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EDITORIAL NOTE

Editorial Note

Our century is often said to be the century of the photon. Emerging op-
tical technologies and concepts have tremendously changed the face of
the world in many branches of everyday life as optical communication,
amazing applications for the laser in fabrication and medicine, microopti-
cal components for imaging or solid state lighting to name just a few. As
doctoral students, we are not just silent witnesses of this development but
we are right at the heart of the research that shapes tomorrow.

Those past achievements wouldn’t have been possible without the sem-
inal work of thousands of doctoral students around the world who carry
‘ out the vast majority of the research load under the guidance of their su-
pervisors. A tremendous amount of specialized knowledge and experience is accumulated which
should be regarded as a huge potential to be set free. Especially other doctoral students at
the same level of knowledge and in a similar career and personal situation can benefit from the
exchange of ideas in a scientific, professional and personal way.

DoKDoK was intended to serve exactly this goal when started in 2011. After this event, many new
collaborations and scientific exchange developed among the doctoral students, jobs in industry
were found and we were sure that this conference had to be established as a permanent event.
This year's DoKDoK retains last year’s established format but includes some additional features.
First to mention is the conference site. The marvelous castle in Oppurg provides an inspiring
surrounding for the conference. As last year, the housing is directly at the conference site. Talks
are all presented in plenary sessions and last nearly half an hour to give every participant the
chance to communicate as much of his research as possible. Posters are present all the time and
allow for in-depth discussions.

In addition to last year, we are happy that we could include a broader range of topics, such as
publishing and career opportunities, which are of particular importance to young scientists. With
Prof. Martijn de Sterke we not only have won a world leading scientist as our first keynote speaker
but also the Editor-in-Chief of Optics Express, a well-known journal in our field. As long-standing
leader of the Central Department for Optics Design and Simulation at the company Carl Zeiss,
Prof. Herbert Gross especially will address the perspectives of young scientist in industry.

Last but not least, | would also like to thank our numerous sponsors that have made DoKDoK
2012 possible. | wish all of us an exciting conference with many fruitful discussions that give a
good perspective to a successful continuation in 2013.

Thomas Kaiser, General Conference Chair
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KEYNOTE SPEAKERS

Keynote

Speakers

Prof. Martijn de Sterke

Martijn de Sterke received the M.Eng degree in Applied Physics from the
University of Delft in the Netherlands, and his PhD in Optics from the Uni-
versity of Rochester in the USA. After postdoctoral work at the University
of Toronto in Canada, he joined the School of Physics at the University
of Sydney, where he is now a Professor in Physics working in the area
of optics and photonics, particularly Nonlinear Optics, Fiber Optics and
Photonic Crystals. He has been the Editor-in-Chief of the Journal Optics
Express since 2007. Martijn de Sterke was the 1999 winner of the Pawsey
Medal of the Australian of Sciences and has been a Fellow of the Optical
Society of America since 2003.

Martijn willl also be available for a chat at the Welcome Reception on
Sunday, where he will talk about his work as Editor-in-Chief of Optics

Express. This is a good oppurtinity to gain insight into the world of scientific publishing. Maybe
you will also get some useful hints for the next paper you try to publish!

Prof. Herbert G

FOSS

Herbert Gross has studied and graduated at the University of Stuttgart,
Germany, where he received the Dr.-Ing. degree with a work on the propa-
gation of higher order modes through optical systems in 1996. Since 1998
he has had various teaching assignments at the University of Aalen, Ger-
many, the Ecole Polytechnique Fédérale de Lausanne (EPFL), Switzer-
land, and the Technical University limenau, Germany. As a "practical the-
oretical” physicist, he was leading the Central Department for Optics De-
sign and Simulation of Carl Zeiss since the mid-1990s, until he joined the
Friedrich-Schiller-University in Jena in 2012.

As a physicist in a leading key position in industry, Herbert Gross gained a

lot of expriences which are especially useful for young scientists. In his talk he will provide insight

into this exciting world.

DOKDOK
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CONVERENCE SCHEDULE OVERVIEW

Conference Schedule

Sunday, 071" October 2012

01 — Optical Metrology |
Chair: Matthias Falkner

14:25 CHRISTIAN SCHULZE
Institute of Applied Optics, Friedrich-Schiller-Universitat, Jena, Germany

"Measuring wavefronts using modal decomposition”

14:50 MARTIN SCHAFFER
Institute of Applied Optics, Friedrich-Schiller-Universitat, Jena, Germany

"Recent advances in laser speckle based structured illumination stereophotogramme-
try”

15:15 SILvio FUcHs
Institute of Optics and Quantum Electronics, Friedrich-Schiller-Universitat, Jena, Germany

"Optical Coherence Tomography using broad-bandwidth XUV and soft x-ray radiation”

02 — Ultrashort Dynamics
Chair: Christian Vetter

16:00 JANA BIERBACH
Institute of Optics and Quantum Electronics, Friedrich-Schiller-Universitat, Jena, Germany

“Intense Attosecond Pulses from Relativistic Surface Plasmas”

16:25 FALK EILENBERGER
Institute of Applied Physics, Friedrich-Schiller-Universitat, Jena, Germany

“Imaging Cross Correlator FROG: Space-Time Retrieval of Ultrashort Complex Electric
Fields”

16:50 MAX MOLLER
Institute of Optics and Quantum Electronics, Friedrich-Schiller-Universitat, Jena, Germany

"Single-shot carrier-envelope phase measurement based on stereographic above-
threshold ionization in the multi-cycle regime”

18:00 Welcome Reception

Possibility to chat with Prof. Martijn de Sterke, the Editor-in-Chief of Optics Express

DOKDOK
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CONVERENCE SCHEDULE OVERVIEW

Monday, 08" October 2012

Keynote |
9:30 PROF. MARTIJN DE STERKE

University of Sydney, Australia
"Why evanescent modes matter”

10:45 Short Break

03 — Plasmonics
Chair: Thomas Kaiser

11:00 ROBERT FILTER
Institute of Condensed Matter Theory and Solid State Optics, Friedrich-Schiller-Universitat,

Jena, Germany
"Controlling Light-Matter-Interactions using Nanoantennas”

11:25 ANGELA KLEIN
Institute of Applied Physics, Friedrich-Schiller-Universitat, Jena, Germany

"Controlling plasmonic hot-spots by interfering Airy beams”

11:50 BENNY WALTHER
Institute of Applied Physics, Friedrich-Schiller-Universitat, Jena, Germany

"Multi-wavelength holograms made of plasmonic metamaterials ”

12:30 Lunch Break

04 — Coupled waveguides and resonators
Chair: Robert Filter

14:00 RON SPITTEL
Institute of Photonic Technology, Friedrich-Schiller-Universitat, Jena, Germany

"Equivalent step-index model of multifilament core fibers”

14:25 SIMON STUTZER
Institute of Applied Physics, Friedrich-Schiller-Universitat, Jena, Germany

“Superballistic transport and anomalous diffusion in inhomogeneous lattices”

14:50 CARSTEN SCHMIDT
Institute of Applied Physics, Friedrich-Schiller-Universitat, Jena, Germany

"Characteristics of optical modes in coupled disk microresonators”

DOKDOK
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CONVERENCE SCHEDULE OVERVIEW

15:15 THOMAS KAISER
Institute of Applied Physics, Friedrich-Schiller-Universitat, Jena, Germany

“Light propagation in plasmonic nanoparticle loaded waveguides”

15:40 Short Break

05 — Optical Metrology I
Chair: Martin Schaffer

16:00 BARBARA SEISE
Institute of Photonic Technology, Friedrich-Schiller-Universitat, Jena, Germany

"Fluorescence based DNA detection of pathogens with magnetic beads”

16:25 MARIO CHEMNITZ
Institute of Applied Physics, Friedrich-Schiller-Universitat, Jena, Germany

"Parametric fiber optical amplifier for spectrally high-resolved coherent anti-Stokes Ra-
man spectro-microscopy”

16:50 ROLAND WUCHRER
Fraunhofer Institute for Nondestructive Testing, Dresden, Germany

“Filter-based spectrometer for optical wavelength shift sensors”

18:00 Asphericon Poster Session

Asphericon Company Presentation
Presentation Grinderzentrum FSU Jena

DOKDOK
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CONVERENCE SCHEDULE OVERVIEW

Tuesday 09" October 2012

06 - Heraeus Session on Optical Materials & - Processing
Chair: Daniel Richter

9:00 DR. HOFMANN
Heraeus

"Heraeus Company Presentation”

9:25 FLORIAN JUST
Institute of Photonic Technology, Friedrich-Schiller-Universitat, Jena, Germany

"Powder sintering process for the manufacturing of novel, highly efficient laser fibers”

9:50 CAROLIN ROTHHARDT
Fraunhofer Institute for Applied Optics and Precision Engineering, Jena, Germany

"Fabrication of a Faraday Isolator by plasma-activated bonding”

10:15 SVEN DORING
Institute of Applied Physics, Friedrich-Schiller-Universitat, Jena, Germany

"Analysis of the hole formation in ultrashort pulse laser deep drilling”

11:30 Lunch

Social Day

We will visit some sights in the nearby town of PoBneck.
13:00 (optional) visit of the local chocolate factory (with selling on-site)

14:00 Start of the official Social Day Program.
Further information will be provided.

In the evening we close this day in the traditional local restaurant "Ratskeller”.

DOKDOK
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CONVERENCE SCHEDULE OVERVIEW

Wednesday, 10" October 2012

Keynote Il
9:30 PRoF. HERBERT GROSS

Friedrich-Schiller-Universitat, Jena, Germany

"Physicists in industry”

10:45 Short Break

07 — Nanostructured Materials
Chair: Falk Eilenberger

11:00 FELIX ZIMMERMANN
Institute of Applied Physics, Friedrich-Schiller-Universitat, Jena, Germany

“Ultrashort pulse induced nanogratings and their fundamental structure”

11:25 CHRISTIAN VETTER
Institute of Applied Physics, Friedrich-Schiller-Universitat, Jena, Germany

"Femtosecond-Laser Induced Nanogratings - A versatile Platform for Birefringent Polar-
ization Control”

11:50 SAMUEL WIESENDANGER
Institute of Condensed Matter Theory and Solid State Optics, Friedrich-Schiller-Universitat,

Jena, Germany
“Front and rear side photonic structures in silicon solar cells”

12:15 MATTHIAS FALKNER
Institute of Applied Physics, Friedrich-Schiller-Universitat, Jena, Germany

"How to characterize comprehensively highly dispersive metamaterials with optical ac-
tivity”

12:40 Lunch

08 — Leoni Session on Optical Fibers and Fiber Lasers
Chair: Thomas Kaiser

14:00 NN
Leoni

"Leoni Company Presentation”

14:25 FLORIAN JANSEN
Institute of Applied Physics, Friedrich-Schiller-Universitat, Jena, Germany

"Ytterbium-doped large-pitch fibers”

DOKDOK

doctoral students conference on optics 1 1



CONVERENCE SCHEDULE OVERVIEW

14:50 HANS-JURGEN OTTO
Institute of Applied Physics, Friedrich-Schiller-Universitat, Jena, Germany

"Mode instabilities in high-power fiber-laser systems”

15:15 DANIEL FLAMM
Institute of Applied Optics, Friedrich-Schiller-Universitat, Jena, Germany

"Selective excitation of higher-order modes in optical fibers using a spatial light modu-
lator”

15:40 Short Break

08 — Lithium Niobate Waveguides
Chair: Reinhard Geiss

16:00 SEBASTIAN KROSEN
Institute for Applied Physics, Westfalische Wilhelms- Universitat, Mlnster, Germany

“Integration of Functional Optical Devices in Lithium Niobate Wafers by Direct Fem-
tosecond Laser Writing”

16:25 SHAKEEB BIN HASAN
Institute of Condensed Matter Theory and Solid State Optics, Friedrich-Schiller-Universitat,

Jena, Germany
"Quadratic Frequency Conversion In Plasmonic Slot Waveguides”

16:50 ANTON SERGEYEV
Institute of Applied Physics, Friedrich-Schiller-Universitat, Jena, Germany

"Optimisation and application of the second-harmonic waveguiding in lithium niobate
nanowires”

18:00 Conference Dinner and Official Welcome of the new ASP doctoral students

DOKDOK
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CONVERENCE SCHEDULE OVERVIEW

Thursday 11" October 2012

10 — Bragg Gratings
Chair: Ria Kramer

9:00 DANIEL RICHTER
Institute of Applied Physics, Friedrich-Schiller-Universitat, Jena, Germany

“lllustration of the Ewaldsphere with a twodimensional fs pulse written volume Bragg
grating (VBG)”

9:25 TINO ELSMANN
Institute of Photonic Technology, Friedrich-Schiller-Universitat, Jena, Germany

“Inscription of first order Volume-Bragg-Gratings in a non-photosensitive material by
using femtosecond-pulses with a wavelength of 400 nm”

9:50 JULIA MORBITZ
FBGS Technologies GmbH, Jena, Germany

“Fabrication and characterization of a “continuous Fiber Bragg Grating fiber” using Draw
Tower Grating Technology”

10:15 CHRISTIAN VOIGTLANDER
Institute of Applied Physics, Friedrich-Schiller-Universitat, Jena, Germany

"Femtosecond laser inscribed mode filter for few mode fibers”
10:40 Short Break

11 — Advanced Microscopy
Chair: Angela Klein

11:00 AURELIE JOST
Institute of Photonic Technology, Friedrich-Schiller-Universitat, Jena, Germany

"Fast Structured Illlumination Microscopy”

11:25 MARTIN KIELHORN
Institute of Photonic Technology, Friedrich-Schiller-Universitat, Jena, Germany

"Spatio-angular microscopy”

11:50 JOHANNES OTT
Department of Medical Engineering and Biotechnology, Ernst-Abbe-University of Applied
Sciences, Jena, Germany
"Development of an Optical System to Monitor a Cell Based Lab-On-A-Chip In Vitro
Assay”

