range of only several tens of micrometers8. Thus, for a practical experimental

scheme in which EUV radiation from nanostructures can be investigated, it is necessary

to implement the generation and the spectral detection of the EUV light in a suitable vac-

uum environment. For this purpose, one of the experimental efforts was the design and

construction of a suitable vacuum setup. Figure 1.16(a) shows a technical drawing of

the vacuum setup consisting of generation and spectrometer chambers. Under operation

conditions, the chambers are separately evacuated with vacuum pumps to pressures well

below 10−3 mbar and 10−5 mbar for the generation and spectrometer chamber, respec-

tively (cf. Fig. 1.16(b)). Under these conditions, the mean free path of the EUV photons

8See X-ray database of the center for X-ray optics
(CXRO, http://henke.lbl.gov/optical_constants/gastrn2.html, January 24, 2014).
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is sufficient (> 50 cm) for the generated radiation to reach the detector.
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pump (VP)

Spectrometer
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Detector

port (DP)

Generation

chamber (GC)

(a) CAD drawing of the vacuum setup

VP

SC

GC
DP

MCP

(b) Vacuum setup in operation

Figure 1.16: Home-built vacuum setup for EUV light generation and spectrally-resolved de-

tection. (a) In the computer-aided design (CAD) drawing, the main components of the setup
are illustrated. The generation chamber (GC) is equipped with all necessary tools to manage
EUV light generation in a gas, with and without nanostructure-assistance. A spherical flat-field
reflective grating inside in the spectrometer chamber (SC) focuses the emitted EUV radiation
onto a virtual exit plane at the detector port (DP) and allows for a spectrally-resolved detection
in a wavelength range of 30 nm to 500 nm. (b) Fully connected vacuum setup under operation
conditions. In contrast to the measurements with nanoantennas, in this case the gas supply (GS)
is fixed, i. e., without manual translation, for the waveguide experiments.

Both parts of the vacuum setup are optimized for the excitation of noble gases with

nanostructure-enhanced laser pulses and the spectral detection of the generated EUV light.

In the generation chamber, micro-translation stages enable accurate positioning of the

nanostructures relative to the laser beam, which is introduced through an entrance window

and focused onto the structures either with an off-axis parabolic mirror or an aspherical

lens. A variable gas supply is managed with a suitable feed-through in conjunction with a

precise pressure adjustment. The detection of the EUV photons is realized with an EUV

broadband reflective grating, which focuses a spectrally-resolved flat-field image of the

EUV radiation onto the detector.

Nanostructure fabrication One of the primary challenges of this work is the fabrica-

tion of high quality plasmonic nanostructures, exhibiting large field enhancements and
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sufficient durability with respect to laser-induced thermal damage. Bow-tie antennas and

tapered hollow waveguide nanostructures were fabricated on thin gold films and bulk gold

material, respectively, using focused ion beam (FIB) lithography. In contrast to other fab-

rication techniques, such as electron-beam lithography, the direct milling of solids with

accelerated ions has one striking advantage: the ability to change and control structural

parameters during the production process. Hence, for the fabrication of prototype-like

nanostructures, as employed in this work, FIB lithography presents the ideal method with

respect to the optimization of the structural and optical properties.

0 12.5 4.5 1.5

(a) (b) (c)

0 0 Height (nm)Height (nm)Height (nm)

Figure 1.17: Optimization of the gold film roughness for the fabrication of nanoantennas

with high structural quality. The three atomic force microscope (AFM) images show the
different optimization stages with improving surface roughness from (a) to (c). The root-mean-
squared (RMS) value of the surface height within an area of 5 µm × 5 µm has to be smaller
than 1 nm to manage the fabrication of nanoantennas with sufficient structural quality. Thus,
nanostructures on a rough gold film, as shown in (a) have a much lower quality than nominally
identical structures on smoother gold films depicted in (b) and (c). The RMS heights are 1.6
nm, 0.7 nm and 0.2 nm for the surfaces shown in (a), (b) and (c), respectively. Scale bar: 2 µm.

Independent of the chosen preparation technique, the structural quality of the gold sup-

port strongly influences the exhibited field enhancement of the nanostructures. Specifi-

cally, in the case of bow-tie antennas, high quality structures were obtained by optimizing

the surface roughness of the thin films on the dielectric substrates. Figure 1.17 depicts a

series of atomic force micrographs for different gold thin films prepared in this work. The

optimization of the evaporation conditions improved the surface roughness (measured by

the root-mean-squared (RMS) value of the surface height) and enabled the fabrication of

high quality nanoantennas.
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Chapter 2

Nanostructure-enhanced atomic line emission

M. Sivis, M. Duwe, B. Abel, and C. Ropers

Nature 485, E1 (2012)

DOI: 10.1038/nature10978

Plasmonic nanostructures offer unique possibilities for enhancing linear and non-

linear optical processes [45, 50, 51, 52, 53, 6]. Recently, Kim et al. [24] reported

nanostructure-enhanced high harmonic generation (HHG). Here, using nearly iden-

tical conditions, we demonstrate extreme-ultraviolet (EUV) emission from gas-ex-

posed nanostructures, but come to entirely different conclusions: instead of HHG,

we observe line emission of neutral and ionized gas atoms. We also discuss funda-

mental physical aspects limiting nanostructure-based HHG.

We conduct very similar experiments to those presented in ref. [24]. Specifically, bow-

tie nanostructure arrays are exposed to a noble-gas jet and illuminated with 8-fs laser

pulses, and emitted radiation in the EUV is spectrally analysed (Fig. 2.1a). Further details

and procedures are given in Methods. Figure 2.1b shows the raw detected spectral density

of the first (solid black line) and second (solid red line) grating diffraction orders for an

exemplary nanostructure (inset) and argon. We observe six main emission lines, some re-

solved into multiple lines in second order. All prominent features are attributed to atomic

line emission of neutral and ionized argon [54, 55, 56]. Various optimized structures yield

nearly identical spectra, whereas other gases display different transitions: Fig. 2.1c shows

data using xenon on the same structures (Fig. 2.1b inset).

The presence of ionized atoms seems to support the feasibility of nanostructure-en-

hanced HHG. However, we have not observed any signature of HHG, even on increasing
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Figure 2.1: Experimental set-up and results. a, Diagram of the experimental set-up. Inset, im-
age of the phosphor screen recorded with a CCD camera. MCP, microchannel plate. This image
corresponds to the xenon measurement shown in c. b, Detected spectral density (solid black
line) from an array (20 × 20 µm2) of argon-exposed nanostructures (inset; scale bar, 200 nm)
illuminated by femtosecond laser pulses. The second grating diffraction order (solid red line)
provides higher resolution and efficiency at shorter wavelengths, and it is shown wherever it
does not overlap with other orders. The emission corresponds to atomic line emission from
neutral (Ar I; filled triangles) and singly ionized (Ar II; open triangles) argon. Vertical trian-
gle positions indicate expected relative intensities [54, 55, 56]. Note the wavelengths expected
for HHG using 800 nm light (H9–H19, upper x-axis). c, Spectrum measured using xenon and
the same nanostructure as in b (first grating diffraction order). Triangles indicate the expected
xenon lines [56, 57]. Filled triangles are upshifted by a factor of 10 for better visibility.

intensities beyond damage thresholds. This is a striking result, considering that the small

detection solid angle in the set-up strongly favours directional emission (HHG) over in-

coherent line emission. There are fundamental physical reasons for the predominance of

line emission in this geometry, as we discuss below. In ref. [24], using ordinary gas densi-

ties, the authors claim conversion efficiencies similar to conventional HHG. However, the

much smaller number of coherently emitting dipoles, entering quadratically in the yield,

suggests a huge deficit in the conversion efficiency of nanostructure-enhanced HHG. A

simplified expression for the ratio of expected conversion efficiencies for nanostructure-

enhanced (Cnano) and conventional (Cconv) HHG (using amplified pulses in a capillary or
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gas jet) at comparable local intensities is given by

Cnano

Cconv

=
Rnano

Rconv

(

Nnano

Nconv

)2 |Fnano|
2

|Fconv|2
. 10−8 (2.1)

where Nnano/Nconv ≈ 10−8 and Rnano/Rconv ≈ 105 are the ratios of the number of radiat-

ing atoms (at comparable density) and repetition rates in both scenarios, respectively. A

typical phase matching coefficient |Fconv|
2 & 10−3 is assumed for the relevant harmon-

ics [19], while nanostructure-based HHG is assigned |Fnano|
2 = 1. Such considerations

may also be relevant for related studies [26]. Note that, because of a linear dependence on

the dipole number for incoherent radiation, the above unfavourable conversion efficiency

does not apply to atomic line emission. Thus, it is efficiently enhanced in nanostructures,

as demonstrated here. In fact, a generation rate of incoherent fluorescence photons greater

than 109 s−1 is estimated from our raw data and collection conditions.

Despite experiments with numerous high-quality samples of different dimensions (dis-

playing efficient third harmonic generation), optimizations of gas nozzle dimensions, ma-

terials and orientations, as well as gas pressures, we have only observed atomic and ionic

line emission and were able to reproduce our findings multiple times. Thus, together with

the physical arguments given above, we must conclude that very efficient HHG in bow-tie

nanostructures under the given conditions is highly unlikely, if not physically impossible.