12:15 Official Closing of the Conference

DOKDOK
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POSTER CONTRIBUTIONS

Poster Contributions

ALAEE, RASOUL
Institute of Condensed Matter Theory and Solid State Optics, Friedrich-Schiller-Universitat,
Jena, Germany

"Complete light absorption in extremely coupled plasmonic nanostructure”

DIETRICH, KAY
Institute of Applied Physics, Friedrich-Schiller-Universitat, Jena, Germany

"Chiral Nanomaterial Fabrication by means of On-Edge Lithography”

FASOLD, STEFAN
Institute of Applied Physics, Friedrich-Schiller-Universitat, Jena, Germany

"Plasmonic Moiré Magnifier”

GEISS, REINHARD
Institute of Applied Physics, Friedrich-Schiller-Universitat, Jena, Germany

"Lithium Niobate Nanowaveguides fabricated by IBEE”

GERMER, SUSETTE
Institute of lon-Beam Physics and Materials Research, Helmholtz-Center Dresden-
Rossendorf , Dresden, Germany

"Basic structures of integrated photonic circuits for smart biosensor applications”

GRAFE, MAXIMILIAN
Institute of Applied Optics, Friedrich-Schiller-Universitat, Jena, Germany

"Design of ultrafast fluorescence spectroscopy for axial resolution of fluorophore distri-
bution with low numerical apertures for ophthalmologic application”

HARTUNG, ALEXANDER
Institute of Photonic Technology, Friedrich-Schiller-Universitat, Jena, Germany

"Applicability of input coupling taper transitions for supercontinuum generation”

HEISEL, PER-CHRISTIAN
Institute of Photonic Technology, Friedrich-Schiller-Universitat, Jena, Germany

"UV fs-laser pulse durations from autocorrelation measurements in CaF2”

DOKDOK
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POSTER CONTRIBUTIONS

JAHN, MARTIN
Institute of Physical Chemistry, Friedrich-Schiller-Universitat, Jena, Germany

"Lipophilic sensor layers for SERS-based detection of water-insoluble substances”

KARRAS, CHRISTIAN
Institute of Photonic Technology, Friedrich-Schiller-Universitat, Jena, Germany

“The impact ionization coefficient in dielectric materials revisited”

KLINER, ANDREA
Fraunhofer Institute for Applied Optics and Precision Engineering, Friedrich-Schiller-
Universitat, Jena, Germany

"Adiabatic Tapers”

KRAMER, RIA
Institute of Applied Physics, Friedrich-Schiller-Universitat, Jena, Germany

"Inscription of fiber Bragg gratings in a 120 core fiber with ultrashort pulses”

LORENZ, ADRIAN
Institute of Photonic Technology, Friedrich-Schiller-Universitat, Jena, Germany

"Comparison of different design concepts for large mode area optical fibers”

Lu, HUI WEN
Institute of Photonic Technology, Friedrich-Schiller-Universitat, Jena, Germany

“Fast High-Resolution Fluorescence Microscopy by Nonlinear Structured lllumination”

MAASS, JACQUELINE
Carl Zeiss Jena GmbH, , Germany

"Flexible Simulation Tool for Talbot - Lithography to Fabricate Various Three-
dimensional Microstructures”

PRATER, KARIN
Institute of Applied Physics, Friedrich-Schiller-Universitat, Jena, Germany

"Vortex Light Bullets: a Discrete Revolution”

RATZSCH, STEPHAN
Institute of Applied Physics, Friedrich-Schiller-Universitat, Jena, Germany
"Properties of titanium oxide deposited by atomic layer deposition as a coating for highly
efficient transmission grating”

DOKDOK
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POSTER CONTRIBUTIONS

SARAVI, SINA
Institute of Applied Physics, Friedrich-Schiller-Universitat, Jena, Germany

"Slow light in lithium niobate photonic crystal slab waveguides”

ZIERBOCK, SOPHIE
Institute of Physical Chemistry, Friedrich-Schiller-Universitat, Jena, Germany
"Surface enhanced Raman spectroscopy (SERS) for the detection of ecological harmful
arrearages of sewage water”

ZURCH, MICHAEL
Institute of Optics and Quantum Electronics, Friedrich-Schiller-Universitat, Jena, Germany

"Highly nonlinear interaction of laser beams with angular orbital momentum”

DOKDOK
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ALAEE, Rasoul

Complete light absorption in extremely coupled plasmonic nanostructure

Rasoul Alae&, Christoph Menzél, Uwe Huebnet, Ekaterina Pshenay-SevetjiThomas Pertsch
H.-G. Meye?, J. Popp, Carsten Rockstuhland Falk Lederér

Lnstitute of Condensed Matter Theory and Solid State Optics,
Abbe Center of Photonics, Friedrich-Schiller-Univeésifena,
D-07743 Jena, Germany

?Institute of Photonic Technology (IPHT), PO. Box 100239, 07702
Jena, Germany

3Institute of Applied Physics, Abbe Center of Photonics,
Friedrich-Schiller-Universi&t Jena, Max-Wien-Platz 1, D-07743
Jena, Germany

" Corresponding Authorasoul.alaee@uni-jena.de

Abstract

The complete absorption of light by plasmonic nanostructures promises tremendous applications in,
e.g., thermal emitters, plasmonic sensors, and solar cells. The prefect absorption can conceptionally be
achieved by suppressing the transmission and reflection channels for the illumination. The question
is how to design and implement structures that reach that goal. We focuss here on a realization of
such perfect absorbers employing the idea of extreme coupling in plasmonic absorbers and explore
the device numerically and experimentally.

INTRODUCTION of destructive interference of direct reflection and mul-
tiple reelection [4].

Metamaterials are subwavelength engineered composthe aim of this work is to investigate the ex-
ite materials which have sparked enormous reseatiime coupling between plasmonic nanostructures at
interest in the past decade since they promise to coanoscale for the purpose of perfect absorption and to
trol light propagation at the nanoscale. Recently, te¥plore the physics of the device [5]. The regime of
concept of perfect absorption based on metamateri#gremely coupling is accessed by choosing a dielec-
has been introduced at microwave, terahertz, infraféi¢ spacer between of absorber thatis only in the order
and visible frequencies [1, 2, 3, 4]. These absorb@fsfew nanometers and it can be fabricated by atomic
consists of periodically arranged metallic nanostru@yer deposition (ALD).
tures, an optically thick metallic ground plate, and a
dielectric spacer in between. Generally, transmission
through the ground plate is almost zero. Thus, in or- NUMERICAL AND EXPERIMENTAL RESULTS
der to capture the total incoming light by the absorber,
the reflection should be suppressed by optimizing thie structure under consideration as well as the SEM
geometry of nanostructure. The underlying physicsiofiage of the fabricated sample is shown in Fig. 1
complete light absorption in the plasmonic metamg) and (b). The geometrical parameters are given in
terials can be explained in terms of near field or féne legend of the figure. The structure is periodi&in
field interaction. In the case of near field interactioandy direction with periodicityP. The dielectric de-
the metallic nanostructure is very close to the groupdsited onto the metal is fused silica with permittivity
plate and the structure will capture the whole incorg-25. The measured and simulated reflection spectra
ing electromagnetic energy at the resonance frequeatyormal incidence are shown in Fig. 2 (a). The re-
due to the critical coupling [3]. In contrast, at far fieldult shows that the measured reflection is in excellent
interaction i.e. the ground plate is far from the nanoagreement with the simulated spectrum. The discrep-
tructure, the coupling between the them is negligibéacy is owing to the surface roughness of the fabri-
and the complete absorption can be expressed in teoated structure. The structure supports different modes
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ALAEE, Rasoul

at 130 THz , 320 THz and 410 THz. Figure 1 (b) ar (a)

(c) show antisymmetric current distribution at corre 1
sponding resonance frequencies. We experiment:
and numerically will show that the fabricated absorb 08
is almost independent of angle of incidence and t S 0.6
first mode can be excited at higher angle. § ' 2nd mode
T 0.4
(a) (b) f 12
tParti(:le 02 - — FMM
------- Experiment
0

100 200 300 400 500
¥ Frequency (THz)

W :
teim ALD “
) ) (b) FM mode (C) 2"d mode
Figure 1: Geometry of the structure under considel

tion. (a) Schematic of a metamaterial perfect absork
(b) SEM-image of the fabricated sample. Geometric
parameters of the sample atg:p = 3.5nM, tparticle =
30nm,trjjm = 10nm,L = 195nm, and® = 250 nm.

To conclude, we have investigated an extreme cqtigure 2: (a) Measured and simulated reflection spec-
pling in the plasmonic nanostructure by taking the aglg of the metamaterial perfect absorber at normal in-
vantage of atomic layer deposition fabrication techidence. (b) and (c) Current distribution for the fun-
nique. The result shows that strong coupling can legdmental mode and the second mode of absorber, re-
to an extremely low resonance frequency. Moreovepectively.
the structure supports higher antisymmetric modes
that will generate the higher mode absorption.

[1] K. Aydin, V. E. Ferry, R. M. Briggs, and H. A. Atwater, Nat. Commu#).517 (2011).
[2] N.I. Landy, S. Sajuyigbe, J. J. Mock, D. R. Smith, and W. J. Padilla, Phys. Rev10&t207402 (2008).

[3] C. Wu, B. Neuner, G. Shvets, J. John, A. Milder, B. Zollars, and S. Savoy, Phys. Ré&4. 875102
(2011).

[4] H. T. Chen, Optics Expresz0, 7165 (2012).

[5] C. Menzel, R. Alaee, E. Pshenay-Severin, C. Helgert, A. Chipouline, C. Rockstuhl, T. Pertsch, and F.
Lederer, Opt. Lett. 37, 596 (2012).
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BIERBACH, Jana

Intense Attosecond Pulses from Relativistic Surface Plasmas

Jana Bierbach™!2, Christian Rodel!?, Mark Yeung?, Brendan Dromey?, Thomas Hahn*,
Arpa Galestian Pour!, Silvio Fuchs!?, Georg Pretzler*, Matthew Zepf?, Gerhard G. Paulus'~

! Institute of Optics and Quantum Electronics, Friedrich Schiller

University, Max-Wien-Platz 1, 07743 Jena, Germany

2Helmholtz-Institute Jena, Frobelstieg 3, 07743 Jena, Germany

3 Centre for Plasma Physics, School of Mathematics and Physics,

Queen’s University Belfast, BT7 INN, United Kingdom

*Institute for Laser- and Plasmaphysics, Heinrich Heine University
Diisseldorf, Universitdtsstrafse 1, 40225 Diisseldorf, Germany

*Corresponding Author: jana.bierbach@uni-jena.de

Abstract

Surface High Harmonic Generation (SHHG) from solid density plasmas is thought to be a promising
source of intense XUV pulses with attosecond pulse duration. We report on the efficiency of the
relativistic process of SHHG, measured in a series of experiments at the 40 TW laser system ¢ Jeti””’ at
the university of Jena. Our experimental findings are compared to established theory and to particle-
in-cell simulations. A strong influence of the plasma scale length on the efficiency is found, which can
be controlled by an adequate enhancement of the laser pulse contrast using a plasma mirror or second
harmonic generation. We record XUV pulse energies in the 1J range and efficiencies of ~ 10~>. Thus,
in terms of pulse energy surface high-harmonic generation is becoming a competetive source to HHG
in gases. Hence, we demonstrate the first consecutively measured relativistic SHHG at a repetition
rate of 10 Hz yielding an average power of 10 1'W in the spectral range between 26 nm to 52 nm.

INTRODUCTION

The generation of high harmonics of the fundamental
laser field is the most prominent way to generate ultra-
short pulses providing the shortest available temporal
resolution of the order of attoseconds. High-harmonic
generation on solid surfaces (SHHG) using relativistic
laser intensities exploits nonlinear phenomena in fully
ionized relativistic plasmas and can overcome the in-
tensity limitations of the HHG process in gases. In
SHHG, laser pulses are focused onto a surface to an
amplitude of the normalized laser vector potential of

eE IA?
a= =
wmec 1,37 1018‘)‘2’:”212

thus leading to a relativistic electron oscillation at the
surface. After the solid material is ionized by pre-
pulses or the rising slope of the main pulse, a dense
plasma-vacuum boundary exceeding the critical den-
sity is created and reflects the incident laser pulse.
For relativistic intensities the dominant process of har-
monic generation is often described by the simplified

>1, (D

but intuitive model of the ‘relativistically oscillating
mirror’” (ROM) [1]. Within the framework of this
model the electrons at the plasma surface are oscillat-
ing with relativistic velocity whereas the oscillations
amplitude and phase are coupled to the driving laser
field component. While being reflected off the rela-
tivistically moving plasma surface the laser wave ex-
periences a periodic phase modulation. In a simplified
description this can be understood in terms of a rela-
tivistic Doppler up-shift, generating in each laser cy-
cle one attosecond pulse with a broad and continuous
spectrum up to a maximum frequency

Wy ~ V87 ay. (2)

Due to the periodicity of this process a train of attosec-
ond pulses is emitted from the plasma surface, exhibit-
ing a broad harmonic spectrum. In the ultra-relativistic
limit (ap > 1) an extended version of the ROM model
predicts a spectral power law of the harmonic radiation
[1]
o\
(@)= (o)

3)

22

DOKDOK

doctoral students conference on optics



BIERBACH, Jana

From these equations high efficiencies, e.g. 10~ for
the 30" harmonic, are expected. Moreover the ROM
process is not limited in intensity as it is the case
for gas harmonics. Therefore SHHG in the relativis-
tic regime is thought to be a promising source of in-
tense attosecond XUV pulses with pulse energies or-
ders of magnitude higher than the current state-of-the-
art. In fact, using ultra-relativistic intensities it has
been shown that bright harmonics up to keV photon
energies can be generated [2].

EFFICIENCY OF RELATIVISTIC SURFACE HIGH
HARMONICS

Until now, it has generally been accepted that achiev-
ing sufficiently steep density gradients for ROM har-
monics is the major challenge. Thereby, the plasma
scale length L,, describing the distance of the 1/e-
decay of an exponential electron density profile, de-
pends on the laser pulse contrast. Thus the density
gradient can be controlled by an adequate enhance-
ment of the contrast using a plasma mirror or second
harmonic generation. In our experiments at the Jeti
laser system we apply different plasma mirror targets
to achieve various contrast settings [3]. The pulse en-
ergy of SHHG is investigated using an imaging XUV
spectrometer, which was calibrated at a synchrotron
facility. Surprisingly, the strongest harmonic emission
is recorded for an intermediate contrast (L, ~ A/5,
s. Fig. 1) yielding, e.g. 2.7 uJ for the 21st har-
monic (equavalent to an efficiency of 107>). For a
higher laser pulse contrast and shorter plasma scale
length, respectively, a decrease in harmonic signal is
observed. Consequently, the harmonic efficiency can

be optimized by careful control of the laser pulse con-
trast and the resulting plasma scale length. Our find-
ings are confirmed by particle-in-cell simulations and
are discussed theoretically [4].

simulation  A/5

simulation  A/10

experiment A/5

experiment <A/10
- BGP scaling

efficiency
1
1
1
I

tififf
¢
10”7 . TT‘ ! t ¢
5 10 15 20 25 30
harmonic number w/w,

10° $
.

35 40

Figure 1: Experimental efficiencies (circles) are com-
pared to spectral densities from 1D PIC simulations
(lines) for different plasma scale lengths (density n, =
200n., exponential density profile). The experimental
efficiencies have been normalized to a pulse energy of
250mJ (energy that is focused to ag > 1). In the ultra-
relativistic limit the efficiencies are given by eq. (3).

In addition, we demonstrate the first consecutively
measured relativistic surface high-harmonic genera-
tion at a repetition rate of 10 Hz [5]. We report on
an average power of 10 u'W in the spectral range of 51
nm to 26 nm. The capability of producing stable and
intense high-harmonic radiation from relativistic sur-
face plasmas may facilitate experiments on nonlinear
ionization or the seeding of free-electron lasers.

[1] T. Baeva et al., Theory of high-order harmonic generation in relativistic laser interaction with overdense

plasma, (Phys. Rev. E 74, 046404, 2006).

[2] B. Dromey et al., Bright Multi-keV Harmonic Generation from Relativistically Oscillating Plasma Sur-

faces, (Phys. Rev. Lett. 98, 085001, 2007).

[3] C. Rodel et al., High repetition rate plasma mirror for temporal contrast enhancement of terawatt fem-
tosecond laser pulses by three orders of magnitude, (Appl. Phys. B. 103, 295, 2011).

[4] C. Rodel et al., Harmonic Generation from Relativistic Plasma Surfaces in Ultra-steep Plasma Density
Gradients, (submitted, preprint available at arXiv:1205.6821v1).

[5] J. Bierbach et al., Generation of 10 uW relativistic surface high harmonic radiation at a repetition rate of

10 Hz, (to be published in New Journal of Physics).
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Abstract

We present a quasi alignement-free fiber-based optical parametric amplifier for coherent anti-Stokes
Raman scattering (CARS) in (non-)biological samples. The wavelength tuneable, narrowband gener-
ation of CARS pump and Stokes pulses is based on four-wave-mixing in photonic crystal fibers. With
its performance in CARS spectro- and microscopy the compact fiber system directly competes with

table-top optical parametric bulk systems.

INTRODUCTION

Coherent anti-Stokes Raman scattering (CARS)
names the scattering of photons at molecular vibra-
tional modes excited by two well-defined frequency
separated fields. Thus CARS spectro-/microscopy
provides the possibility of label-free acquisition of
chemical selective information of molecular systems
making it competitive to well-applied fluorescence mi-
croscopy methods. Due to the higher demands con-
cerning bandwidth and tunability expensive, table-
spanning Titanium-Sapphire (Ti:Sa) lasers or Ti:Sa
pumped optical parametric oscillators (OPO) were the
means of choice for CARS imaging up to now [1].

We designed an all-fiber optical parametric ampli-
fier (FOPA) providing a tuneable three-band output
for CARS applications in biochemistry and medicine.
The generation of the necessary new wavelengths is
done by amplification of an extern seed signal using
four-wave mixing (FWM) in photonic crystal fibers
(PCF). Besides the theoretical outline of the process
of four-wave-mixing, possibilities for improving the
output spectrum in view of tunablity and spectral res-
olution are discussed and demonstrated. Examples for
the successful usage of the presented setup in doing
CARS spectro-/microscopy are shown.

THEORETICAL ASPECTS

The third-order nonlinear process of (degenerately
pumped) FWM works most efficiently by conserving
energy 2w, = o + @; (see inset of fig. 1) and mo-
mentum 2k, = kg + k; + 2P, both together known as
phase-matching [2]. The designable effective refrac-
tive index of PCFs, which can be calculated numeri-
cally, enables phase-matching over a wide wavelength
region.

1.8F
16F
14Ff
12f

1k

0.8

reudrs 2 dund jo soueysip-baiy

signal/idler wavelength in ym

1040 1060 1080

1020
pump wavelength in nm

1000 1100

Figure 1: Signal/idler wavelength and frequency dis-
tance between signal and pump in dependence on
pump wavelength for perfect phase-matching in a PCF.
Inset: energy scheme for a FWM process
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In our simulations we investigated several PCFs
having their zero-dispersion-wavelength close to the
Ytterbium spectral emission of our used laser sys-
tems. Phase-matching curves like in fig. 1 and further
gain calculations predict a wide range of output wave-
lengths tuneable by wavelength variation of pump and
input seed signal. Frequency distances between pump
and signal of 500 to 4000cm™ can be expected ad-
dressing most Raman-active molecular modes.

EXPERIMENTAL SETUP

The upper part of fig. 2 shows the principle setup of
the FOPA. The FWM process is driven by an ampli-
fied, mode-locked fiber oscillator, which emits 140ps
broad pulses around 1038nm with few kilowatt peak
power [3]. The amplification of a tuneable, continuous
Ti:Sa output signal is used to prove the whole spectral
parametric gain accessibility.

cw Ti:Sa -
750mW, 850..950nm ‘ \
pulsed fiber laser ‘ 2 @
800mW, 1038..1040nm, ‘ pump ‘ Y .
1MHz, 100ps Freq. conversion

St()kesl

data e
acquisition il Dl D 1 *l

anti-Stokes

N

CARS sample T ¢

Figure 2: Principle of our experimental setup for
CARS spectro-/microscopy

Like visible in fig. 3 the FOPA supplies three clearly
separated wavelength bands whereby signal and idler
have a very small bandwidth of below lcm™! due to
the narrowband seeding. The gain bandwidth and the
wavelength tuning range, respectively, is comparable
to the spectrum of unseeded optical parametric gener-
ation (grey spectrum in fig. 3) affording several hun-
dred inverse centimetres in bandwidth. Accordingly
the potential spectral resolution of the FOPA exceeds

the one of commercially available OPO systems [4] for
comparable tuning bandwidths.

Or

higher pump, no seed

10 [ 2em? ) — lower pump + seed
2
2 20F <lem™
[} L —» | +—
o :
g 30fF
% 1576cm™ 3152em™
40 F
o0 [
° [
50
60 1]

1000 1100
wavelength in nm

900 1200 1300

Figure 3: Output spectrum of the FOPA system with
(red) and without (grey) an input seed

CARS SPECTRO-/MICROSCOPY

The principle of the setup of CARS experiments is
pictured in fig. 2. Due to the high spectral resolution
Raman resonances with a bandwidth of below 10cm’!
could be resolved. Furthermore imaging of biological
samples like aorta wall tissue (fig. 4) could be realised.
Varying the excitation frequency lead to deeper view
inside of the biochemical structure of the tissues.

Figure 4: CARS microscopic picture of a rabbit aorta
wall excited at 2930cm™! (CH stretching mode)

[1] C. L. Evans, X. S. Xie, Annual Review of Analytical Chemistry 1, 883 (2008).

[2] G. P. Agrawal, Nonlinear fiber optics (Academic Press, 2001).

[3] M. Baumgartl, et al., Optics Express 20, 4484 (2012).

[4] APE, fs/ps MHz OPOs (2012).
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Abstract

In our contribution we report about a novel method concerning efficient fabrication of a chiral
nanomaterial by on-edge lithography enhancing the application spectrum of electron beam
lithography. The functionality of the proposed method is demonstrated showing SEM
micrographs of the fabricated chiral metallic nanoparticle array. Furthermore, investigating
polarization dependent far-field transmittance measurements reveals both the fabrication
process and optical properties of the chiral nanostructure.

INTRODUCTION

One of the most striking arguments in doing
scientific research is the opportunity to find novel
effects never noticed in nature before. Metamaterials
offer a whole bunch of fascinating optical effects
like cloaking, negative refraction or superlensing
worth to investigate [1]. This class of materials
consists of tiny nanostructures, usually metallic,
where the structure is equal or less in size in
comparison to the operating wavelength. The fact
that shape and size of the nanostructures have major
impact on its functionality leads to the brilliant
possibility in tailoring the metamaterials optical
properties.

NO

(o}
(s}

Planar Surface

rality

o=

Ch

Chiral metamaterials, the structure mirror image
cannot superimpose the original structure by means
of rotational transformation operations, are a
subclass and sensitive to effects depending on
circular polarization [2]. One of the most obvious
chiral geometry is the helix. Being either left or right
handed the amount of absorbed light by such a helix
structure coincides with the polarization state of
light, which is left (LCP) or right circular polarized
(RCP), respectively. Gansel et al. have published a
work investigating in a simulation the influence of
helix parameter changes on the resulting optical
transmittance spectra [3]. They even successfully
managed to fabricate such a structure by means of
direct laser writing (DLW) with small helix

(b) Lift-Off g

YES

o
o

Tempfate

ra)lity

o

Ch

Figure 1: Sketch of a lift-off process for a 2D-L shaped hole-mask written and developed on either (a) a planar surface
resulting in a 2D-L pattern without chirality or (b) a pre-structured surface (template) resulting in a 3D-L pattern with
chirality. Lift-off mask and substrate are sketched with distance to each other due to a simpler insight.
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dimensions sufficient for an operation in the mid-
infrared region [4].

SCOPE

Despite the helix structure seems to be a perfect
shape, the DLW patterning system is limited
concerning writing speed, space and resolution,
which means a huge handicap for efficient
production.  Scientists already applied other
fabrication methods yielding in different shaped
chiral nanostructures [5, 6], but the efficient
fabrication of a chiral nanomaterial on larger scales
remains unaccomplished. Thus we have developed a
novel technique called on edge lithography (OEL)
being efficient and capable for chiral nanostructure
fabrication on larger scales. Furthermore, involving
electron beam lithography (EBL) during fabrication,
the structure sizes are small enough pushing the
operation of the presented chiral pattern into the
near-infrared region.

EXPERIMENTAL ISSUES

The main idea of OEL is applying EBL to resist
spun on a pre-structured surface in the following
stated as template. Thus we transfer the problem of
three-dimensional shaped patterns from the
lithography system towards the template. A
proposed template may one offering a wavelike or
corrugated profile (fig. 1b). While structures

Figure 2: Tilted view SEM micrograph of the fabricated
3D-L particle array. The inset shows a magnified view
from top of a single gold 3D-L particle. The position
accuracy of the particle at the grating bar is noteworthy.

attached to a planar surface remain two-dimensional
(2D) (fig. 1a), structures attached to a convenient
template do not. They are finally three-dimensional
(3D) like sketched in figure 1(b), though a 2D-L
shaped void mask for shadow evaporation has been
used. We will present polarization dependent far-
field transmittance spectra indicating the OEL
technique is capable of efficient chiral nanoparticle
fabrication (fig. 2). Secondary, fabrication specific
deviations from the proposed structure and their
impacts on the optical properties will be investigated
and discussed.

[1] G. Goussetis, A. Feresidis and A. Harvey, Journal of Modern Optics 57, 1-16 (2010).
[2] B. Wang, J. Zhou, T. Koschny, M. Kafesaki and C. Soukoulis, J. Opt. A: Pure Appl. Opt. 11 (2009).
[3] Justyna K. Gansel et al., Optics Express 18, No. 2, 1059 (2010).

[4] Justyna K. Gansel et al., Science 325, 1513 (2009).
[5] Zhang et al., Phys. Rev. Lett. 102, 023901 (2009).

[6] C. Helgert et al., Microelectron. Eng., “A dedicated multilayer technique for the fabrication of three-

dimensional metallic nanoparticles”, in press, (2012).

[7] The authors gratefully acknowledge support by the German Federal Ministry of Education and Research

grant 031S2101A (PhoNa).
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Abstract

We present a detailed experimental study of the hole formation process during ultrashort pulse laser
deep drilling in silicon by in-situ imaging. The influence of the focus position and the pulse energy
are evaluated with respect to the achievable hole depth and shape. Our observations show three
characteristic phases of the drilling process for all parameters with a standard deviation of depth and
size in the order of several percent. The achievable hole depth can be increased up to a factor of 2 by
optimizing the focus position, while minimizing statistical variations.

INTRODUCTION

Ultrashort laser pulses with a typical pulse duration
below 10ps enable burr and melt free manufacturing
of microsize structures in a large variety of materials,
e.g. metals, glass, polymers and ceramics, which can-
not or may only be achieved with extraordinary effort
by conventional techniques [1]. Consequently, a fun-
damental understanding of the formation process of
the ablated structures is required to develop and op-
timize industrial applications. Previous investigations
studied the ablation behaviour at the surface, reveal-
ing the fluence (pulse energy per irradiated area) as
the primary parameter which determines the material
specific ablation rate and threshold [1, 2]. However,
the pulse propagation and material removal character-
istics are different for structures with high aspect ratio,
especially percussion drilled holes, where the hole di-
ameter is similar to the laser spot size.