We believe that our results are difficult to reconcile with the conclusions of Kim et

al. [24], and further note several of our observations that are at variance with their re-

sults. First, in our experiments, we always observe second and higher grating diffraction

orders, which is expected for broadband EUV gratings such as the ones used here and in

ref. [24], where higher diffraction orders are absent. Second, the photon count rates in

our experiments did not exceed several thousand per second using an imaging detector

and obtaining a signal to noise ratio of ~103. In contrast, ref. [24] reports photon count

rates above 108 s−1, even exceeding the laser repetition rate, using a photon multiplier

but displaying a signal to noise ratio of only ~102. It is very important to distinguish be-

tween actual count rates and projected generation rates, which arise from normalization

by the quantum efficiency of the set-up; ref. [24] does not state which of these quantities

is plotted. Generally, we believe that using conventional photon counting techniques, the

nanostructure-enhanced atomic line emission we have found will be detectable in such

experiments. Last, the linewidths we have measured are partially given by spectrometer
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Chapter 2 Nanostructure-enhanced atomic line emission

resolution (below 2 nm) and are very similar to those in ref. [24] and in a related ex-

periment with xenon [58]. Whereas harmonic linewidths are influenced by the spectral

amplitude and temporal duration of the fundamental driving field, the linewidths of atomic

and ionic fluorescence are governed by the spontaneous lifetime. If harmonic radiation

were present, we would expect several linewidths to be broader, given the incident pulse

duration and known properties of plasmonic resonances [45, 51, 6].

In conclusion, the line emission observed in our experiments originates from nanostruc-

ture-enhanced multiphoton and strong-field excitation and ionization, and is intrinsically

incoherent. Moreover, the fundamental physical relations discussed above imply impor-

tant limitations on nanostructure-enhanced HHG, which calls for alternative approaches.

Methods

Nanostructures. Numerous arrays (area 20 × 20 µm2) of bow-ties are fabricated by fo-

cused ion-beam etching of smooth gold films (thermal evaporation; <1 nm r.m.s. rough-

ness over 5 × 5 µm2) on EPI polished sapphire substrates. High optical (structural) na-

nostructure quality is confirmed using optical third harmonic generation (scanning elec-

tron/atomic force microscopy). Structural parameters are iteratively optimized for maxi-

mum emission (EUV/third harmonic), starting from nominal parameters in ref. [24]. Im-

proved nonlinear emission is found for film thicknesses, bow-tie lengths (single triangle)

and gap sizes of 90 nm, 230 nm and 20 nm, respectively. For different arrays, the EUV

yield depends on the field enhancement and resonance wavelength.

Experimental set-up (Fig. 2.1a). Optical excitation is provided by focusing dispersion-

compensated 8-fs pulses from a Ti:sapphire oscillator with an off-axis parabolic mirror to

incident peak intensities of 0.1–1 TW cm−2. Micro-translation stages carry the samples

(room temperature); a movable nozzle (stainless steel, inner diameter 100 µm) supplies

a gas jet (up to 500 mbar backing pressure). The generated EUV radiation within an

opening angle of ±1.2◦ is refocused (using a toroidal gold mirror) into a flat-field EUV

spectrometer (McPherson 234, 1,200 grooves per mm). Proper alignment of the set-up

for collecting possible directed radiation is ensured using the fundamental beam (zeroth

grating order) and the third harmonics (267 nm) from the bare nanostructures and the

substrate. EUV emission is detected with a phosphor-screen microchannel-plate assembly

(Hamamatsu, uncoated). Accurate wavelength calibration is verified with plasma line

emission and conventional HHG using the same set-up and nozzle.
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Chapter 3

Extreme-ultraviolet light generation in plasmonic

nanostructures

M. Sivis, M. Duwe, B. Abel, and C. Ropers

Nature Physics 9, 308 (2013)

DOI: 10.1038/nphys2590

Strong-field phenomena in optical nanostructures have enabled the integration

of nanophotonics, plasmonics and attosecond spectroscopy. For example, tremen-

dous excitement was sparked by reports of nanostructure-enhanced high-harmonic

generation. However, there is growing tension between the great promise held by

extreme-ultraviolet and attosecond-pulse generation on the nanoscale, and the lack

of successful implementations. Here, we address this problem in a study of highly

nonlinear optical processes in gas-exposed bow-tie nanoantennas. We find multipho-

ton- and strong-field-induced atomic excitation and ionization resulting in extreme-

ultraviolet fluorescence, as well as third- and fifth-harmonic generation intrinsic

to the nanostructures. Identifying the intensity-dependent spectral fingerprint of

atomic fluorescence, we gauge local plasmonic fields. Whereas intensities sufficient

for high-harmonic generation are indeed achieved in the near-field, the nanoscopic

volume is found to prohibit an efficient conversion. Our results illustrate opportuni-

ties and challenges in highly nonlinear plasmonics and its extension to the extreme

ultraviolet.

Tailoring and controlling optical near-fields in plasmonic nanostructures facilitate the

enhancement of numerous linear and nonlinear optical effects [45, 50, 51, 52, 53]. Appli-

cations are diverse and include surface enhanced Raman scattering [1, 2], second [3, 4]
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Chapter 3 Extreme-ultraviolet light generation in plasmonic nanostructures

and third [5, 6] harmonic generation, two-photon photoluminescence [59, 60], continuum

generation [61] or localized multiphoton photoemission [7, 8]. Recently, even higher

nonlinear effects such as above-threshold and strong-field photoemission and accelera-

tion were observed in plasmonic and other nanostructures [12, 62, 63, 17, 15, 64], closing

the gap to strong-field and attosecond physics. [13, 14]

Another key example of this development was the report of high-harmonic generation

(HHG) in plasmonic bow-tie antennas [24], that is, the integration of the most promi-

nent strong-field effect of gaseous media [20, 33] into a nanostructure. Despite triggering

widespread theoretical [46, 65, 66, 67] and experimental [26, 28] efforts, subsequently,

this effect has remained rather elusive. Important issues in this respect are whether plas-

monic nanostructures can generally sustain sufficient intensities for HHG (refs [29, 68]),

if other fundamental limitations to the process exist [28], and what the ultimate prospects

of ultrafast extreme-ultraviolet (EUV) nano-optics are.

Generally, efficient high-harmonic conversion requires both sufficient intensities and

a coherent radiation build-up. Here, we show that whereas the first condition can be

realized in nanostructures, the second condition faces serious difficulty compared with

conventional approaches [28, 69]. In contrast, incoherent processes such as atomic line

emission (ALE), which only require high intensities, are readily enhanced.

To examine the specifics of highly nonlinear, plasmon-enhanced light emission, we

carry out experiments with low-energy laser pulses at bow-tie nanoantennas (Fig. 3.1a,b)

and compare the emission characteristics with those obtained using high-energy pulses

without nanostructures in the same set-up (Fig. 3.1a,c,d), hereafter called conventional

scheme.

The nanostructure-enhanced EUV emission in the forward direction is measured (Fig.

3.1b), whereas the radiation generated by amplified pulses is detected both perpendicular

(Fig. 3.1c) and parallel (Fig. 3.1d) to the beam direction, to separate incoherent (ALE)

from coherent (HHG) contributions (see Methods for details).

We begin our presentation with the nanostructure-enhanced scenario. Arrays of gold

bow-tie structures (Fig. 3.1e) were mounted in a vacuum chamber on micro-translation

stages, faced by a moveable gas jet from a stainless-steel nozzle (Fig. 3.1b, inset). High

quality structures (focused-ion-beam preparation) of various dimensions (Fig. 3.2d) were

illuminated with ultrashort low-energy pulses. Figure 3.2 shows the respective emission

spectra recorded using argon (Fig. 3.2a) and xenon (Fig. 3.2b) exposure at incident laser

intensities of about 0.15 TW cm−2. Here, the data shown in ref. [28] stem from structure
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Figure 3.1: Diagrams of the set-up and generation schemes. a, Schematic of the experimental
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d. b, Generation scheme for the nanostructure-enhanced measurements using low-energy laser
pulses. c,d, Schematics of the generation chamber for the ALE/HHG reference measurements
using amplified pulses and the same gas nozzle as in b. e, Scanning electron micrograph of an
array containing bow-tie nanostructures with a close-up view.

iv (solid black). A higher-resolution spectrum measured in the second grating diffrac-

tion order is shown in Fig. 3.2c (structure ii). These spectral features are identified as

nanostructure-enhanced fluorescence from neutral and ionized gas atoms (that is, ALE),

driven by multiphoton excitation and strong-field ionization, and evidenced by a com-

parison with transitions for neutral (filled triangles) and singly ionized (open triangles)

atoms [56]. Some further peaks in the xenon spectra are due to higher ionized states and

higher diffraction orders. The different signal levels in these measurements have several

causes, including structure-dependent field enhancements and resonance wavelengths.

Despite achieving EUV emission using numerous optimized structures and selectively

collecting radiation in a small solid angle in the forward direction (see Methods), we have

never found indications for higher-order harmonic generation under these conditions. In

contrast, we have observed low-order harmonics intrinsic to the bow-tie nanostructures,

most likely stemming from surface harmonic generation in the enhanced fields [70, 71].

In particular, we find the third- and notably the fifth-order harmonics of the driving field

(Fig. 3.2e), with a yield that is not significantly influenced by the presence of the gas
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Chapter 3 Extreme-ultraviolet light generation in plasmonic nanostructures

jet. These observations evidence proper alignment, substantial field enhancement and

a plasmonic resonance within the incident laser spectrum. The resonance properties of

the bow-tie antennas used were characterized by dark-field spectroscopy, as shown in the

inset of Fig. 3.2e for the shortest and longest antennas with single arm lengths of 200 nm

and 240 nm, respectively. The resonance wavelengths (between 810 and 940 nm) are
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consistent with the structures approximately behaving as quarter-wavelength antennas.

It should be noted that the maximum field enhancement found is not only a function of

antenna length, but also strongly depends on the actual gap size and overall structural

quality.