We developed an in-situ investigation technique to
directly observe the formation of the hole shape during
laser drilling of a silicon sample [3]. This enables a di-
rect analysis of the hole’s depth as well as its longitudi-
nal section (shape) according to the number of applied
pulses in a material, which is opaque for the drilling
radiation and therefore behaves similar to a metal.

In this study, we analyze the laser drilling process
with respect to the statistical varition of the hole’s
depth and shape and how this can be influenced by the
process parameters pulse energy and focal position.

EXPERIMENTAL SETUP

In our experiments, laser drilling is performed by 8 ps
pulses at 1030nm inside a crystalline silicon sample.
At the same time, the sample is transilluminated with
a second laser at a wavelength close to the band edge
of silicon and the hole’s silhouette is projected onto a
standard CCD camera.

laser system for ablation
A =1030 nm, T =8 ps

focusing lens

-

microscope
objective

laser system
for illumination
A =1060 nm

CCD

camera

silicon sample

le——l
350 yum

Figure 1: In-situ imaging setup.

A lens with a focal length of 100 mm is used for fo-
cussing, which results in a focal spot size of dy ~ 27 um
and a Rayleigh length zg = nd(z) /44 = 600um, typical
for micromachining applications. The focus position
is varied between z = —3zg and z = +3zg with respect
to the sample surface for two different pulse energies,
30uJ and 125uJ. For each set of parameters ten holes
are drilled for a statistical analysis of the hole depth
and section area.
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REsuLTs

The evolution of the hole depth for a pulse energy of
Ep =30uJ and focus at the sample surface is shown in
fig. 2 for ten repetitions of the drilling process.
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Figure 2: Depth evolution for drilling with Ep =30uJ
and focus at the sample surface. Multiple holes show
the statistical variation of the process.

Three phases of the drilling process can be distin-
guished with a clear transition between phase 1 and 2,
marked by a sudden drop in the ablation rate at approx-
imately 150 pulses. In phase 1, a taper-shaped capil-
lary is excavated. In the following second phase, ab-
lation additionally occurs in transverse direction lead-
ing to the formation of bulges along the side walls and
even bending of the hole. Intermediate periods without
forward drilling but predominant transversal growth
can be observed at every instant during phase 2. These
occur most likely due to internal reflections within the
hole capillary. The final stop of forward drilling is dif-
ferent for every hole and ranges between 2,900 and
4,200 pulses in this example, afterwards only the hole
diameter may increase slightly. The relative standard
deviation in depth is approximately 10% at the end of
phase 1 and also in the final state.

This principal behavior in depth evolution is typical
for all process parameters under investigation. How-

ever, absolute values of depth and size change accord-
ingly. Already for a slight raise of the focus position
above the surface to z = +%ZR, the maximum achiev-
able depth decreases by a factor of 0.8, independent
of the pulse energy. Further defocussing enhances this
effect. The divergent beam in this case enlarges the
irradiated area and expands the hole’s taper to a fun-
nel shape with large entrance diameter, see left part of
fig. 3.

focus above surface focus below surface

- —_—
+3z, +2z, +Z, 0 -z, -2z, -3z,
200 pm ’

Figure 3: Final hole shape for drilling with Ep = 125uJ
at different focus positions. Black shades show typical
hole shapes, light blue shades all observed variations.

In contrast, a position of the focus below the sur-
face can increase the achievable depth, see right part
in fig. 3. The optimized focus position was determined
around z = —zg. The effect is most distinct in phase
1 and for low pulse energies with a factor of up to
1.8 and reaches a factor of 1.6 at the final hole depth.
Simultaneously, the relative standard deviation of the
achieved depth is reduced to 5%. Similar results are
obtained for the section area. This effect can be at-
tributed to lower propagation losses due to adaption of
the convergent beam to the tapered shape of the grow-
ing hole. Nevertheless, inappropriate defocussing, e.g.
to z = —3zg, leads to a funnel shaped hole geometry
wih reduced depth.

[1] D. Breitling, A. Ruf, F. Dausinger, Proc. of SPIE 5339, 49 (2004).

[2] S. Nolte et al., J. Opt. Soc. Am. B 14, 2716 (1997).

[3] S. Doring, S. Richter, A. Tiinnermann, S. Nolte, Applied Physics A 105, 69 (2011).
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Abstract

We present iXFROG, a method for the three-dimensional retrieval of the amplitude and phase
of spatiotemporal eectric fieldswith femtosecond resolution. The method is based on established
imaging cross-correlation techniques (iXCorr) and the robust FROG method for retrieval of
complex pulses. It is implemented into a robust and inline setup, which can be added to an
iXCorr.

H(@7)=[[A()G (t-r)exp(-ict)d] (1)
In practice sum-frequency (SF) generation in a
The measurement and characterization of femt@{? crystal with the delayed gate pulse is used to
second optical pulses is one of the most sophisticgenerate the XCorr followed by a spectrometerolf n
ed measurement tasks carried out in photonic lallsiown gate pulse is at hand a delayed copy of the
because femtosecond pulses are among the shoresdse itself or even an unknown gate pulse [10] can
events that are generated arbitrarily and repredutie used!/(w, t) contains the same kind of dual time-
bly. Advanced self-referencing measurement techequency information as a musical score sheet.
niques, such as SPIDER [1], FROG [2], or MIIPS Reconstruction of the complex field(t) is
[3] are now routinely used to characterize ultrashoachieved iteratively by means of generalized projec
pulses of known spatial structure, such as thosie wtions [2], somewhat similar to the technique used f
a defined mode profile emitted by laser sources. the construction of computer generated holograms.
However, ultrashort sources and experiments afédis algorithm is robust against noise, partialied
moving away from the classical concept of a 1ib its vast redundancy — one measuies data
single-mode structure. Consequentially pulse traip®ints to retriev&€N results.
become more complex in space and time, probing

INTRODUCTION

deep into the realm of ultrafast spatiotemporal dy —

namics [4-6]. All the above mentioned methods ar “e*aVH/j hor = 527 o @ {E

however, unsuitable for the characterization of-sp. \ N

tiotemporally complex wavepackets. Tisapphire | || opA | ‘Jj rL 8
Here we present a new method, imaging cros®®0mn “ | 60fs 1550 nm | : =12

correlation  frequency-resolved, optical gating
(iXFROG) for the characterization of such fields | IR camera

The method is based on an imaging cross Correlat'u'hgurelDrawmg of the experimental setup.

technque iXCorr) [7, 8] and extends this method

towards improved temporal resolution and for the For the construction of spatiotemporal fields

first time demonstrates 3D phase retrieval. A(x,y,t) we record a spectrogram at each point in
spacd (x,y, w, T) and use the XFROG algorithm for
FUNDAMENTALS each pixel(x,y). To resolve the relative ambiguity

of the absolute phase we can reconstruct a phase
XFROG [9] retrieves a complex amplitudt) planed,(x,y;7,) at any given delay,, i.e. with a
of an optical pulse by measurement of the spegtralbhack-Hartmann sensor [11], which will be imple-
resolved cross correlation (XCorf{w,7) with @ mented in the future. Consideration has to be given
known gate pulsé (t), such that to the recording of th&/*, data points, of which a
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large subspace (i.e. all spatial pixdls,y) for a position denoted with the cross in (a). Subfigue (
given pair(w, 7)) should be recorded in parallel ancdcontains the reconstructed intensity and phase at
along all other parameters as fast as possible. both points denoted in Figure 2 (a). Although the
temporal shape of the pulse intensity is seen to be
equal we reveal a variation in the phase evolution
across the pulse front and a delay in the centre.

The experimental implementation of the
iXFROG is depicted in Figure 1. A short pulse o g
known temporal structure is split. One part is used ™ : ; ' Fy
an experiment, undergoing nonlinear, spatiotempors : o0
reshaping which is to be measured. It is imaged or="" ' e
a BBO crystal. The other part serves as the reterer _

EXPERIMENTAL SETUP

2800
ON2600
2400

1400

with tunable delay. It is short in time and fillset , . 1200
complete aperture of the crystal homogeneously. ‘

The BBO is cut and oriented for SF generatior |’ s o. 228
The SF field containing the spatial structgeey) of d \ g F
the wavepacket at a given delais imaged onto a 2 [ \ 10002
CCD camera, which records a set of pictures whi *{ /i . PR &, -
the delay stage scans through the range of dela 3§ * | |; \ =
Coarse spectral filtering along theaxis is achieved  °=5* — - SR 200

T [fs]

by interference filters withl0 nm resolution. Fine

7y : ) ) ' Figure 2 Pulsereconstructed by iXFROG. (a) M easured
filtering with a resolutionl nm of is achieved by a  spatial energy density. (b) Reconstrcuted intensity and

tunable Fabry-Perot-Interferometer (FPI) built from phase at the points marked in (a) with cross (dashed)

and circle (solid). (c) M easured spectrogramm at the po-

two mirrors on piezo positioners. It is auto-aligne sition mar ked with the oross. (d) Retrieved spectrogram.

to maintain parallelity and proper transmission
wavelength by a feedback loop of a cross-polarized

CONCLUSIONS

white-light source and a spectrometer.

constructed field, representing the field of théspu
leaving an OPA. Figure 2 (a) displays the spati
intensity, while subfigures (b) and (d) contain th

We preseniXFROG, a method for the complete
retrieval of ultrashort spatiotemporal electricldig
with femtosecond resolution. Key element is a tuna-

%le FPI as a spatially non-distorting wavelength-
selective element. We demonstrate first resulth®f
Z&construction of a highly chirped pulse.

RESULTS

measured and retrieved Spetcrogramm at the pixel
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Abstract

Volume-Bragg-Gratings were inscribed in glass by using a femtosecond-pulses to overcome the
limitation of photosensitive materials. For inscription a wavelength of 400 nm was chosen to
fabricate first order gratings. The fabrication itself was done holographically using a Talbot
interferometer. The grating structure was analyzed by external Bragg reflection. Further
investigations on the grating like absorption measurements, microscopic imaging and heating

experiments were done.

INTRODUCTION

In general, a Bragg-grating is a structure of
alternating refractive index or absorption properties
which now are commonly used in fiber optics.
Depending on its geometrical and physical
parameters a Bragg-grating reflects only a special
part of the incoming spectrum. The aim of our work
was to demonstrate that the inscription technique for
Fiber-Bragg-Gratings using a Talbot-interferometer
can also be applied to fabricate grating structures
inside bulk material, so called Volume-Bragg-
Gratings (VBGs). Such VBGs can be applied in
micro optical setups like diode lasers as narrowband
filters or as external resonator [1], but also in other
setups as an internal resonator or as a chirped grating
for pulse compression [2, 3].

EXPERIMENTAL SETUP AND RESULTS

The grating structure can be fabricated easily by
illuminating the material with an interference pattern
which is generated by a pure two-beam-interference.
Regions with a high intensity undergo a higher
change in their optical properties than the regions of
low or zero intensity, which generates alternating
properties. This concept is based on an intrinsic
photosensitivity of the material to illumination, but

most of the glasses show no photosensitivity to
moderate laser intensities. But for different
applications often user adapted materials are
necessary, which cannot be chosen with respect to
their photosensitivity. To overcome this limitation a
femtosecond laser system was used to generate the
interference pattern. It provides pulses with duration
of 135 fs at 800 nm. Due to these short pulses, high
peak powers are reached (more than 20 GW) and
therefore nonlinear absorption occurs and thus
multi-photon  absorption  becomes likely. To
demonstrate this advantage of using fs-pulses we
used a non-photosensitive glass for our experiments
(S-TIH53 from OHARA). This material is used for
diode laser applications because of its very high
refractive index of 1.81 at 1.1 um wavelength.

Due to the high refractive index of the glass
material a short laser wavelength is necessary to
inscribe first order gratings for a target Bragg
wavelength Ag,q44 in the typical wavelength region
of diode lasers in the order of 1060 nm.

The resonance wavelength of the grating, the
Bragg wavelength Ag,4, , depends on the effective
refractive index of the material nsf, the wavelength
of the inscription laser ;5. and the angle 9
between the two interfering beams (see Fig. 1):

_ MNesr Alaser (1)

Apragg = sin(9)
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Thus we used a frequency-doubled Ti:Sa-
amplified laser with a corresponding A;4ge Of

400 nm.
mirror
?
400 nm
300 fs
1 kHz
zero order

Ii;s
=200 mm

phase mask
710.3 nm

bloc

sample
mirror S-TIH 53

Figure 1: Talbot interferometer setup. The first
diffraction orders are superposed to generate an
interference pattern inside the bulk sample.

The interference pattern was generated in a
Talbot interferometer due to several advantages. In
this setup the sample is placed far away from the
beam splitter (phase mask) so that a replacement of
the samples does not affect the stability of the
adjustment. Furthermore it is possible to inscribe
gratings deep inside the sample volume. Another
advantage of the Talbot interferometer is the
tunability of Ag..4, by rotating the mirrors (see
Fig. 1).

test beam
at different scan
positions

LT
/ ::‘: for different scan
; positions
Figure 2: Top view of the grating characterization
by the external Bragg reflection method.

After the inscription the VBGs were analyzed
using the external Bragg reflection method [4]. For
this purpose the samples were illuminated with a test
laser of moderate power (HeNe, 10 mW at 633 nm).
Only for a particular angle of 63.0° Eqg. (1) is
fulfilled and the incoming beam is reflected under
the same angle at the other side of the sample (see
Fig. 2).

sample W|th grating
reflected signal

We examine the angular dependence of the
reflected intensity and found a maximum in the
expected region at (62.9+0.2)°. We also recognized
an asymmetric reflectivity profile of the gratings
which corresponds very well to the beam profile of
the inscription laser. The maximum modulation of
refractive index inside the material was estimated to
be 2.5-10° by measuring the transmitted and
reflected intensity.