The identification of nanostructure-enhanced ionization and ALE allows for new means

to investigate the limits of highly nonlinear physics in optical nanostructures, for example,

concerning their durability and maximum achievable local intensities. We have carried out

various test measurements to identify conditions for stable operation and the peak inten-

sities, at which accelerated degradation sets in. Bow-tie structures on sapphire substrates

(unlike on mica, see Fig. 3.3a) were found capable of sustaining local intensities sufficient

for EUV generation for at least a few hours. As an illustration, Fig. 3.3b shows scanning

electron micrographs of sample (iv) directly after fabrication, after prolonged EUV gener-

ation (over several hours) with argon and xenon at incident intensities up to 0.15 TW cm−2

(including the measurements in Fig. 3.2), and at several minutes of exposure to intensities

up to 0.3 TW cm−2. Whereas only rather minor modifications in the gap region can be

identified in the second image, the third image shows significant accelerated degradation,

especially in the region of largest field enhancement, which coincided with an irreversible

loss of signal. This shows that already such subtle sample alterations without complete

damage [68] may lead to a loss of field enhancement and EUV generation. During the

exploration of the intensity regime beyond the damage threshold, we have not observed

any transient occurrence of HHG. Similar tests were carried out for numerous structures,

with the same result.

It is important to resolve whether the lack of any HHG signatures in these measure-

ments is caused by insufficient local intensities or has other physical origins. The pres-

ence of low-order harmonics and substantial gas ionization already implies rather high

intensities within the nanostructures [72, 73, 74]. (Note that the ionization energies of the

gases used (argon: 15.8 eV, xenon: 12.1 eV) exceed the energy of ten and seven laser pho-

tons, respectively.) However, absolute local intensities are difficult to estimate based on

total yields. In general, the total strength of optical signals generated in nanostructures not

only depends on the near-field intensity but on multiple additional factors, which may in-

clude chemical effects, quenching, quantum efficiencies or specimen density. Therefore,

an independent measure of local intensities is desirable, and we have found that refer-

ence measurements using amplified femtosecond pulses can provide an absolute intensity

scale.
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Chapter 3 Extreme-ultraviolet light generation in plasmonic nanostructures

Figure 3.4a contains ALE spectra from amplified pulses obtained in the side-view col-

lection geometry of Fig. 3.1c. For comparison, one of the nanostructure-enhanced ALE

spectra is superimposed (thick gray line). It is apparent that both spectra contain the

same features, although a lower spectral resolution (caused by the refocusing optics) was

achieved in the nanostructure case. Furthermore, it can be seen that the relative strengths

of some of the emission lines are changing with intensity, which is clearly visible for the

lines at 104.8 nm and 106.7 nm wavelength.

An intensity-dependent measurement of the fluorescence yield of these two lines (Fig.

3.4d) uncovers the origin of this effect. The yields of the 104.8 nm and 106.7 nm lines

show slopes of 8 and 10 in a double-logarithmic plot, respectively, before approaching a

slope of unity. The excitation of the 104.8 nm line is most likely caused by direct eight-

photon absorption and subsequent radiative decay to the ground state. In contrast, the

106.7 nm line has a smaller transition dipole moment for direct excitation [75], and the

slope of 10 suggests an indirect excitation path via higher-lying states, which will be a

subject of further study.

This intensity-dependent spectral ALE fingerprint may serve as a direct probe for gaug-

ing high local intensities in nanostructures by evaluating the relative line strengths in a
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similar manner. This approach is related to the concept presented in ref. [76] and allows

for sensing in much higher fields and smaller interaction volumes. Figure 3.4c shows

the intensity-dependent ratio of line strengths I106.7/I104.8 for the (amplifier) reference

measurements and a measurement using nanostructures (here: structure iv). Both mea-

surements show an increase of this ratio with incident intensity. Here, the lower (upper)
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axis refers to the focus peak intensities of the measurements without (with) nanostructure

enhancement. Thus, by comparing these measurements and the incident intensities re-

quired to obtain a particular line strength ratio, we can estimate the intensity enhancement

provided by the nanostructures and the local intensities achieved in a given experiment.

At present, this also assumes a weak pulse duration dependence of the spectral finger-

print. In Fig. 3.4c, best agreement with the amplifier reference measurements is obtained

for a nanostructure intensity enhancement of 380, which agrees with theoretically pre-

dicted values for bow-ties [46] and suggests local intensities up to 60 TW cm−2 within

the nanostructures. An uncertainty of about 15% arises from the pressure dependence of

these signals (see grey line in Fig. 3.4c).

Thus, intensities within the nanostructures are clearly beyond the HHG threshold,

as evident from expected cutoffs [20] and experimentally seen in Fig. 3.4b (red line:

46 TW cm−2). Here, high-harmonic radiation from the amplifier pulses is collected at

some of the intensities used in Fig. 3.4a. Such measurements directly illustrate that al-

though the intensities in nanostructures may indeed be sufficient to achieve ionization

conditions equalling those using a conventional scheme, the resulting emission in the for-

ward direction is still of a very different nature. In particular, whereas the forward emis-

sion in the conventional case is dominated by the coherent HHG contribution (Fig. 3.4b),

the nanostructure-enhanced scenario shows no sign of this emission.

From the above results, we conclude that it is not a lack of local intensity that causes the

absence of high-harmonic radiation in our nanostructure EUV spectra. Instead, the coher-

ent build-up within the small nanostructure propagation length seems to be insufficient to

raise the intensity of coherent emission beyond the level of incoherent ALE.

Previously, we have made a comparison of the conversion efficiencies in conventional

and nanostructure-enhanced HHG (ref. [28]). However, such an estimate only illustrates

the general difficulty in achieving coherent signals in nanometric volumes, as the conver-

sion efficiency in a given implementation critically depends on numerous experimental

factors, including collection angles, interaction lengths or beam parameters. Here, we

discuss expected relative yields by directly using our own reference data taken in the

same set-up (Fig. 3.4). The reference measurements were conducted such that the inter-

action length was shorter than the coherence lengths arising from both plasma dispersion

and geometrical dephasing [33] (see Methods). Although such conditions are not opti-

mized for maximum conversion efficiency, they allow us to assume a quadratic scaling of

the HHG signal with interaction length. We can thus carry out a rough estimation of the
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expected strength of a potential nanostructure-enhanced HHG signal SHHG,nano relative to

the observed ALE emission SALE,nano, using the measured ratio SHHG,re f /SALE,re f in the

reference measurements:
SHHG,nano

SALE,nano

≈
SHHG,re f

SALE,re f

Lnano

Lre f

(3.1)

Here, the interaction lengths Lre f and Lnano are about 300 µm and 100 nm, respec-

tively. Empirically, the ratio SHHG,re f /SALE,re f near a wavelength of 60 nm was inten-

sity dependent and varied between 14 and 20 above 50 TW cm−2, where SALE,re f was

detectable (Fig. 3.4b). The relative contribution of the coherent HHG radiation to the

overall EUV signal is therefore reduced by Lnano/Lre f ≈ 3×10−4, so that we may expect

a nanostructure-enhanced HHG intensity that is lower than that of the ALE by a factor of

about 6× 10−3 (taking the maximum value of SHHG,re f /SALE,re f ≈ 20). Although such

signals are potentially measurable, simple relations such as equation 3.1 illustrate that it

will be very challenging to detect any clean HHG spectrum from nanostructures that does

not have a significant or even dominant incoherent contribution.

In addition, diffraction caused by the geometrical arrangement of the nanostructure

array and the subwavelength nature of the bow-tie gap further diminishes any coherent

radiation that may be collected in the forward direction. An estimate of the relative power

in the zeroth diffraction order of the structure is obtained by viewing the bow tie gaps

as coherent (scalar) emitters with a diameter of the gap size g, spaced by the distances

Dx and Dy in a planar rectangular array, and emitting with an overall envelope on the

order of the laser focus diameter. For a more complete consideration, also the source

extension in the propagation direction would have to be included, at least for cases where

the wavelength is comparable or shorter than this extension. At the EUV wavelength λ ,

about n = (DxDy)/λ 2 diffraction orders exist in the far-field. In these experiments, g is

significantly smaller than λ . Therefore, one may assume that all diffraction orders in the

far-field would be about equally populated in intensity, and a relative fraction on the order

of only 1/n of the total emitted power would be emitted in the forward direction (zeroth

order). For our structures, this would correspond to at most few per cent of the total emit-

ted power, which further reduces the likelihood of observing HHG from nanostructures.

Overall, we believe that both the minute interaction length and the significant influence of

diffraction from subwavelength generation volumes have important ramifications for the

practicality of nanostructure-enhanced HHG.

Our investigation of highly nonlinear processes and local intensity probing in plasmonic
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nanostructures demonstrates the feasibility of studying various strong-field phenomena in

optical near-fields, such as EUV generation, but also illustrates severe constraints for

coherent radiation build-up. We believe that for future implementations of nanostructure-

based EUV generation, it is very important to carefully and spectroscopically identify

relative contributions from incoherent and coherent processes. To become competitive

with other HHG concepts at high repetition rates [77, 78, 79], the number of participat-

ing atomic dipoles should be substantially increased using higher pressures and larger

interaction volumes. Nonetheless, the observation of stable nonlinear fluorescence sig-

nals is encouraging and may find application where spatial and temporal coherence are

not essential, for example in an implementation of near-field EUV lithography. Finally,

the demonstrated approach to use the spectral fingerprint of atomic gases can be further

refined to ultimately serve as a quantitative local gauge for plasmonic fields and atomic

densities. Alongside the observation of plasmonic fifth-harmonic generation, this opens

up the study of radiation and optical coupling effects within metallic nanostructures at

ultraviolet and EUV frequencies, a widely unexplored field.
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Methods

Nanostructure fabrication. The nanostructures used in these experiments are arrays

of bow-tie antennas (Fig. 3.1e) prepared by focused-ion-beam etching of thermally evap-

orated gold films (50–90 nm thickness; <1 nm r.m.s. roughness over 5×5 µm2 area) on

dielectric substrates (sapphire or mica). Samples with triangle lengths between 200 nm

and 240 nm were prepared. Both the radii of curvature and the distance of the opposing

bow-tie elements are about 20 nm. (Fig. 3.2d)

Nanostructure experiments. Dispersion-controlled optical excitation is provided at

normal incidence by a 78 MHz titanium:sapphire laser oscillator emitting 8-fs light pulses

with a centre wavelength of 800 nm (Femtolasers Rainbow), polarized along the bow-tie

main axis, focused to a spot size of 15 µm by a parabolic off-axis mirror. A toroidal

grazing-incidence gold mirror collects the radiation emitted from the structures in a small

solid angle of ± 1.2◦ and focuses it on the entrance slit of an EUV flat-field spectrometer.