The estimation for the refractive index
modulation assumes a phase grating, but there are
also other kinds of gratings possible with no
modulation in refractive index and poor transmission
properties. A surface grating was foreclosed by
taking microscope images from the front and back
surface of the illuminated samples. No change of the
surface was observed. Another kind of grating is an
absorption grating. To rule out this type of grating
we have removed any change in absorption by an
annealing process at temperatures of 300°C. After
the annealing process the grating was still
observable which indicates a phase structure as
origin of the observed diffraction effect.

CONCLUSION

We demonstrated the applicability of the grating
inscription technique using a Talbot-interferometer
for fabrication of VBGs inside the high refractive
index glass S-TIH53. For inscription of first order
gratings we used fs-pulses at a wavelength of
400 nm. The grating structure was investigated by
using the external Bragg reflection method. With
this technique a clear proof of a grating structure, a
measurement of the local reflectivity profile and the
estimation of the modulation of refractive index was
possible. Further investigations foreclosed other
kinds of material modifications than the preferred

index change. Thus, a phase grating was
successfully produced.

Funding by the Thuringian Ministry of
Education, Science and Culture and

FISBA OPTIK AG is gratefully acknowledged.
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Abstract

We introduce a novel experimental scheme to characterize the transmission characteristics of
optical metamaterials in amplitude and phase. The approach reveals all properties of the
respective Jones matrix entirely on experimental grounds and was verified to be highly accurate.
The presented Jones matrix formalism lifts issues associated with the assignment of effective
properties to heterogeneous metamaterials and provides a straightforward, yet accurate
description. Thus it is not required to resort on numerical simulations to disclose properties of
metamaterials, for which the geometrical details of the considered structures or their material
properties are often known with insufficient precision. We show how to discuss the pertinent
properties of optical metamaterials once the Jones matrix is determined, and exemplarily
present measurements of giant optical activity in a chiral metamaterial. The proposed
experimental scheme enables the complex far-field characterization of a very broad class of
generally dispersive and/or optically active media.

INTRODUCTION

The extraordinary optical behavior of artificial
metamaterials is governed by the resonant nature of
their constitutive elements. Recent developments in
nanostructure technology enabled the fabrication of
metamaterials composed of complex three-
dimensional nanostructures [1]. This significant
progress requires revising standard theoretical and
experimental approaches for the characterization of
optical properties of metamaterials. This holds
particularly in the visible spectral domain where the
mesoscopic size of the constituting nanostructures is
not much smaller than the wavelength of light and
the occurring strong spatial dispersion results in
contradictive predictions when using the standard
effective material parameters [2].

EXPERIMENTAL METHOD

Here we advance the experimental characterization
of the far-field properties of optical metamaterials on
the basis of an adapted Jones matrix formalism [3]
which can disclose the transmission of light trough
any optically active metamaterial by

E;’c Txx Txy Ex
e))=\r, 1,,J\E) (1)
y yx yy y

Since the four coefficients T;; of the Jones matrix

are in general complex-valued, interferometric

measurements are necessary for their full

experimental acquisition. For this purpose we

developed a modified Jamin-Lebedeff-
interferometer based on white-light Fourier-
transform spectral interferometry in frequency

domain (Fig. 1) which facilitates measurements of
complex transmission and reflection coefficients for
wavelengths from 600 nm to 1700 nm [4].

objective
polarizer Il
beam
displacer Il
X-polarizer
sample
delay plate
beam
displacer |
polarizer |

5! PC
white light source

F

OSA

Figure 1: Sketch of the interferometric setup.

To measure the complex functions T;;, a signal and a
reference beam in the interferometer are cross-
polarized, using birefringent crystals and
polarization optics. The data acquisition comprises
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two measurements for each orthogonal polarization
of the illuminating wave [(E,, 0) and (0, E,)] with
the X-polarizer rotated to +45° or -45° with respect
to the optical axis and relative to the incident
polarization on the investigated sample and a known
reference sample (Fig. 1). From this data, we can
unambiguously access the absolute phase delay of
each single coefficient of the Jones matrix. The
accuracy of the method with respect to the optical
phase delay was verified to be 20 mrad.

EXPERIMENTAL RESULTS

To demonstrate the strength of the approach, the
method was applied to a chiral metamaterial
composed of so-called loop-wire nanostructures [1]
shown in Fig. 2a. The excellent agreement between
the measured and simulated amplitudes and phases
of T;; is demonstrated in Fig. 2b-e.

a)
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Figure 2: (a) False-colored, tilted view scanning
electron microscopy image of the loop-wire
metaatoms. The scale bar is 1 um. The inset shows a
corresponding sketch of the metaatoms without the
supportive dielectric grating structure. (b) Measured
and (c) simulated transmittances, (d) measured and
(e) simulated transmission phase delays of the chiral
nanostructured surface. The different colors indicate
the four entries of the Jones matrix.

Thus, the developed experimental technique
discloses for the first time the full complex
transmission response for wavelengths from 600 nm
to 1700 nm and allows for unambiguous
guantification of, amongst others, circular
dichroism, circular birefringence and polarization
eigenstates of the chiral metamaterial across this
broad spectral range. Specifically, the polarization
output upon exciting the structure with an arbitrary
input can be predicted immediately. It is shown that
the fabricated loop-wire metamaterial exhibits giant
optical activity for all wavelengths measured.
Particularly, we found pure circular birefringence,
i.e. a rotation of the polarization azimuth of linearly
polarized light exceeding 50° at a wavelength
around 1,08 um. Normalized to the thickness of the
metamaterial, this corresponds to a specific rotation
of 3,3 « 10° °/mm which is, to the best of our
knowledge, larger than that of any linear, passive
and reciprocal medium reported to date.

CONCLUSION

In summary, we will present a novel interferometric
scheme which allows for the direct measurement of
the complex Jones matrix in the visible and near-
infrared spectral domain, applicable not only to
optical metamaterials, but rather to a very general
class of dispersive media. The performance of the
setup was demonstrated at a chiral metamaterial and
reveals its giant optical activity.

[1]C. Helgert, E. Pshenay-Severin, M. Falkner, C. Menzel, C. Rockstuhl, E.-B. Kley, A. Tunnermann, F.
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Abstract

Moiré pattern are well known to be observable, e.g. in digital imaging, whenever two periodic struc-
tures do overlap each other. We will use this effect to magnify subwavelength plasmonic structures

and to make them visible in the optical domain.

INTRODUCTION

Lord Rayleigh was the first person who described the
Moiré pattern in 1874 [1] since this time a lot of
groups exploited this topic. Especially in the 1960’s
and 1970’s a lot of papers appeared ([1], [2]) and in
the last years it was tried to use this approach to look
at subwavelength structures ([3], [4]).

In contrast to other imaging techniques like scanning
near field microscopy, the application of Moiré pat-
terns promises to process an entire sample in a single
operation. No scanning is needed at all. Additionally
the resolution of the Moiré pattern only depends on the
accuracy of the production and is not limited by phys-
ical laws.

However, the Moiré effect can only be exploited for
periodically arranged structures, and the application to
a single object is not possible.

PRINCIPLES OF MOIRE MAGNIFICATION

Moiré Effect. The Moiré effect is a special manifes-
tation of the Alias effect and it appears whenever two
periodic structures do overlap with each other. The
first structure is usually referred to be the “sample”
and the second one is called the “view grid”.

Moire pattern

I ——
view grid

I N S D DI B S - .
e——

az

M NN N DN DN S D N B B - —_—_—
structure grid et
ai

Figure 1: simplified picture of the Moiré effect; the
system is illuminated from below and the Moiré pat-
tern can be measured in the far field

Consider for example two one-dimensional trans-
mission gratings with periods a; and a;. When, in a
simple picture, light consecutively propagates through
both of these elements, then the transmitted light dis-
tribution will exhibit periodic features with a periodic-
ity of:

o ajay
ar — as|

Thus, the difference between the periods a; and a, de-
termines the magnification of the optical signal.

Outlook Our aim is to map the nearfield of plas-
monic objects with other plasmonic particles which
complicates this easy picture from above because of
interactions between the grids.

In [4] the effect was shown by using a grid of fluores-
cence nanoparticles as view grid to map an array of
squared gold nanoparticles (figure 2).
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Figure 2: experimental setup with squared gold
nanoparticles (yellow) and fluorescence nanoparticles
(red) as view grid; the structure itself is the nearfield
of the gold nanoparticles; on the left SEM pictures of
the particles are shown [4]

With the help of the Moiré effect it was possible to

map the nearfield of the gold nanoparticles with a fea-
ture size much smaller then the excitation wavelength
around 700nm (figure 3).
Using nanoantennas instead of fluorescence particles
should increase the signal strength and with the help
of the Moiré magnifier it should be possible to map the
near field of arbitrary nanoparticles and to investigate
even macromolecules like DNA if they are arranged in
a grid.

250

200

150

. 10

Figure 3: a) experimental realization of the Moiré ef-
fect, b) calculations for a single particle for different
excitation wavelength and polarization directions of
the excitation [4]
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Abstract

The possibility to design optical near-fields using nanoantennas lead to incredible new
possibilities to control light-matter-interactions. In this contribution, two applications will be
reviewed: The possibility to excite dipole-forbidden transitions in quantum systems and the use
of graphene nanoantennas to selectively and tunably enhance molecular emissions. Both
approaches have direct implications for molecular spectroscopy.

INTRODUCTION

Ever since Hertz described in 1887 the emission of
electromagnetic radiation from dipole antennas, a
pertinent question has been to fabricate them such
that they may interact with light at optical
frequencies, a spectral domain of paramount
importance for many applications. To achieve this
goal, antennas have to be downscaled in their critical
dimensions to a few hundreds of nanometers to
match the wavelength of the visible. More than a
century later, this spectral domain has been reached

due to recent advances in nanofabrication and
characterization  techniques [1]. Later on,
experiments have demonstrated the outstanding
abilities of such nanoantennas including the
directive emission of quantum systems or the
modification of radiative rates at which such systems
emit light [2,3]. So, the advance of nanotechnology
has drastically changed our understanding of matter.
Concepts that seemed to be carved in stone are
challenged and new insight is paving the way for
once inconceivable applications.

In this contribution, two concepts shall be
introduced exploiting the unique possibilities to
control light-matter-interactions using nanoantennas.
First, the possibility to excite dipole-forbidden
transitions will be reviewed. Implications for
secondary processes important for spectroscopic
measurements will be discussed. Thereafter, the
exceptional characteristics of graphene will be
shown to enable the selective and tunable
enhancement of molecular emissions.

Figure 1: Left: a plane wave (purple) scatters two
close silver nanospheres. Middle: molecules in-
between undergo a dipole-forbidden excitation
resulting in a luminescence signal at a lower
wavelength (green). Right: excitation and emission
of a single molecule.

EXCITATION OF DIPOLE-FORBIDDEN
TRANSITIONS USING NANOANTENNAS

Usually visible light cannot induce dipole-forbidden
transitions in quantum systems. The reason is that it
is effectively a dipolar field on molecular scales and
all higher order contributions are much weaker. In
the presence of nanoantennas, this scenario changes
dramatically - higher order multipole contributions
of the fields can be enhanced by several orders of
magnitude compared to free space. This leads to a
huge increase of rates for dipole-forbidden transition
rates, see [4].

This effect strongly influeces the interaction of the
guantum system to the excitation field. In addition,
the presence of the nanoantenna also hugely effect
secondary processes like subsequent relaxations, see
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Fig. 1. The reason is the so-called Purcell effect: in
an inhomogeneous environment, the emission rate of
a quantum system changes. This radiative
enhancement is proportional to the mode volume
and the quality factor of a resonator. Plasmonic
systems allow extremely small mode volumes. So, in
their  vicinity, enhancements of  molecular
relaxations can be several orders of magnitude
compared to free space.
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Figure 2. a) Scheme of the quantum mechanical
system that is placed in the vicinity of the

nanoantenna. b) Local enhancement of the
luminescence, i.e. nj%*" hi“d'fs, in the x-z-plane.

Because of saturation, the enhancement is not as
strong as expected from the quadrupole
enhancement alone. ¢) Luminescence enhancement
as a function of the intensity at x =0 nm, z =4 nm.

Overall, the luminescence of the system depends
strongly on the position of the quantum system and
the geometry of the nanoantenna itself. Regarding a
three-level system, such an excitation-relaxation
process reveals that the luminescence enhancement
in the vicinity of a certain nanoantenna with respect
to free space strongly depends on the intrinsic

properties of the quantum system and the intensity
of the excitation field. It can be calculated from
limiting cases that only for small intensities the
guadrupole enhancement effectively results in a
strong luminescence enhancement, see Fig. 2. Hence
the nanoantenna influences the entire dynamics of
the quantum system. Understanding this process is
of vital importance for spectroscopic measurements.

TUNABLE GRAPHENE ANTENNAS FOR
SELECTIVE EMISSION ENHANCEMENTS

Graphene is a perfect material to taylor light-matter-
interactions. This material provides an incredibly
high conductivity for wavelengths down to
approximately ten microns. Since graphene is only a
one-atom thick layer, the supported symmetric
surface plasmon polaritons have extremely small
wavelengths compared to their free-space pendants.
This leads to subwavelength resonant structures and
implies possible enhancements of molecular
transitions of seven order of magnitude or more [5].
These numbers would be directly sufficient to justify
applications of graphene antennas for sensing
devices. But this is still not the end of the story.
Because of the so-called electric field effect, the
conductivity of graphene can be tuned to a certain
extent. This property enables a tunable enhancement
of molecular transitions. Furthermore, a careful
choice of antenna geometry can be used to restrict
the radiative enhancement of a molecule to a single
wavelength. Then, spectrally weak features can be
made the dominant contribution providing extremely
useful new possibilities in molecular spectroscopy,
see [6].

In conclusion new paths were outlined to use
nanoantennas to taylor light-matter-interactions
enabling amazing new applications.
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Abstract

A procedure for the selective excitation of several higher-order modes in optical fibers is presented. By
using a spatial light modulator (SLM), the complex field of the respective mode is shaped and properly
imaged onto the facet of the fiber. The SLM’s ability to rapidly refresh the encoded transmission
function enables to excite different modes and their superpositions in real-time. The working principle
is tested using a conventional step-index large mode area (LMA) fiber and recording the output near-

field intensity.
INTRODUCTION

The possibility to stable excite higher order modes in
optical fibers may result in both novel and useful fields
of application, like e.g. optical transmission using su-
permodes [1], or on the other hand in the unintended
degradation of the beam quality of the emerging laser
light, see e.g. mode instabilities in high-power fiber
lasers [2].

The presented procedure enables to selectively excite
higher order modes and their phase dependent super-
position in multi mode fibers. Hence, laser beam shap-
ing at the fiber output becomes possible in a controlled
manner. The specific mode excitation in combination
with the analysis of their propagation behavior in am-
plitude and phase, represents a measuring instrument
to characterize in detail the multi-mode fiber under test
which is intended to be used for both single-mode or
multi-mode operation.

SHAPING COMPLEX MODE FIELDS

Based on the knowledge about the spatial field distri-
bution of the set of modes guided in the fiber under
test {y; (r)}, we generate the respective modal fields
by employing digital holograms on a liquid-crystal-on-
silicon-based SLM. The task is to encode the com-
plex valued transmission function of the respective
Ith order mode field distribution 7 (r) = y;(r) =
A(r)exp[i®(r)] into a phase hologram H(r) =
exp[i¥ (A, ®)] with given unit amplitude transmit-
tance and certain phase modulation W (A,®). The
phase modulation W (r) provides the same informa-
tion as the original transmission function 7' (r) in a

certain diffraction order. In this work, we use the cod-
ing technique proposed by V. Arrizén et al. [3]. To
image the generated optical field with required scale
parameters in the input plane of the fiber a 4 f-setup is
necessary. This ensures the coupling of the intended
optical field without a curved phase distribution due to
the free space propagation.

SETUP

The experimental setup is depicted in Figurel and
consists mainly of two 4f-arrangements. After the
SLM is illuminated with a linearly polarized plane
wave at 1064 nm the first 4 f-lens combination images
the shaped beam in the plane of the input fiber facet.
The scaling parameters of the encoded LP modes as
well as the focal lengths of the Fourier lens and the
microscope objective are chosen to fit the core size of
a step-index LMA fiber (V = 7). The length of the
fiber under test, being carefully placed into the setup
to avoid stress or external distortions, is only ~ 4 cm.
The second 4 f-lens combination images the magnified
near-field intensity of the fiber end facet in the plane of
the CCD camera.

WX FL LMA- FL
e ﬂ FIBER
el || |
\/

SLM MO MO CCD

Figure 1: Experimental Setup. SLM, spatial light
modulator; FL, Fourier lens; MO, microscope objec-
tive.
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Figure 2: (a)-(e) Phase modulations W (r) for the generation of the modes LPy;, LP¢z, LP;je, LP3je, and LPyje
with the SLM in the first order of diffraction. (f)-(j) Corresponding near-field intensities measured in the plane

of CCD.

The SLM used in our setup is the Hamamatsu LCoS
X10468-03 with 800 x 600 pixels of pitch 20 pm and
calibrated for a 27 phase shift at 1064 nm.

MEASUREMENT RESULTS

In Figure 2 (a)-(e), the phase modulations ¥ (r) are de-
picted to generate the optical fields of modes LPy,
LPg,, LP>je, LP3je, and LP4je with the SLM in the
first order of diffraction. The quality of the diffracted
beams using the coding technique of V. Arrizén et al.
[3] is excellent (not shown here) and has already been
investigated regarding mode purities by T. Ando et al.
[4]. The diffraction efficiency of the procedure is only
in the range of some percent. The corresponding mea-
sured near-field intensity distributions of the fiber are
plotted in Figure 2 (f)-(j). By evaluating the zero inten-
sity node lines of the measured intensity distributions,
these high-quality results can be assigned to the modes
being intended for excitation. Though the measured

intensities seem to agree accurately with the corre-
sponding LP modes, a detailed classification can only
be achieved by employing a technique for modal de-
composition [5, 6]. The SLM’s ability to refresh its
phase modulation enables to switch the modes being
guided in the waveguide with up to 60 Hz.

OUTLOOK

We presented an easy procedure to selectively excite
higher-order modes and their phase dependent super-
positions in optical fibers. Depending on the SLM’s
refresh rate a fast switch of the modal power content
becomes possible. The required equipment mainly
consists of the digital hologram and an adapted imag-
ing system. The combination of the procedure with
a mode analysing technique enables to determine the
modal transfer function of the fiber. The procedure can
be applied to arbitrary waveguides with an accessible
set of eigenmodes.

[1] C. Xia, N. Bai, I. Ozdur, X. Zhou, G. Li, Opt. Express 19, 16653 (2011).

[2] F. Stutzki, et al., Opt. Lett. 36, 4572 (2011).

[3] V. Arrizén, U. Ruiz, R. Carrada, L. A. Gonzélez, J. Opt. Soc. Am. A 24, 3500 (2007).

[4] T. Ando, Y. Ohtake, N. Matsumoto, T. Inoue, N. Fukuchi, Opt. Lett. 34, 34 (2009).

[5] T. Kaiser, D. Flamm, S. Schréter, M. Duparré, Opt. Express 17, 9347 (2009).

[6] D.Flamm, D. Naidoo, C. Schulze, A. Forbes, M. Duparré, Opt. Lett. doc. ID 164710 (posted 1 May 2012,

in press).
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Abstract

We present a novel approach to extend optical coherence tomography (OCT) to the extreme ultraviolet
(XUV) and soft X-ray (SXR) spectral range. As a consequence, the theoretical resolution limit of
XUYV coherence tomography (XCT) is in the order of nanometers. We performed an experiment at
synchrotron sources and found the expected properties concerning resolution and penetration depth

confirmed.

INTRODUCTION

Optical coherence tomography (OCT) is a well-
established method to retrieve three-dimensional,
cross-sectional images of biological samples in a non-
invasive way using near-infrared radiation. The ax-
ial resolution of OCT is in the order of the coherence
length [, o< kg /AApwum Which depends on the cen-
tral wavelength Ay and the spectral width (FWHM)
AApwum of a light source. As a consequence, the
axial resolution only depends on the spectrum rather
than the geometrical properties of the radiation. OCT
with broadband visible and near-infrared sources typ-
ically reaches axial (depth) resolutions in the order of
a few micrometers [1]. Within the last decade and
in conjunction with the quickly developing sector of
advanced material design, the scale length of inter-
est has dropped from micrometers to a few nanome-
ters. The method presented here takes advantage of
the fact that the coherence length can be significantly
reduced if broadband XUV and SXR radiation is used.
Microscopy using XUV and SXR radiation has regu-
larly ineluctable practical restrictions imposed by the
optics and sources available in this regime. Coher-
ence tomography with short wavelength has the po-
tential to circumvent some of these limitations. A
major limitation of XUV radiation is the absorption
within a few tens or hundreds of nanometers depend-
ing on the actual composition of the material and the
wavelength range. Consequently, XUV coherence to-
mography (XCT) can only display its full capabilities

when used in the transmission windows of the sample
materials. For instance, the silicon transmission win-
dow (30-99 eV) corresponds to a coherence length of
about 12 nm assuming a rectangular spectrum and an
absorption length of about 200 nm, thus suggesting ap-
plications for semiconductor inspection. In the water
window at 280-530 eV as defined by the K absorption
edges of carbon and oxygen, respectively, a coherence
length as short as 3 nm can be achieved and highlights
possible applications of XCT for life sciences.

SETUP

Typically, a OCT device in the near-infrared spec-
tral range consists of a Michelson-type interferome-
ter in which one mirror is the sample [2]. The image
can be captured by measuring the spectral intensity of
each component of the broad bandwidth light source
(Fourier-domain OCT) or by scanning the reference
arm length of the interferometer (time-domain OCT).
We used a variant of Fourier-domain OCT setup that
completely avoids a beamsplitter [3, 4], see Fig. 1.
For the present proof-of-principle experimental setup
broadband synchrotron light was focused on the sur-
face of the sample. The samples are one-dimensional
structured layer systems consisting of materials with
sufficient absorption lengths in the spectral ranges
used, e.g., silicon or boron carbide. The reflected in-
tensity is measured either with a grating spectrome-
ter, consisting of a gold transmissinon grating and a
toroidal mirror (spectrometer-based OCT), or with a
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photo diode (swept-source OCT). The top layer reflec-
tion assumes the role of a reference beam. Merely a
Fourier transform of the reflected spectrum needs to be
computed for retrieving the structural information. A
3D image can be captured by scanning the focus point
over the sample.

optional photo diode

Figure 1: Proposed common-path Fourier-domain
OCT setup in the XUV spectral range.

MEASUREMENT

Different samples were investigated at the syn-
chrotron facilities DESY (Deutsches Elektronen-
Synchrotron, Hamburg) and BESSY (Berliner
Elektronenspeicherring-Gesellschaft fiir Synchrotron-

strahlung) in the water and silicon transmission win-
dow. Both swept-source OCT with a photo diode and
spectrometer-based OCT with the grating spectrome-
ter were performed. We found the expected values in
resolution and penetration depth confirmed.

In Fig. 2 the XCT-signal of two 5-nm gold layers
separated by a silicon layer, buried under 120 nm sili-
con and a gold top layer is shown. The spectrum was
recorded with a grating spectrometer. It can be seen
that the peak width is about 15 nm, which corresponds
to the coherence length of broadband radiation in the
silicon transmission window. The two peaks at 120
nm and 140 nm are the two buried gold layers and
they appear clearly seperated from each other.

CONCLUSION

We report on the extension of Optical Coherence
Tomography using extreme ultraviolet and soft x-
ray radiation and demonstrate an axial resolution of
nanometers. The experimental results strongly sug-
gests its application as a new non-invasive tomo-
graphic method to investigate nanometer-scale struc-
tures of layered systems and simple three-dimensional
samples by lateral raster scanning.
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Figure 2: XCT signal of two 5-nm gold layers separated by a silicon layer, buried under 120 nm silicon and a
gold top layer. (a) CCD image of the grating spectrometer, (b) lineout from (a) and rescaled to energy units, (c)
fourier transform of (b) shows depth structure of the sample

[1] D.Huang et al., Science 254, 1178-1181 (1991).

[2] W. Drexler and J. G. Fujimoto, Optical Coherence Tomography (Springer Verlag, Berlin, 2008).

[3] S. Fuchs et al., Appl. Phys. B 106, 789-795 (2012).

[4] G. G. Paulus and C. Rodel, Short-wavelength coherence tomography (US Patent 20080212075)
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Abstract

LiNbO; nanoscale waveguides allow for highly efficient frequency conversion mediated by
strong spatial confinement of waveguide modes. Their fabrication is facilitated through ion-
beam enhanced etching. The required mask is patterned by electron-beam lithography.
Subsequent wet etching results in a grid of freestanding nanowires that are further manipulated

for optical testing.

Nanoscale waveguides fabricated in media with
strong quadratic nonlinearity such as lithium niobate
(LiNbO;) allow for highly efficient frequency
conversion and harmonic generation. The strong
spatial confinement of the waveguide mode
significantly enhances the nonlinear interactions. At
the same time, phase matching of the nonlinear
processes can be precisely adjusted by dispersion
engineering, i.e. modification of the waveguide
geometry.! Such LiNbO; nanowires used as
nanoscale second harmonic (SH) light sources have
great potential as luminescent markers for imaging
applications in life science.?

The fabrication of the nanowires was facilitated
through ion-beam enhanced etching of LiNbOs,
which is a technique originally developed for the
fabrication of freestanding photonic crystal
membrane structures.® In a first step the mask for ion
beam irradiation is patterned into layers of
chromium and fused silica by means of electron
beam lithography, RIE and ICP-RIE dry etching.
The mask layout contains a large number of
homogenous grating structures, where the individual
grating ridges represent the final nanowires. The
irradiation with argon ions is carried out in a series
with  different energies and fluencies to
homogeneously damage the crystal in the unmasked
regions from the sample surface down to the desired
depth. After removal of the masking layer the
sample is irradiated with helium ions forming a
buried damaged layer at a depth of about 500 nm.
Now, the sample is etched in diluted hydrofluoric
acid. Since the etch rates of ion-beam irradiated and
bulk LiNbO; differ significantly, the damaged
crystal is removed, resulting in freestanding grids of
nanowires (Fig.1).

Figure 1: " Grid of lithium niobate nanoscale
waveguides. The grating structure was fabricated by
means of ion-beam enhanced etching.

The nanowires typically have cross section areas
of 300 nm by 500 nm at a length of 50 um. The
smallest wire has an equivalent diameter of about
180 nm at a length of 5 um (Fig.2).

Figure 2: Lithium niobate nanoscale waveguide
with an equivalent diameter of 180 nm and a length
of 5 um.

Compared to chemically synthesized nanowires2
the fabrication here is completely deterministic with
just minor deviations in shape throughout the
respective batch. To make the nanowires accessible
for optical testing on a neutral substrate the sample
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is first sonicated in Ethanol. A droplet of this
nanowire solution is then brought onto an ITO
coated silica wafer where processing and
manipulation was continued using FIB milling in
combination with a micro manipulator needle

(Fig.3).