Spectra are recorded by a phosphor screen microchannel plate and a CCD (charge-coupled

device) camera. The stainless-steel gas nozzle had an aperture diameter of 100 µm and is

operated at backing pressures of typically 500 mbar.

Reference experiments. Figure 3.1c,d shows two configurations of the generation

chamber for the reference measurements, using the same gas nozzle and spectrometer

as with nanostructures. ALE and HHG (Fig. 3.1c,d) are observed by direct excitation

of the gas jet with amplified laser pulses (800 nm wavelength, 45-fs pulse duration,

0.5 mJ pulse energy, 1 kHz repetition rate). In the HHG measurements, the fundamen-

tal laser beam was blocked by a 150-nm-thick aluminum filter. The pressure and jet

conditions (including focus distance from nozzle exit) were chosen to match those in

the nanostructure experiments as closely as possible. The resulting interaction length

of the laser field with the gas (about 300 µm) is smaller than the coherence lengths for

both geometrical Lg, f s = πz0/N ≈ 840 µm and plasma L f e = 2πcω0/ωp(τ)
2N ≈ 2.1 mm

dephasing [33]. In the calculation of the coherence lengths the following experimental

parameters are used: Rayleigh length z0 = 4 mm, harmonic order N = 15, atomic den-

sity na = 1.25× 1019 cm−3 (500 mbar), ionization fraction ne(τ)/na = 3.5× 10−3 (for

60 TW cm−2 intensity in argon [80]) and plasma frequency ωp(τ)
2 = 1.39× 10−4 fs−2.

Although the pulse duration in the reference measurements was significantly longer than
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in the nanostructure case, it may be assumed that this does not significantly alter the esti-

mated relative yields because the present conditions are at rather low ionization fractions.

Moreover, considering the small interaction length in the gas jet, there would be no quali-

tative change in using even shorter pulses resulting in longer coherence lengths for a given

peak intensity in the reference measurements.
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Chapter 4

Generation and Bistability of a Waveguide Nanoplasma

Observed by Enhanced Extreme-Ultraviolet

Fluorescence

M. Sivis, and C. Ropers

Physical Review Letters 111, 085001 (2013)

DOI: 10.1103/PhysRevLett.111.085001

Abstract. We present a study of the highly nonlinear optical excitation of noble gases

in tapered hollow waveguides using few-femtosecond laser pulses. The local plasmonic

field enhancement induces the generation of a nanometric plasma, resulting in incoher-

ent extreme-ultraviolet fluorescence from optical transitions of neutral and ionized xenon,

argon, and neon. Despite sufficient intensity in the waveguide, high-order harmonic gen-

eration is not observed. The fluorescent emission exhibits a strong bistability manifest as

an intensity hysteresis, giving strong indications for multistep collisional excitations.

Recent years have shown significant progress in translating concepts from attosecond

and strong-field science [22] into the areas of ultrafast nano-optics and plasmonics. Nu-

merous characteristic nonlinear optical phenomena, such as above-threshold and strong-

field photoemission, have become accessible using local field enhancements in metal

nano- tips [12, 62, 13, 14, 15], resonant optical antennas [24, 28, 16, 81], nanoparti-

cles [17], rough surfaces [63], and plasmonic waveguides [26, 15]. These experimen-

tal studies are paralleled by increasing theoretical efforts of describing strong-field ef-

fects at surfaces and in optical near fields [82, 83, 64], with a particular emphasis on
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nanostructure-enhanced high-order harmonic generation (HHG) [46, 65, 66, 84, 67, 85,

86, 87, 88, 89, 90]. Currently, some debate exists about experimental reports of nanostruc-

ture-enhanced HHG [24, 26, 15], following the demonstration of the predominance of in-

coherent extreme-ultraviolet (EUV) fluorescence caused by multiphoton and strong-field

atomic excitation and ionization [28, 81]. The essential physical issue revolves around

the tendency of gaseous media in nanoscopic generation volumes to favor incoherent over

coherent processes. Thus, although not all expectations on realizing novel forms of at-

tosecond spectroscopy in compact devices may ultimately materialize experimentally, the

discussion reopens the field and further highlights the specificities and alternative scal-

ings exhibited by strong-field interactions in nanostructures. This will allow for entirely

new perspectives and phenomena in near-field high-intensity atomic and molecular gas

excitations.

In this Letter, we demonstrate the nanostructure-enhanced formation of a confined

plasma within a gas-filled plasmonic waveguide using low-energy, few-femtosecond laser

pulses. This nanoplasma exhibits a pronounced threshold behavior and bistability of the

fluorescent EUV emission that depends on the gas species and pressure. Specifically, we

investigate the optical excitation, ionization, and emission characteristics of xenon, argon

and neon atoms and ions, finding a strong intensity hysteresis of the fluorescence signal.

Moreover, the exclusive observation of fluorescent emission highlights physical limits of

nanostructure-based HHG concepts. Our results illustrate the plasmonic enhancement of

strong-field effects in gaseous media and provide insight into the mechanisms associated

with such phenomena driven at high repetition rates and in nanoscale confinement.

The setup of our experiment is depicted in Fig. 4.1(a). An electrochemically etched

gold tip containing the waveguide structures [cf. Fig. 4.1(b)] is placed in a cell that can be

purged with different gases. The structures are mounted on microtranslation stages (three

translational and one rotational positioner) in a high vacuum chamber. Optical excitation

with variable linear polarization is provided by 8-fs pulses (800 nm center wavelength)

from a 78 MHz Ti:sapphire laser oscillator, focused to a 5 µm spot size (FWHM). In-

cident peak intensities up to about 1 TW/cm2 are achieved. A 200 µm aperture in the

gas cell allows for differential pumping of the detection chamber and the collection of the

generated radiation within a solid angle of ±1.2◦. Spectral analysis of the collected emis-

sion is carried out with a home-built EUV flat-field spectrometer and a phosphor screen

microchannel-plate detector. A more detailed description of the detection scheme is given

elsewhere [28, 81].
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Figure 4.1: (a) Schematics of the experimental setup. The generated radiation in a solid angle of
±1.2◦ is spectrally analyzed with a flat-field EUV spectrometer. (b) Scanning electron micro-
graph of the gold platform containing the tapered waveguides. Upper insets: Close-up views of
the entrance apertures of an elliptical and a circular waveguide. Lower inset: Exit aperture of
the elliptical waveguide. (Scale bars: overview 50 µm, top views 1 µm, exit aperture 200 nm.)
(c) Third harmonic signal generated in a waveguide without gas exposure.

Various waveguides with circular and elliptical cross sections are prepared on a 10 µm

thick gold platform using focused ion beam etching [cf. Fig. 4.1(b)], and we have taken

special care to produce smooth waveguide surfaces for minimal losses. For waveguides

with elliptical entrance and exit apertures, geometrical dimensions are chosen that ap-

proximately correspond to those presented in Ref. [26], in which simulations indicated

intensity enhancements of up to 350 near the waveguide end. As an example, Fig. 4.1(b)

(top left inset, red) shows a waveguide with diameters of the minor and major axes of the

entrance (exit) apertures of 2.4 µm (40 nm) and 4.8 µm (440 nm), respectively.
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Previously, optical second harmonic generation was used to characterize local fields at

the exit aperture [91] of hollow near-field probes [92]. Here, we utilize surface-enhanced

third harmonic (TH) generation as a confirmation of field enhancement and efficient

waveguide coupling [71, 5, 6, 93, 81]. Figure 4.1(c) displays a TH spectrum obtained

from an illuminated waveguide in the absence of gas. To ensure a proper alignment and

detection of any possible coherent contribution in the EUV radiation, the TH signal was

optimized by adjusting the lateral positioning of the structures and the angle of incidence.

In the following, we present our observations of the EUV radiation emitted from the il-

luminated structures exposed to atomic gases. Figure 4.2(a) shows EUV spectra measured

using xenon, argon, and neon gases in the elliptical waveguide displayed in Fig. 4.1(b)

(top left inset, red). The spectra exhibit numerous emission lines at the atomic and ionic

transitions of the respective elements (indicated by triangles [56]) and thus present in-

coherent characteristic EUV fluorescence, in other words, atomic line emission. One of

the essential features of the hollow waveguide structures, which has not yet been experi-

mentally studied, is the theoretically proposed improvement in the field enhancement of

an elliptical over a circular cross section [26] and potential polarization dependencies.

We have observed only minor EUV signals from waveguides with circular cross sections,

such as the one displayed in Fig. 4.1(b) (top right inset, blue). Moreover, we have studied

the dependence of the EUV emission on incident laser polarization [cf. polar diagram in

Fig. 4.3(a)]. Maximum EUV intensity was found for a polarization parallel to the minor

waveguide axis (corresponding to an angle of 0◦), which is consistent with an interpre-

tation that the fundamental excitation for polarization parallel to the minor axis reaches

deeper into the waveguide and thus creates higher overall field enhancement.