Figure 3: a) FIB micro manipulator needle
placing a lithium niobate nanoscale waveguide on a
fused silica substrate for optical testing. b) Cross
section of the nanowaveguide: 500 nm by 600 nm

Samples thus prepared are illuminated with
a laser at 1.55 um resulting in generation and
waveguiding of the SH. Those results give a first
proof of the nanowires’ capabilities as SH light
sources. They give access to the investigation of the
physics of nonlinear effects in nanoscale
waveguides.

" A.S. Solntsev et al., Applied Physics Letters, 98, 231110 (2011)

% C. Hsieh et al., Optics Express, 17, 2880 (2009)
 H. Hartung et al., Optical Materials, 33, 19 (2010)
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Abstract

Integrated optics concerns mainly the generation, guiding, and detection of light. Especially
biosensing needs systems that incorporate electrical, electronic, and photonic devices for the
detection of harmful substances, like synthetic oestrogens or plasticizers. We present here recent
developments in the integration of our Si-based light emitter into a photonic circuit for a planar

optical waveguide-based biodetection system.
INTRODUCTION

The growing demand for sensitive biochemical
sensors in the environmental control, medicine or
process technology results in the development of
integrated sensors, which should show a high
resolution over a wide concentration regime. They
should be very fast, highly selective and sensitive as
well small and cheap. In our first approach we deal
with the integration of our Si-based light emitting
device (LED), as light source, into a photonic circuit
for detection of harmful biological substances, like
synthetic estrogens or plasticizers in drinking water.
Light injection into a waveguide is commonly
obtained by using an external source coupled to the
guide by systems, such as an optical fiber, a
microscope objective, or a prism by total internal
reflection. For simplifying this injection process, we
built Si-based LEDs which have a metal-oxide-
semiconductor (MOS) structure, in which the oxide
film contains group-IV and rare earth elements,
incorporated by ion-beam synthesis [1, 2].

EXPERIMENTAL

Our concept bases upon a Si-based photonic circuit
which consists of the integrated LED, a newly
fabricated dielectric strip-waveguide below a
bioactive layer and a receiver. The Si-based LED
exhibits strong electroluminescence, tunable from
the visible up to the UV region depending on the
rare-earth element (e.g. Gd, Tb, Eu, Nd, Er). For
example, an Er implanted LED operates in the
infrared range and a Tb doped one is suitable for the

visible spectral region. The dielectric strip-
waveguide has a SizN; or SiON core with cross
sections between 50 and lum, in which the light
should be guided, and a cladding of SiO,. The
receiver should be a photodiode (e.g. Ge, Si).
Currently, the Si-based LEDs are already available
and best efficiencies are achieved by Tb
implantation with an external quantum efficiency of
16% and a corresponding power efficiency of 0.3%.
LOCOS (local oxidation of silicon) processing and
an additional layer of SiON were applied to the
device in order to improve the electrical stability and
operation time. In this work, we are concentrating on
the development and characterization of the
dielectric waveguides. For the theoretical analysis
we are using a finite element simulation software
(FlexPDE). The fabrication of the waveguides was
done by plasma enhanced chemical vapor deposition
(PECVD), photolithography and electron beam
lithography. Manufactured waveguides were
analyzed by scanning electron microscope (SEM).
Furthermore, a new measurement setup is built up,
which enables future transmission measurements
and the inspection of the beam profiles as well as the
damping factors of the structures in dependence on
their cross sections.

RESULTS AND DISCUSSION

Obtained SEM results enabled an improvement of
the fabrication recipe of the waveguides by using an
additional Al-masking during the reactive ion
etching (RIE), which protects against undercutting
and allows better definite waveguide structures.
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Moreover, it was found out, that the choice of too
high plasma energy did destroy the smaller guides,
while a low power did result in non-satisfying
waveguide end faces. In preparation of the beam
profiling, mode profiles as well as resonance
frequencies were calculated according to the cross
sections of the structures with the software
FlexPDE. In the future, the theoretical calculations
are going to be compared with the experimental
results of the transmission and beam profiling
measurements. Moreover, the Si-based LED should

be coupled with the waveguide by e.g. Bragg
grating.

CONCLUSION

Finally, this lab-on-a-chip system is showing a high
potential to become an all-round applicable
integrated sensor system, without using any external
light sources, relay lenses, which is why it should be
lightly portable and customizable.

[1] L. Rebohle, C. Cherkouk, S. Prucnal, M. Helm, W. Skorupa, Vacuum 83, 24 (2009)
[2] L. Rebohle, T. Gebel, R.A. Yankov, T. Trautmann, W. Skorupa, J. Sun, G. Gauglitz, R. Frank, Optical

Materials 27, 1055 (2005)
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Abstract

A new method for resolving the fluorophore distribution along the propagation direction of a laser-
beam is presented. For reaching spatial resolution of several tens of micrometers the time dependent
fluorescence signal is sampled in the fs-regime by using a technique similar to fluorescence upcon-
version applying optical parametric amplification. Thus this approach is applicable to fluorescence

spectroscopy in the human eye.
INTRODUCTION

Common techniques for scanning a tissue in X-, Y-
and Z-direction like confocal or nonlinear microscopy
typically make use of strong focusing due to high nu-
merical apertures (NA).

However there are applications like in vivo investi-
gations of the human retina where high NAs can not
be used and high intensities like those for nonlinear
processes have to be prevented. One example where
such techniques are needed is the work of the group of
Schweitzer [1] and Hammer [2] in the ophthalmologic
clinic in Jena.

Thus a new method was developed for scanning the
axial fluorophore distribution by a time resolved mea-
surement.

THEORETICAL BACKGROUND

Fluorescence of molecules is composed of 3 steps:
The absorption of typically UV or VIS photons, fast
internal conversion and emission of photons in the VIS
or IR with a fluorophore specific exponential decay
[3]. Treating the excitation and emission process as
a three-level system one can derive the photon flux as
given in Eq. (1) [4].

Dp(1) ~ [l—exp <_ (;C_TIF> tﬂ exp (_;)

In this equation ;¢ is the time constant of internal con-
version and 7 the fluorescence lifetime. This is the
flux of just one fluorescing point. Additionally the in-
fluence of the spatial extension of a volume probe has
to be considered. This is shown in Fig. 1

probe/tissue

ime ﬁ)
fluorescence signal S(t)
< ” <

excitation pulse P(t)

signal

Figure 1: Illustration of origin of fluorescence signal
of a volume probe

The excitation pulse P(z) propagates through the
tissue, excites time dependent the axial fluorophore
distribution ps;(x) which emits the photons described
in Eq. (1). The result is the convolution of those func-
tions:

F((8(1)) =F(Pr (1)) x F(psi(2)) x F (P(1)) (2)

The characteristic information to be measured is the
stepped slope in Fig. 1. In theory the deconvoluted
distribution is limited by the pulse duration and can be
distorted by the influence of the constant 7;c.

48

DOKDOK

doctoral students conference on optics



GRAFE, Maximilian

EXPERIMENTAL SETUP

The experimental setup is shown in Fig 2. Pulses at the
central wavelength of 800nm, pulse energy of 0.9mJ,
pulse duration of 75 fs (FWHM) and a repetition rate
of 1kHz from the output of a CPA-System (Spectra
Physics Spitfire®) are frequency doubled through a
BBO and split into two beams.
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filter
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Figure 2: Experimental setup to sample the signal
of the fluorescing volume probe in the femtosecond
regime

One part, acting as gate pulse, is guided through a
delay stage and is then focused using f] to geta 0.5mm
beam diameter in BBO, to prevent damaging and to
get a large enough interaction cross section. The sec-
ond one is focused by f, into the sample and excites
the fluorophores. The fluorescence is collected and fo-
cussed by f3 into BBO; too. Due to incoherence the
accessible focal spot of fluorescence is much larger
than the diffraction limit of Gaussian beams.

For gating the fluorescence optical parametric am-
plification is used. This principle of amplifying flu-

orescence ultrasensitive by OPA already was demon-
strated in [5, 6] (gain up to 10%) and delivers in com-
parison to the more common used sum frequency gen-
eration [7] a high signal gain.

Using one pulse as gate induces for the instrument
response function another convolution [4].

CONCLUSION

A method is presented which allows it to measure an
axial distribution of fluorophores in a sample. Addi-
tional this has in comparison to the common fluores-
cence upconversion (with sum frequency generation) a
much higher gain since for sum frequency generation
every fluorescence photon can create only one SFG-
photon but for OPA it is just an initiator for the ampli-
fication process.

Furthermore this technique does not need any
strong focussing and can be driven with linear exci-
tation and that way with low intensities.

OUTLOOK

The overall aim of this technique is to apply it to the
human eye and resolve the fluorophores in the retina in
a scale of 10um. Therefore further investigations have
to be carried out with a temporal resolution of 30fs.
Also the questions of dispersion compensation for the
length of the human eye and whether this process can
be driven with an intensity preventing damaging of the
retina in combination with applicable exposure times
for in vivo measurements have to be answered.

[1] D. Schweitzer et al., Klinisches Monatsblatt Augenheilkunde 222, 396 (2005)

[2] Hammer et al., Ophthalmologe 101, 1189 (2004)

[3] J. R. Lakowicz, Principles of Fluorescence Spectroscopy (Springer, New York, 2006).

[4] A.C. Bhasikuttan and T. Okada J. Phys. Chem. B 108 (34), 12629 (2004)

[5] Han et al. J. Opt. Soc. Am. B 24 (7), 1633 (2007)

[6] Chen etal. J. Opt. Soc. Am. B 26 (8), 1627 (2009)

[7]1 Zhao et al. Phys. Chem. Chem. Phys. 7, 1716 (2005)
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Abstract

Supercontinuum generation in nanoscale all-normal dispersion optical fibers requires special
attention concerning the input coupling of light due to the small core size. Preceding taper
transitions along which the fiber core gradually decreases from microscale to nanoscale
dimensions facilitates the input coupling regarding efficiency and stability. The influence of
these taper transitions on the subsequent supercontinuum generation in the nanoscale optical
fiber is discussed in detail and appropriate taper shapes with minimized influence are proposed.

INTRODUCTION

Supercontinuum generation is the generation of light
with a very broad spectral bandwidth. The spectral
broadening is governed by a multitude of
participating nonlinear effects which in total define
the overall supercontinuum properties like spectral
homogeneity or pulse-to-pulse stability.
Supercontinuum generation in optical fibers instead
of bulk media takes advantage of a very long
interaction length, a small spot size and the
adjustment of the chromatic dispersion by
waveguide dispersion.

Typically, supercontinuum generation in optical
fibers relies on anomalous dispersion and numerous
nonlinear optical effects related to optical solitons.
The most prominent effects are soliton self-
steepening, soliton fission, and soliton self-
frequency shift. Supercontinua generated by soliton-
related effects can have a very broad spectral
bandwidth exceeding an optical octave. Apart from
this, soliton-related supercontinua suffer from a very
low pulse-to-pulse correlation, large spectral
intensity fluctuations and from the breakup of the
injected pulse into multiple output pulses. Thus, they
are not utilizable for more sophisticated applications.

Recently, a new method for the generation of
high quality supercontinua was demonstrated based
on optical fibers featuring only low normal
dispersion values over an extended spectral range
but no anomalous dispersion [1]. The utilization of
these so called all-normal dispersion (ANDi) optical
fibers prevents soliton-related nonlinear optical
effects and accompanied drawbacks like the breakup

of the input pulse into multiple output pulses or the
high noise sensitivity. In the normal dispersion range
only self-phase modulation and four-wave mixing
contribute to the spectral broadening and lead to
smooth spectra, single pulse conservation and high
pulse-to-pulse correlation.

Pulse preserving supercontinuum generation
initially was demonstrated employing photonic
crystal fibers with a core diameter around 2 pm.
Nanoscale suspended-core fibers and cylindrically
symmetric nanofibers with a core diameter around
0.5 um can provide ANDi behavior, as well.

The small core size of nanoscale fibers prevents
the common input coupling scheme by a converging
lens. Instead a special input coupling technique
applying an optical fiber taper, a fiber sections with
decreasing diameter, is required to achieve
reasonable efficiency and reliability. These fiber
tapers have to meet certain requirements concerning
energy conservation and nonlinear pulse propagation
which set opposed demands concerning the length of
the fiber taper. We investigate various shapes of
fiber tapers and discuss under which conditions they
meet the aforementioned requirements and therefore
are suitable for input coupling purposes concerning
supercontinuum generation in nanoscale ANDi
optical fibers.

ADIABATICITY OF
OPTICAL FIBER TAPERS

Energy conservation of light propagating along a
fiber taper is governed by the adiabaticity criterion
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Q< (B8,-B,)r!2x. (1)

It determines an upper limit of the local taper angle
Q as a function of the local taper radius r and the
local propagation constants ; and £, of the involved
fiber modes. Thereby £, is the propagation constant
of the fundamental mode whose energy is to be
conserved and f, the propagation constant of the
next higher order mode.

Figure 1 shows two selected taper shapes derived
from (1) for a step index fiber frominitial 125 umin
diameter down to an ANDi fiber diameter of 0.45
pum. The adiabatic taper shape is the overall shortest
one satisfying (1) but its preparation is quite
challenging. The exponential taper shape is
significantly longer than the adiabatic one but can be
prepared with reasonable effort. Both taper shapes
meet the requirement concerning  energy
conservation. Likewise taper shapes for suspended-
core optical fibers can be established. The remaining
guestion is if the considered taper shapes satisfy the

requirements  concerning nonlinear pulse
propagation as well.
604 taper shape:
0 B e
40+
E 30
) 20+
104
0

0 5 10 1'[5 ; 20 25 30

Z[mm
Figure 1: Variation of radiusr along axial direction z
for two fiber tapers of a step index fiber satisfying

the requirements concerning energy conservation.