Despite numerous tests, accurate alignments [cf. Fig 4.3(b)], and recording more than

2000 individual EUV spectra using different waveguides, intensities, gases, and pressures,

we have not found any indications for high harmonic generation in this spectral range,

which appears to contradict the conclusions of previous reports [26, 15]. For better com-

parison, let us briefly note the differences between our structures and those presented in

Ref. [26]. In principle, our use of gold instead of silver as waveguide material may cause

higher absorptive losses [94, 47, 39]. However, since the typical propagation lengths of

surface plasmon polaritons in gold waveguides are still much larger than the length of the

waveguides used [95, 39], we believe that structural quality and durability play a far more

significant role than material selection for achieving stable strong-field conditions. In this

respect, using a bulk gold support allowing for smooth waveguide walls and high thermal
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conductivity has advantages over the silver-coated semiconductor taper previously used.

Concerning the dimensions of the waveguide exit apertures [here several waveguides with

minor (major) axes of typically about 50 nm (400 nm) compared with 100 nm (200 nm)

in Ref. [26]], we believe that the details of the aperture geometry are less critical for the

overall volume in which strong-field conditions can be achieved, as long as substantial

field compression in the waveguide is present. Instead, the exit aperture is expected to
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strongly influence the overall spectral transmittance and diffraction properties. Impor-

tantly, the field-enhanced volume in these structures is assumed to span at least several

hundred nanometers before the end of the taper, i.e., multiple EUV wavelengths. Thus,

even for incoherent fluorescent emission, wavelength-dependent divergence angles (pre-

viously interpreted as evidence for HHG [26]) are expected.

We note that the absence of HHG is not caused by insufficient local intensities, as is

evident by the strong contributions from ionic transitions in our measured spectra. Sub-

stantial ionization is found even in neon with an ionization energy of 21.5 eV, exceeding

the energy of 13 laser photons. Furthermore, the observation of a predominance of in-

coherent emission is consistent with our previous studies on plasmonic bow-tie antennas,

in which near-field strengths generally allowing for HHG were verified by utilizing the

intensity-dependent atomic line emission spectral fingerprint [81]. By applying this field

gauging concept to the waveguide measurements, sufficient local peak intensities above

several tens of TW/cm2 are found. However, considering the field-enhanced volumes

in both types of structures, severe limitations on high harmonic signal generation arise

from the nanometric confinement of the source and the resulting insufficient coherent ra-

diation buildup. Estimates on the relevant scalings are discussed in Refs. [28, 81, 69].

Specifically, a quadratic scaling of the HHG yield with propagation length poses an im-

portant constraint in nanoscale geometries. Reference measurements using amplified laser

pulses allow for an estimate of relative HHG to fluorescence signal levels [cf. Eq. (1) in

Ref. [81]]. In this comparison, diffraction of potential HHG also has to be considered.

The total power of high harmonic radiation generated in the waveguide (Lnano ≈ 500 nm)

is expected to be 2 orders of magnitude below that of fluorescence emitted into the ±1.2◦

detection angle. Diffraction of potential coherent radiation at the exit aperture further

reduces the intensity in the forward direction by at least another 2 orders of magnitude.

Thus, based on the signals presented in Fig. 4.2(a), we could expect to count less than one

HHG photon per second and nanometer, which is below the presently detectable limits,

and far below previously reported values. Supporting these considerations, an indepen-

dent estimate for waveguide structures has projected the high harmonic power to be at

least 8 orders of magnitude lower than that achieved in cavity measurements [69, 96].

It seems clear that our findings present a serious setback for current approaches to re-

alize compact nanoscale sources of high harmonic radiation for attosecond spectroscopy.

Nonetheless, it is apparent that the strong-field regime is reached by means of field en-

hancement in these nanostructures. The long-term stability and reproducibility of the
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highly nonlinear EUV emission allows for further discovery in detailed investigations of

the waveguide excitation and radiation mechanisms under such conditions.

To this end, we have carried out an analysis of the intensity and pressure dependencies

of the emission for different gases. First, we find that as function of incident intensity—

particularly for higher pressures—the fluorescent intensity exhibits a steep threshold be-

havior [displayed in Fig. 4.2(b)]. This indicates a density-dependent plasma formation in

the waveguide that is most likely triggered by cascaded (for example collisional) excita-

tion and ionization processes involving multiple excited atoms, ions, or electrons. More-

over, at higher pressures, we find a pronounced and reproducible intensity hysteresis, i.e.,

a situation in which the fluorescent signal at a given incident intensity depends on the

excitation history of the system. Figures 4.4(a) and (b) display these intensity hystere-

sis curves for two different waveguide structures. Specifically, after having applied high

intensity, substantial fluorescence can be maintained (upper branch) upon significantly

decreasing the intensity to levels, at which hardly any fluorescence is detected when mea-

sured in conditions starting from low intensities (lower branch). In atomic gases, bistable

behavior is a characteristic feature of complex plasma dynamics, which can manifest it-

self as hysteresis in the plasma properties upon cycling various physical parameters. The

familiar effect of maintaining a gas discharge for reduced voltages after ignition is just

one example of such hystereses [97, 98, 99, 100].

The present observations constitute a new kind optical bistability [101] within metal

nanostructures [102, 103, 104], which warrants further investigation. As expected for a

bistable plasma effect, we find that it strongly depends on the gas species and pressure. In

order to quantify the hysteresis, in Fig. 4.4(d), we evaluate the area enclosed by the two

branches, normalized to the maximum fluorescent signal [Fig. 4.4(c)]. The prominence of

the bistability is found to increase more rapidly with increasing pressures for xenon com-

pared with neon. Moreover, whereas it decreases beyond 150 mbar pressure in xenon,

neon displays increasing hysteresis throughout the measured pressure range. The earlier

onset of hysteresis for xenon is understood by considering that it has both a lower ion-

ization threshold and a larger atomic cross section for scattering events than neon. This

results in reaching a critical excitation density for cascaded plasma formation at lower

pressures.

A quantitative modeling of the plasma dynamics within the waveguide is outside of the

scope of the present work, so that we give a qualitative description of the types of pro-

cesses that may contribute to the observed bistability. Generally, the fact that a hysteresis
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in xenon and neon as a function of gas pressure, measured as the normalized area enclosed by
the hysteresis curves [cf. shaded areas in (a) and (b)].

is observed demonstrates that upon arrival of a laser pulse, there is residual excitation left

within the waveguide from the previous excitation. After the laser pulse period of approx-

imately 12 ns, the state of the system will be composed of partially decayed populations

of excited states in neutral atoms and ions, free electrons, as well as thermal excitation

of the gas and waveguide walls. As thermal transport in the bulk waveguide is rather

efficient, the likely most relevant forms of residual excitation are long-lived atomic and

ionic states. The reduced ionization energy of such states then causes a higher ionization

rate than without prior excitation. An excitation memory alone, however, is not sufficient

for the development of a bistability. Instead, the bistable behavior is caused by a collec-

tive aspect of the plasma dynamics, which influences the global state of the system and

depends in a highly nonlinear way on the density of excited atoms or electrons.

Whereas other potential plasma effects could contribute to the observed bistability, the
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nonlinear pressure dependence of the hysteresis and the fact that accelerated electrons

from strong-field photoionization with energies up to several tens of electronvolts are

present in significant density suggest that multistep collisional excitations may be the

origin of the bistability, as in discharge plasmas [98]. Moreover, multiphoton and strong-

field photoemission from the waveguide walls [13, 63, 14] will provide additional elec-

trons capable of collisional excitation. We have found that upon moderate waveguide

modification by using incident powers in excess of 200 mW, the steepness of the thresh-

old slope could be influenced, potentially by introducing roughness and thus altering the

contributions from surface-emitted electrons. A more detailed theoretical examination of

the plasma bistability based on coupled rate equations [105, 98] will be the subject of

future work.

In conclusion, we have demonstrated the formation of a submicron noble-gas plasma

within tapered waveguides by the observation of extreme-ultraviolet fluorescence. The

results illustrate that such tapered plasmonic waveguides are not suitable for efficient

nanostructure-enhanced HHG, although sufficient local intensities are achieved. We be-

lieve that coherent radiation buildup is limited by the nanoscopic generation length, which

is orders of magnitude smaller than in other state-of-the-art HHG concepts [96, 19, 106,

78, 49]. Nonetheless, the observed strong EUV fluorescence and the exhibited optical

bistability indicate novel aspects of strong-field physics in conjunction with nonlinear

plasmonics. Further studies will elucidate the different roles of surface-mediated, colli-

sional and direct excitation processes within the waveguides. We believe that the possi-

bility to induce highly nonlinear processes in these devices may lead to applications in the

areas of EUV near-field imaging, lithography and spectroscopy. The identified bistabil-

ity of the EUV emission indicates cascaded excitation processes and presents a new link

between nanostructure plasmonics and laser-induced surface plasma physics.
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Chapter 5

General discussion

In this Section the main results presented in Chapters 2-4 are briefly summarized and

discussed. An Outlook sketches perspectives for further investigations of the novel non-

linear effects and illustrates possible applications for the EUV emission obtained from

waveguide nanostructures.

5.1 Summary

The present thesis critically revisits nanostructure-enhanced EUV light generation pro-

cesses in atomic gas. Among other things, the possibility of efficient plasmon-enhanced

HHG under the previously reported conditions [24, 26, 27] is discussed. Chapter 2 briefly

comments on the findings of Kim et al. [24] and presents first experimental evidence

for the predominance of incoherent EUV fluorescence over high harmonic generation in

bow-tie nanoantennas. A fundamental physical argument concerning the reduced coher-

ent buildup of radiation in the small nanostructure-enhanced generation volume explains

the observations and interpretation.

Chapter 3 provides a more detailed examination of EUV light generation enhanced

in bow-tie nanoantennas. Additional measurements using different antenna dimensions

also led to the exclusive observation of EUV fluorescence without any sign of HHG. The

demonstration of fifth-order harmonic generation intrinsic to the nanostructures is a new

finding in itself and also indicates that the setup is accurately aligned for the detection

of potential coherent HHG contributions in the EUV signal. Sufficient local intensities

are verified by applying a novel means to gauge local strong fields in plasmonic nano-

structures. Moreover, time-dependent durability measurements show that the structures

51



Chapter 5 General discussion

do remain intact for at least several hours of illumination at local peak intensities up to

60 TW/cm2. By evaluating conventional HHG reference measurements, an estimate for

potentially detectable HHG contributions relative to the observed fluorescence signal is

given. This estimate reveals that the high harmonic signal level must be several orders

of magnitude below that of the observed EUV fluorescence. Whereas such signal lev-

els are potentially detectable under special conditions, it is obvious that the incoherent

fluorescent photons will dominate the emitted radiation for the given geometries.

Chapter 4 deals with strong-field EUV light generation processes within tapered hol-

low waveguide nanostructures and discusses the feasibility of HHG in such an approach.

Again, the exclusive observation of fluorescent radiation (even from neon gas) indicates

an apparent conflict with the previous demonstrations of nanostructure-enhanced HHG [26,

27]. The signal levels of the observed EUV fluorescence for argon and xenon gas are

about one order of magnitude larger than those recorded in the bow-tie measurements.

This increase is caused by the roughly ten times larger generation volume in the wave-

guides compared to that in the bow-tie experiments. Together with the observation of an

intensity-dependent bistability of the EUV signal—due to the formation of a nanoplasma

in the waveguides—the results give entirely new insights into strong-field gas excitation

in plasmonic nanostructures.

5.2 Plasmonic enhancement of HHG revisited

The following discussion concludes the findings regarding nanostructure-enhanced HHG

in bow-tie antennas and tapered hollow waveguides. Since the sole experimental real-

izations of such approaches are reported in just three publications [24, 26, 27], which

all arise from the same group of scientists, we aim to consider the plausibility of these

reports based on the results obtained in the present work. Thus, it is instructive to first

recap the main findings regarding the feasibility of efficient HHG in nanostructure-based

implementations.

First of all, the results of this thesis clearly illustrate that extreme-ultraviolet light gen-

eration in plasmonic nanostructures is generally feasible. However, it is also revealed

that the underlying generation process is not high-order harmonic up-conversion of laser

radiation, as previously claimed [24, 26]. Each of the measured spectra in the present ex-

periments clearly shows that the observed EUV emission stems exclusively from atomic

and ionic fluorescence, which is caused by multiphoton excitation and strong-field ion-
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ization of the noble gas atoms. Furthermore, no signature of coherent high harmonic

radiation was found, although sufficient intensities for HHG were reached in the nano-

structures, and the experiments were repeated numerous times with different bow-ties

and waveguides for various laser intensities, gas species, and pressures. Very recently,

an independent study involving a similar implementation with bow-tie nanoantennas has

resulted in the clear observation of fluorescent emission, with no conclusive evidence of

high harmonic radiation [107].

As already discussed in Chapters 2-4, the reason for this observation is the fact that effi-

cient plasmon-enhanced HHG is not feasible under the examined conditions. The physical

argument concerns the coherent nature of the HHG process. In short, the nanoscopic in-

teraction distance between the atoms and the enhanced near-fields leads to an insufficient

coherent radiation buildup given its quadratic length-dependent scaling (see section 1.1);

therefore, high harmonic yields are negligible. On the other hand, incoherent fluorescence

scales only linearly with generation length and is enhanced enough to be readily observed,

as shown in this work.

In agreement with this physical consideration, the estimates carried out in Chapters 3

and 4 illustrate that the potential harmonic signal levels in such nanostructure-enhanced

implementations are expected to be orders of magnitude below those of the observed flu-

orescent emission. In other words, only a few high harmonic photons per second are

expected to be countable in these measurements. Taking into account the detection ef-

ficiency of the experimental setup and an emission solid angle of ±1.2◦, this yield cor-

responds to the generation of at most 102 and 103 coherent photons per second at each

harmonic order in forward direction for the bow-tie and waveguide experiments, respec-

tively. These findings are in contradiction to the previous reports, which described count

rates in excess of 108 and 109 harmonic photons per second at each harmonic order in

their bow-tie and waveguides measurements, respectively [24, 26]. It was recently ac-

knowledged by the authors that the photon numbers they reported do not represent count

rates, but in fact projected generation rates by considering a detection efficiency of 10−5

for their setup [27] (see also Reply by Kim et al. in the Appendix A); however, the contra-

diction is still present, as illustrated in table 5.1. Here, the high harmonic generation rates

reported by Kim and Park et al. [24, 26] are compared to the values estimated in Chap-

ters 3 and 4. Additionally, the table contains expected generation rates, which were esti-

mated independently in a recent comment on nanostructure-enhanced HHG [69]. These

theoretically extrapolated values are in good agreement with those estimated experimen-
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HHG photon generation rate (s−1)
Bow-ties Waveguide

Kim/Park et al. [24, 26] 108 109

Estimation [this work] ~102 ~103

Extrapolation [69] 102–103 103–104

Table 5.1: Reported generation rates per harmonic order for plasmon-enhanced HHG in bow-tie
and waveguide nanostructures (by Kim and Park et al. [24, 26]) in comparison to expected HHG
rates estimated in this work and values taken from Ref. [69].

tally in the present work. For both types of nanostructures, the expected high harmonic

yields are up to six orders of magnitude lower than those reported in the two previous

studies [24, 26].

Taking into account these estimations together with our experimental results, it is ev-

ident that the previous reports about plasmon-enhanced HHG should be re-evaluated.

Shortly after our reports, also the authors of Refs. [24] and [26] are reconsidering their

initial interpretations. In a follow-up article, Kim et al. state [27]: "It is also important to

note that there may be a contribution from ALE as claimed in Ref. [13] [here Ref. [28]].

However, it is practically not possible to isolate the contribution of ALE directly in our

EUV spectrum. The reason is that there are too many ALE lines possibly emitted from the

ionized Ar atoms in the range of 40–80 nm, with some ALE lines even being in too close

proximity to H11–H17 harmonics [...]." Referencing to the graph shown in Fig. 5.1, the

Supplement of this article further notes [27]: "The calibrated spectrum clearly shows the

harmonic peaks in both the cases, but it is found that the observed peaks are not precisely

located at the expected positions of harmonic wavelengths. This may be simply due to the

calibration imperfection of our home-built spectrometer. Nonetheless, the discrepancy

could be attributable to other reasons such as atomic line emission as claimed in Ref.

[13] [here Ref. [28]] [...]."

Whereas a final clarification of this issue might still be expected, the present work

already has unequivocally demonstrated that high harmonic generation is exceedingly

inefficient and essentially negligible under field-enhanced conditions involving localized

surface plasmons in both bow-tie and waveguide nanostructures. A realistic increase

in the local atom density in the waveguides by a factor of 10 (a pressure increase of

about 5 bar) would probably enable the observation of high harmonic photons; however,

even under such high pressure conditions, the high harmonic yield should be only on the
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Figure 5.1: Nanostructure-enhanced EUV spectrum taken from the supplement of Ref. [27].

This spectrum is a reproduction of the measurement shown in Ref. [24]. The expected harmonic
orders are indicated in the lower axis (H7–H19). c©2013 Wiley.

order of several hundred photons per second and will still be surpassed by the fluorescent

emission.

In consequence, entirely different approaches would be needed to raise the coherent

EUV contributions significantly above the levels of the incoherent fluorescence. A pos-

sible alternative concept for efficient nanostructure-assisted HHG utilizing propagating

surface-plasmon-polariton fields instead of LSPs is provided in the next section.
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5.3 Concept for efficient plasmon-enhanced HHG

As described above, HHG is not efficiently produced in implementations that utilize LSPs

for field enhancement. To overcome the underlying volume limitations, we envision a

different plasmon-enhanced approach, which combines the tapered waveguide geometry

with a longer channel-waveguide. Figure 5.2(a) schematically depicts this idea. In this

scenario, an incident low-energy laser pulse excites SPP waves at the inner walls of a

tapered waveguide similar to those used in Chapter 4. These propagating SPP waves

become concentrated at the tapered end of the funnel and are guided into a channel of

several micrometers in length. Due to the long propagation distance of the SPP waves

at the inner wall of the channel-waveguide, the total field-enhanced volume is drastically

increased compared to implementations using LSPs, so that sufficient coherent radiation

buildup for HHG may be realized. Together with a high pressure gas supply, this approach

could lead to a situation where the high harmonic yield clearly dominates the fluorescent

contribution in the EUV emission.

Gold

Channel

waveguide

Tapered

waveguide

Incident

field

SPPs

High

harmonic

radiation

Channel

plasmons

Extended generation distance

> 10 µm

(a)

(b)

5 µm

Channel width

< 100 nm

Figure 5.2: Concept for efficient plasmon-enhanced HHG by using SPP waves in a channel

waveguide. (a) Schematic illustration of channel-plasmon-enhanced HHG. (b) Scanning elec-
tron microscope image of a prototype sample. The gold platform contains a combination of a
tapered waveguide and a 30 µm long hollow channel, which is 100 nm wide and few micro-
meter deep.
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The efficient coupling of channel SPPs—channel-plasmon-polaritons (CPP)—into V-

shaped grooves has already been demonstrated and characterized by near-field scanning

optical microscopy (NSOM), as shown in Fig. 5.3 [95, 108]. A smooth gold film is de-

posited on a fused silica substrate and contains V-shaped channels, which have a tailored

geometry in terms of opening θ angle and depth d (see SEM image in Fig. 5.3(a))1.

In Fig. 5.3(b), the NSOM image illustrates the near-field distribution and homogeneous

propagation of the CPPs within the channel for an excitation wavelength of 1.6 µm. Here,

an efficient coupling of the CPPs depends critically on the geometry of the grooves. Cal-

culations for rectangular gold channels indicate that propagation distances on the order of

200 µm are expected for certain CPP modes at 1.55 µm wavelength [95], allowing for a

sufficient generation length in a HHG scheme with channel plasmons.

(a) SEM image of a channel waveguide (b) NSOM image

Figure 5.3: Channel-plasmon-polaritons. Results from Ref. [108]. (a) Scanning electron mi-
croscope image of the gold film containing V-shaped grooves forming a plasmonic Y-splitter.
(b) Near-field scanning optical microscope (NSOM) image displaying the field distribution of
the 1.6 µm light in the channel waveguide. Images taken from Ref. [108]. c©2006 npg.

Currently, attempts to realize channel-plasmon-enhanced HHG are in progress and are

expected to enable a clear observation of high harmonic signals from nanostructures for

the first time. Figure 5.2(b) depicts a prototype sample for such an experiment. A combi-

nation of a tapered waveguide with a micrometer-long channel is fabricated via focused

ion milling onto a smooth gold platform. Pressure-dependent measurements of the EUV

light generation in such samples with differing channel lengths may lead to the observa-

tion of the transition from fluorescence to HHG dominated EUV spectra.

1The Y-splitter configuration of the channels has no further relevance in this context.
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5.4 Outlook

This section provides a road map for further investigations of the novel nanostructure-

based EUV effects found in this study. Specifically, gauging the near-field, surface-

enhanced low-order harmonic generation, and the formation of the bistable waveguide

nanoplasma are discussed. A first attempt to explain the bistability in the waveguide

plasma in terms of coupled rate equations is also included. Finally, some potential appli-

cations for the waveguide-enhanced EUV emission are suggested.

5.4.1 Gauging of plasmonic near-fields

One of the unsolved challenges in nano-optics is the determination of absolute field

strengths in optical nanostructures by means of a direct gauge. The main problem in this

respect is caused by the lack of suitable probes for sensing the nanoscopically confined

near-fields. Whereas other properties, for example, the plasmonic resonances of nanoan-

tennas are relatively easy to access via spectroscopy [52, 51, 16] (see also the dark-field

scattering spectra in Fig. 3.2e), the absolute intensity values of local fields are still diffi-

cult to extract. Approaches relying on the evaluation of absolute signals, e.g, from two-

photon photo-luminescence excited at the metal surface of the nanostructures [60], were

suggested in the past. However, such concepts may face diverse problems in the form

of uncertainties about nanostructure-specific changes of the signal emission properties

due to quenching, diffraction, or absorption causing inaccuracies in the obtained intensity

values. Other methods utilizing relative signal levels are generally more reliable in this

context and were already demonstrated for nanostructures which exhibit moderate field

enhancements [76]. In this latter report, relative luminescent contributions from near-field

excited colloid quantum dots were harnessed to find an absolute intensity scale. However,

due to the dimensions of quantum dots (about 10 nm in diameter), this approach is re-

stricted to nanostructures with relatively large dimensions and low field enhancements.

In contrast, the gauging method presented in Chapter 3 can be applied to arbitrarily

small nanostructures (in terms of field-enhanced volumes) and allows for the sensing of

very high local intensities even reaching the destruction threshold of the nanostructures.

In analogy to the approach in Ref. [76], the intensity-dependent relative line strengths of

the fluorescent atomic emission provide an absolute measure of the near-field enhance-

ment. In the same manner, it is also anticipated that this method can be used to gauge the

58



5.4 Outlook

absolute local gas densities, since the relative line strengths of the fluorescence show also

a clear pressure dependence (cf. Fig. 3.4c).

In order to make this near-field gauging more accessible and versatile, an important

next task is the implementation of this method under ambient conditions. Due to the

strong absorption of EUV photons at atmospheric pressure, this goal requires intensity-

dependent fluorescence lines at longer (e.g. visible) wavelengths. This approach will be

the subject of further studies. Many nano-optical applications rely on accurate knowl-

edge of absolute near-field intensities and could, therefore, benefit from this new gauging

method.

It should also be noted that the formation of the bistable plasma in the waveguide exper-

iments could have a significant influence on the near-field gauge due to the alternation in

intensity-dependence of the fluorescent emission. Such alternations are clearly indicated

by the threshold behavior and the strong hysteresis observed in our experiments. How-

ever, these plasma effects are only present at high pressures, as evident from Fig. 4.4d.

The main reason behind this property is simply the much stronger collisional contribution

from free electrons to the atomic excitation process due to a increased gas density; there-

fore, this gauging method is not applicable at high-pressure conditions. On the other hand,

plasma formation in the bow-tie experiments was not observed, most likely because of the

much smaller excitation volumes in this scenario. The formation of laser induced-plasma

requires an excitation memory together with multi-collisional electron excitation of the

gas atoms. Whereas the second requirement is most probably satisfied in the bow-ties,

the fast escape of pre-excited atoms and ions from the field-enhanced region (due to sim-

ple gas kinetics) prevents plasma formation. In other words, the gas volume is renewed

upon arrival of a subsequent exciting laser pulse (see also explanation in Chapter 4).

Beyond the applicability of intensity-dependent spectral characteristics for gauging

purposes, the study of nonlinear fluorescent gas excitation within strong fields is very

interesting in itself. As an example, Fig. 3.4(d) shows a transition from the multiphoton

to a different excitation regime characterized by a linear intensity dependence of the flu-

orescence line strengths. This and other aspects of the plasmonic EUV light generation

will be the subject of further studies.
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5.4.2 Surface-enhanced low-order harmonic generation

The nonlinear optical response from metallic nanostructures, including antennas, sharp

tips, particles, and rough surfaces, is well investigated and has enabled the observation of

light conversion effects like second [70, 3, 4] and third [5, 6] harmonic generation as well

as two-photon photo-luminescence [59, 60] at the metal surfaces. These observations

offer the great potential to study the nonlinear optical properties of the respective bulk

metals and surfaces. Exact values for the nonlinear refractive indices or the nonlinear

susceptibilities of gold and other materials are already obtainable experimentally. The

investigation methods usually rely on z-scan absorption measurements or the evaluation

of low-order harmonic light generation [109, 110, 111, 112, 113]. The utilization of the

fifth-order harmonic generation in nanostructures, as it is demonstrated here, will offer a

new means of investigating nonlinear optical properties of metals and other materials in

terms of higher nonlinear orders and shorter wavelengths in the ultraviolet spectral range.

5.4.3 Optical bistability of the waveguide nanoplasma

Plasma formation is necessarily linked to a high degree of ionization in an atomic medium

and the density of the charged particles—electrons and ions—serves as the key marker

for the underlying plasma dynamics which are governed by collisional processes between

these particles [114]. Due to the large scattering cross section of fast electrons, electron

collisions usually dominate the plasma process. The formation of a gas plasma can be

easily induced by electron discharges, which rely on direct or inductive ionization of a

gas volume [57, 55, 115, 97, 98]. But intense laser radiation can also be utilized to obtain

a plasma through multiphoton or strong-field ionization [30, 116, 117, 118].

In this respect, the waveguide-enhanced EUV fluorescence reported in Chapter 4 indi-

cates a new way to study laser-induced plasma processes at high repetition rates. Specif-

ically, the observed intensity hysteresis in the EUV signal warrants further investigation,

and is intended to provide a first approach for a more detailed explanation of optical

bistabilities in waveguide nanoplasmas. In order to derive a model based on coupled rate

equations, it is instructive to look at similar effects in other types of plasma experiments.

Specifically, for inductively-coupled (IC) discharge plasmas, bistabilities have been

studied for a long time, resulting in a large number of reports [97, 98, 99, 100, 120,

121, 119, 122, 123]. For example, Fig. 5.4(a) reprints a plasma bistability measurement

taken from Ref. [97]. Here, the emission yield from an argon plasma shows a strong
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(a) Plasma emission hysteresis (b) Power balance diagram

Figure 5.4: Bistability in a inductively-coupled gas discharge plasma. (a) Emission intensity
of the argon plasma lines at 419.8 nm and 420.0 nm wavelength as a function of the coil current.
The arrows denote the time evolution of the trace. (b) Power balance diagram for an inductive
discharge. Shown are the dissipated (dotted line) and absorbed (solid lines) power as a function
of free electron density for three different coil currents. Stable and unstable operation points are
indicated with filled and open circles, respectively. Graphs are taken from refs. [97] and [119].
c©1996/1999 IOP Publishing Ltd.

hysteresis as a function of the coil current. Such bistabilities are commonly explained

by considering power balance diagrams, which compare the dissipated with the absorbed

power in the IC discharge plasma [119]. In Fig. 5.4(b), a typical power balance diagram

shows the dissipated power Pdis(ne) (dotted) and the absorbed power Pabs(ne) (solid) as

functions of the free electron density ne. Equilibrium in plasma generation is reached, if

Pdis(ne) = Pabs(ne), and the free electron density becomes constant. The corresponding

intersections (filled circles) indicate the stable operation points of the plasma. Due to

the nonlinear behavior of the absorbed power Pabs(ne), which is plotted here for three

different coil currents, monostable operation conditions are present for small or large

currents, whereas bistable conditions only occur at intermediate currents. The hysteresis

shown in Fig. 5.4(a) becomes clear under consideration of such a power balance diagram.

Therefore, starting from small coil currents, the system remains in the operation point at

lower electron densities (low hysteresis branch) until the monostable condition at large

coil currents results in a plasma at higher electron densities. This change in turn causes

the fluorescence strength to increase by orders of magnitude. After this ignition process,

the high electron density conditions can be maintained (upper hysteresis branch) until
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monostable conditions at sufficiently small coil currents force the system back into the

operation point at low electron densities.

Following this above explanation, it is clear that the free-electron density is the key

aspect of the plasma generation process. Specifically, stable operation conditions are

characterized by a constant electron density, which implies a zero rate change dne/dt = 0.
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Figure 5.5: Ionization paths.

Taking this into account, the bistability of the wave-

guide plasma can be discussed by evaluating the rate of

change of the electron density dne/dt as a function of

electron density ne itself. The rate of change is affected

by several excitation and relaxation channels, which in-

clude multiphoton and strong-field ionization, together

with direct or stepwise electron-collisional excitations,

as well as collisional de-excitation and fluorescence.

Fig. 5.5 depicts several of these processes, together with

the dependence of the electron production rate on the

atom density in the ground state (n0) and the free electron density (ne). Both direct and

stepwise ionization via the numerous accessible atomic states (labeled by |1〉) contribute.

Based on this consideration the following two rate equations determine the change of the

electron density.

dne

dt
= Γ0en0 +Γ1en1 +S1en1ne +S0en0ne − γene. (5.1)

dn1

dt
= Γ01n0 +S01n0ne − γ1n1. (5.2)

Here, the coefficients Γxy and Sxy represent the transition probabilities from state x to y

for photon-driven and collisionally-exited electrons, respectively. The coefficients for the

de-excitation processes and the fluorescence are summarized in γe and γ1.

The coupled rate equations 5.1 and 5.2 lead to a density dependence (up to third-order)

of the rate change dne/dt, considering the mass density conservation ρ = n0 + n1 + ne.

Thus, purely light-induced excitations and those involving up to one electron scatter-

ing event scale linearly and quadratically, respectively, in the electron densities, whereas

stepwise ionization mechanisms involving two collisions provide the n3
e scaling, which is

necessary for the bistability, as described below.
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Figure 5.6: Illustration of the appearance of bistability based on stepwise excitation pro-

cesses. Ionization rate in the plasma as a function of free electron density for the laser intensities
and/or gas pressures below (blue), within (red) and above (green) the bistable regime. Filled
and open circles indicate stable and unstable zero-rate change conditions, respectively.

A qualitative evaluation of dne/dt for different laser intensities leads to the bistability

diagram shown in Fig. 5.6. Here, monostable conditions (green/blue for low/high intensi-

ties), are characterized by a positive rate at zero density and negative rate at high density,

with a single intersection at the stability point (dne/dt = 0). For the bistable intensity

regime (red) two stable operation points are present, and the plasma exhibits either low or

high electron densities, depending on the excitation history of the system. This character-

istic results in the observation of the pronounced intensity hysteresis shown in Fig. 5.7.

Similar considerations should also hold for differing gas densities, and the experimental

verification of a pressure hysteresis is in progress. Furthermore, by choosing realistic val-

ues for the coefficients in equations 5.1 and 5.2 it should be possible to obtain quantitative

information about the optical bistability in the waveguide nanoplasma. Such an analysis

will be the subject of future studies, resulting in a deeper understanding of the observed

plasma dynamics.

However, additional electron contributions due to multiphoton and strong-field photo-

emission from the waveguide walls [13, 63, 14] are expected to influence the exhibited

plasma dynamics and, thus, will have to be included in the above model. For example
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this affects the mass density conservation mentioned above. Figure 5.7 shows the effect

of these additional electron contributions to the shape of the intensity hysteresis in the

waveguide EUV fluorescence. In contrast to the very step hysteresis in Fig. 5.7(a), which

was measured with a fresh waveguide having a smooth surface, the same waveguide with

increased surface roughness (due to laser damage) exhibits a completely different hys-

teresis (cf. Fig. 5.7(b)). In particular, the earlier onset of the EUV emission at lower

incident intensities indicates strong contributions of photoelectrons from the metal sur-

face. This reduction of the plasma excitation threshold can be understood considering the

metal’s work function (about 5 eV for gold), which is much smaller that the ionization

energy of the gas atoms. Further investigation of these surface mediated contributions are

in progress.
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Figure 5.7: Intensity hysteresis from a fresh and moderately modified waveguide. a) Hystere-
sis measurement using a fresh waveguide with smooth inner surface right after the fabrication
process. Same data as shown in Fig. 4.4(a). (b) Hysteresis measurement for the same wave-
guide as in (a), but with moderately modified surface roughness caused by illumination with
laser intensities in the excess of 1 TW/cm2.
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5.4.4 Future applications for EUV fluorescence

Besides the further study of strong-field gas excitation in plasmonic nanostructures, it is

also intended to utilize the very stable fluorescence yield—particularly from the tapered

hollow waveguides—in experiments that do not necessarily require temporally coherent

light. Taking into account the detection efficiency of the setup, a total generation rate of

up to 1010 fluorescence photons per second is expected at the exit of an optimal wave-

guide structure. These photon fluxes are large enough to be considered in experimental

implementations based on scanning near-field techniques or nanoscale coherent diffrac-

tive imaging methods. The schemes in Figs. 5.8(a) and (b) illustrate possible concepts for

scanning near-field optical microscopy/lithography and lensless imaging, respectively. A

striking advantage of the waveguide-based light source is its small size and the great flex-

ibility to fabricate the structures on any kind of metal tip or cantilever. This enables a very

compact design of the respective experiments and allows us to bring the EUV source as

close as desired to the sample (see Fig. 5.8).

(a) (b)

Sample

scan
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Structures to
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Diffraction
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Figure 5.8: Possible applications for the waveguide-enhanced EUV emission. a) Scheme for
EUV scanning near-field optical microscopy or lithography. The exit of the waveguide source
is placed in close proximity to a sample, which can be scanned in lateral directions. b) Scheme
for lensless imaging. The EUV radiation emitted from the waveguide source passes the sample
containing a phase or intensity object, and a diffraction pattern is recorded with a camera be-
hind the sample. The pictures of the sample and the diffraction pattern are both adapted from
Ref. [21].
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Appendix A

Kim et al. reply

S. Kim, J. Jin, Y.-J. Kim, I.-Y. Park, Y. Kim, and S.-W. Kim

Nature 485, E2-E3 (2012)

DOI: 10.1038/nature10978

Kim et al. wrote in their reply to the comment in Chapter 2:

"Sivis et al. showed [28] spectral data of extreme ultraviolet (EUV) emission from gas-

exposed bow-ties, claiming high predominance of atomic line emission (ALE) of neutral

and ionized gas atoms in contradiction to our data [24, 58] of high harmonic generation

(HHG). This is not the first time the signature of ALE has been identified in conventional

HHG spectral data [78]. The two distinct phenomena, ALE and HHG, are not mutually

exclusive but coexistent when gaseous atoms are illuminated by strong-field laser pulses.

The feasibility of nanostructure-enhanced HHG has been proved already by several

theoretical studies conducted independently [46, 65, 66, 67]. However, no experimental

demonstration has yet been reported except for our HHG data [24, 58] from bow-ties. The

main reason may be inferred from the durability problem we encountered with bow-ties

patterned with Au on a sapphire substrate. The thin-film bow-ties began to degrade, not

abruptly, but starting gradually then continuing at a fast rate, soon after being exposed to

the driving laser set to 0.1 TW cm−2 intensity. Being continuously deprived of geometrical

accuracy by thermal damage coupled with optical breakdown, even new bow-ties gave out

detectable HHG signals during a short lifetime, which was often missed.

We do not agree with Sivis et al. [28] that Nnano/Nconv ≈ 10−8. Our calculation reveals

that the ratio reaches 10−6; we calculate the number of gas atoms to be ~8×104 with a

total interaction volume of 60 nm × 350 nm × 350 nm ×150 bow-ties at 115 torr pressure.
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This brings the conversion efficiency of nano-HHG for the seventh harmonic (H7) to be

~10−4 times that of conventional HHG. Given that the conversion efficiency of H7 is

~10−5 in conventional HHG [124], the efficiency value of 10−9 for the harmonic shown in

our data is realistic. No consideration was given to the possible enhancement of harmonic

yield attributable to inhomogeneous distribution of plasmonic field intensity [67].

The photon-count of our data [24, 58] was estimated by measuring the output current

of the photomultiplier tube (PMT) used to scan the raw spectral data, and at the same time

taking into account all the individual functional efficiencies of the hardware components

involved in our experiment. This projected estimation of photon-count led to a noise

floor of ~106 photons s−1, which appeared rather high due to electrical noise in the PMT

current measurement.

The linewidth became narrowed during post-processing, both for deconvolution of

the slit size placed before the PMT and also for data averaging through repetitive mea-

surements to reduce electric noise. Long plasmonic field decay might have caused the

linewidth narrowing [66], which is however not proved yet. No attention was paid to the

second or higher-order diffraction signals because they were buried below the noise floor

in our measurement; the grating efficiency for the second order diffraction was one order

of magnitude less than that for the first order. Besides, the peak amplitudes of higher

harmonics were also about one order of magnitude less than that of H7.

Further work continued after our Letter [24] brought us the conclusion that bow-ties

are not an ideal tool for experimental demonstration of nano-HHG. Instead, we found that

three-dimensional waveguides [26] hollowed out in an ellipsoidal funnel shape on a bulk

metal substrate are a good alternative. The funnel waveguide permits stable, consistent

generation of higher harmonics up to the 43rd order using xenon gas with improved im-

munity to optical and thermal damage. Investigation is underway to verify the coherence

of the EUV radiation from the funnel waveguide."
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