NONLINEAR PULSE PROPAGATION IN
OPTICAL FIBER TAPERS

Using fiber tapers for input coupling purposes
includes the risk for early nonlinear effects within
the fiber taper at undesired core diameter and hence
undesired dispersion behavior. For an optimal
exploitation of the properties of the nanoscale fiber
with its enhanced nonlinearity and special ANDI
behavior the fiber taper should be as short as
possible to prevent any nonlinear effects within. As
opposed to this, a minimum taper length is required

for energy conservation reasons to satisfy the
adiabaticity criterion (1).

Figure 2 shows the spectral evolution of an
ultrashort high intensity pulse aong the two fiber
tapers shown in figure 1 and aong an additional
nanoscale section of the fiber. The initial pulse
parameters are 100 fs pulse duration and 25 kW
peak power. The vertical white line indicates the end
of the taper and the beginning of the nanoscale fiber.

Apparently, pulse propagation along the adiabatic
taper (Fig. 2a) does not reveal any early spectral
broadening and leads to a homogeneous and
broadband supercontinuum within the nanoscae
fiber. Pulse propagation along the exponential taper
(Fig. 2b) is accompanied by spectra broadening
resulting in a distorted supercontinuum with locally
varying intensity digtribution and narrowed
bandwidth. Likewise pulse propagation in
suspended-core fiber tapersis discussed.
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Figure 2: Spectral evolution along the fiber taper and
the nanoscale fiber for a) the adiabatic taper shape
and b) the exponentia taper shape.

SUMMARY

We discussed the influence of fiber tapers for input
coupling purposes on the supercontinuum generation
in nanoscale ANDi optical fibers. Therefore
different taper shapes satisfying energy conservation
where investigated regarding their influence on
nonlinear pulse propagation. Appropriate taper
shapes satisfying both requirements are proposed.
Funding by the Thuringian Ministry of Education,
Science and Culture (EFRE program) is gratefully
acknowledged.
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"Coherent octave spanning near-infrared and visible supercontinuum generation in al-normal dispersion
photonic crystal fibers," Optics Express 19, 3775-3787 (2011).
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Abstract

We present theor etical study on the quadratic nonlinear frequency conversion in plasmonic slot waveg-
uides. By manipulating the geometrical cross-section of the dielectric core, it is shown that phase-
matched frequency conversion can be achieved. Thisis exploited toward quantifying the parametric
amplification of modestaking into account realistic material parameters.

(b)
n 1
(d) 0
-1
Figure 1. (&) Schematic illustration of the metalic
dot waveguides. (b-d) Moda distribution of the x-
component of Electric field according to the coordi-

nate frame shown in (a) for mode order M= 0,1,2 re-
spectively [2].

INTRODUCTION

Subwavelength confinement afforded by plasmonic
waveguides has long held the promise of enhancing
nonlinear interactions at moderate power levels. Most
of the studies in past have been dedicated to plasmonic
waveguides guiding light in only one transverse di-
mension perpendicular to the propagation direction.
They include the simplest as well as hybrid metal-
insulator-metal (MIM) slot waveguides for demon-

strating nonlinear effects such as phase-matched sec-
ond harmonic generation [1] and plasmon solitonsin a
cubic medium [4]. In this study, we stretch the scope
of our investigation to 3D metallic slot waveguides [5]
having a dielectric core possessing quadratic nonlin-
earity. These waveguides support a multitude of plas-
monic modes in contrast to even and odd symmetric
modes supported by the smple 2D MIM waveguides
(Fig. 1). Taking degenerate second harmonic (SH)
generation as a referential caser, we demonstrate the
applicability of the concept of modal phase-matched
%@ interaction between guided modes at fundamental
harmonic (FH) and second harmonic (SH).

NUMERICAL RESULTS

We assume the substrate to be a dielectric with permit-
tivity & = 1.96, metal is silver, dielectric core to be
LiNbO3 and cladding to be air. FH istuned to Ay =
1.55um. In degenerate SHG, the phase-mismatch fac-
tor is given by Any, = Ny (20) — Ny | (@) where
Ny (@) isthe real part of the effective mode index of
order k at angular frequency . Considering mono-
mode (L = 0 [Fig. 1(b)]) behavior at the defined FH,
we solved the coupled mode equations presented in [6]
to analyze the propagation of SH modes in the waveg-
uide which is pumped at FH power of 1W. The conver-
sion efficiency is defined for the output of computation
asnu = mwgg;;;&]gg" where xy (2w) symbol-
izesthe linear propagation length of SH mode order M
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in the unit of cm.
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Figure 2: Nonlinear conversion efficiency ny of the
SH mode order M =0 (@) and M = 2. Input pump
power of FH is equal to 1W. Black area denotes re-
gions in the parameter space where the plasmonic
mode is cut-off. [3]

Conversion efficiency of SH modes for mode orders
0 and 2 is mapped in Figure 2. This corresponds to the
modes shown in Fig. 1(b) and (d). Conversion into
mode order 1 [Fig. 1(c)] is not included owing to the
fact that its Ex component has an anti-symmetric pro-
file which results in poor coupling with the symmetric
mode (Fig. 1a) at FH. The bright line showing an en-
hancement in 1y in Fig. 2(b) actually coincides with
the phase matching line where Ar{)M isequal to zero.

(a) 10'5 (b)

= — M=0 — M=0
sd I a
s |00 M2 | ﬂ il S
: - T
- M 2 A 4
» ~

20 40 20 40

z [um] z [um]

Figure 3: Evolution of power in SH modes of order M
with propagation with input pump of 1W power at FH.
(& w = 20nm, t = 360nm. (b) w = 200nm, t = 929nm
[3].

Thanks to the presence of damping in metals cho-
sen frequencies, full energy conversion into SH modes
is not possible even when modes are perfectly phase-
matched. This highlights the need for a careful eval-
uation for designing practical devices between min-
imizing the phase-mismatch or enhancing the mode
overlap between FH and SH. The former is in gen-
eral achievable between modes of different orders. But
for the latter, we get optimum results when modes of

the same order interact at both FH and SH. To signify
this point, Fig. 3 shows the simultaneous propagation
of modes at phase-matched configurations taken from
Fig. 2(b). Evidently, the SH mode of order M =0
can be more useful for short-distance operation despite
having a phase-mismatch. Mode of order M = 2 can
become a more desirable option when larger propaga-
tion distances are necessary.

CONCLUSION

The possibility of modal phase-matching in plasmonic
dlot waveguides has the potentia of being amajor step
forward toward realizing useful optical devices based
on quadratic nonlinearity at nano-scale. In the present
design, this is achieved at aspect ratios which might
not be realistic with the present technology. Since our
aim was only to demonstrate the proof of concept, we
didn’'t pay attention to possibly engineer the material
parameters in order to achieve more realistic geomet-
rical parameters. One direct application of this work
would be to investigate the problem of parametric am-
plification of plasmonic mode through SH pump. This
can potentialy lift the problem of small propagation
lengths of plasmonic modes to practically acceptable
limits.
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Abstract

For the determination of UV femtosecond laser pulse durations we use the autocorrelation
technique based on two photon absorption (TPA) in CaF,. To picture TPA of 197 nm laser
radiation we measure either the energy transmission through a sample or the laser induced
fluorescence (LIF) of self trapped excitons (STE) at 278 nm. Both ways yield second order
autocorrelations, which are easy to analyze and allow to derive the real pulse lengths being

about 370 fs in our case.

Introduction

By steadily downsizing the dimensions of
semiconductor devices via laser lithography, laser
wavelengths down to the UV have attracted
industrial and research interest.

Unfortunately, conventional methods (e. g. SHG
autocorrelation) for the determination of the UV fs
laser pulse durations fail, since no transparent
materials are available for wavelength below about
150 nm. Therefore it is necessary to use other
detection methods to investigate the length of used
laser pulses in a preferably easy way. Thus in recent
years TPA based autocorrelation techniques have
been established: in 1991 Le Blanc et al. [1] reported
on single-shot measurements in the alkaline earth
fluorides BaF, and CaF,. Although they pointed out
the advantages of BaF, compared to the more
common CaF,, both materials were found to be
suitable TPA media. Latest publications by Homann
et al. [2] show a broad overview of manifold TPA
media and give evidence which crystal should be
used in which wavelength regime for most exact
results. But they explicitly found no signals in CaF,,
which is inconsistent with the mentioned previous
work and our own measurements.

Our group focuses on  autocorrelation
measurements in CaF, at 197 nm. CaF, is a
commonly used, readily available material and
therefore a suitable medium for TPA measurements.
Both above mentioned procedures, energy

transmission or STE-LIF, provide consistent results
in pulse length measurements with a good signal to
noise ratio.

TPA based autocorrelation measurements even
work in liquid media: Reuther et al. showed results
for in situ pulse length determination in fluids [3],
showing, however, interactions between the incident
laser radiation and photolysis products, influencing
the autocorrelation.

Experimental Setup

A Coherent Mira900F oscillator provides pulses at
the fundamental wavelength of 785 nm of about 130
fs pulse width. These pulses are amplified by a
Quantronix Titan regenerative fs-amplifier. The
fourth harmonic 197 nm pulses are achieved by sum
frequency generation in B-BBO. At 197 nm pulse
energies up to 9 pJ are available for measurements.

/ Pump beom

sample PD 2
/ \ PD 1 l
(3ference | & . beam
frap
/ \ p‘obebe
/ delay line
Fig. 1: Experimental setup for pump-probe

measurements; for autocorrelation measurements the
sample is replaced by a CaF, crystal.
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The main advantage of the autocorrelation setup
is the possibility to be installed easily and quickly in
each existing pump-probe setup to determinate the
real pulse length in a sample, simply by replacing
the sample by a CaF, crystal (Fig. 1).

Physical background

CaF; is an alkaline earth fluoride with an energy gap
of E; = 11.5 eV [4]. We assume that single photon
absorption at 197 nm (6.3 eV photon energy) is
negligible. Thus the transmission T is given by

1
1+ pzi(x,y,t)’

with S being the two photon absorption coefficient,
z the sample thickness and | the incident laser
intensity. The energy transmission is given by

I(x,y,t)
f f1+3ﬂ@yifm

For pBzl(x,y,t) « 1 the integrand can be
developed in a series and approximated by its linear
part providing a second order autocorrelation
function, easy to analyze.

Considering that for Gaussian pulses the second
order autocorrelation is broadened by factor 2
compared to the correlated pulses, their width can be
determined via the autocorrelation function width.

Excitation of an electron from the CaF, valence
to the conduction band produces an electron-hole
pair (exciton). By self trapping it can form a
metastable defect of the crystal structure called self
trapped exciton (STE). The STE decay occurs within
1 us, showing a characteristic fluorescence at 278

Trpa(z) = dt.

nm. Its intensity is proportional to the TPA and can
be used for autocorrelation measurements.

Results and Discussion

Both methods yield the same UV pulse lengths: (362
* 25) fs by the energy transmission experiments and
(375 = 20) fs by STE-LIF measurements (Fig. 2).
The broadening from 130 fs fundamental pulses to
about 370 fs at the fourth harmonic presumably
happens in the frequency tripler and quadrupler
units.

1.04

intensity
o
0

j 0.5 T:D
ATm ) [Ps]
Fig. 2: Measured autocorrelation functions by using
the STE-LIF in intensity (upper part, green) or the
energy transmission through the crystal (lower part,
blue)

Summarizing we can use a simple autocorrelation
setup to determine pulse lengths of UV fs-pulses in a
reliable way. Our concern, to establish an easy and
efficient method for pulse duration measurements
under manifold experimental conditions has been
verified.
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Abstract

The most common substrates for surface enhanced Raman spectroscopy (SERS) are metallic
colloids in aqueous solution. Therefore, SERS-based detection schemes are limited to water-
soluble analyte molecules. Here, we present a technique for the detection of water-insoluble
substances based on a lipophilic sensor layer. Hence, water-insoluble molecules are enriched in

the vicinity of nanostructured metal surfaces.

INTRODUCTION

Surface enhanced Raman spectroscopy (SERS) is a
fast, non-destructive and versatile tool for the
analysis of chemical and biological specimens that
combines the high specificity of Raman
spectroscopy with the near-field enhancement in the
proximity of metallic nanostructures [1]. Metallic
colloids in aqueous solution, which are the most
commonly used SERS-substrates, are limited to the
investigation of water-soluble analyte molecules.
However, for applications, such as the analysis of
food or pharmaceutical products, the detection of
water-insoluble substances is of great interest.

In this contribution, we present metallic
nanostructures with a lipophilic sensing layer for the
detection of water-insoluble analyte molecules via
SERS. For the preparation of these sensing layers
aliphatic hydrocarbons are the material of choice.

SERS SUBSTRATES

In order to fabricate SERS-substrates several top-
down and bottom-up techniques are available. The
great benefit of top-down methods like electron
beam lithography (EBL) is the high reproducibility
of such manufactured structures and the ability to
realize almost every desired nanostructure design.
However, the high technical effort has to be taken
into account [2].

Another way to produce plasmonic active
nanoparticles on large areas is the enzymatic
generation of silver nanoparticles (EGNP) [3]. This
technique, which was established in our group, is
based on the enzymatically growth of silver
nanoparticles by the use of horseradish peroxidase.
Thereby, the enzyme is bond via a biotin
streptavidin complex to a DNA double strand, which
is immobilized onto the surface of the substrate. The
advantage of the resulting desert rose like structures
is their easy and fast production process as well as

water-soluble
analyte molecules

.o./o

L lipophilic layer

| water-insoluble
analyte molecules

Fig. 1 Sketch of a lithographic manufactured
substrate with a lipophilic sensor layer and its
working principle
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the possibility of a quality check due to an electrical
resistance measurement.

LIPOPHILIC SENSOR LAYERS

For first investigations, the sensor layers for the
detection of water-insoluble substances were applied
on lithographic manufactured substrates (Fig. 1).
Therefore, via self-organization a coating of
hydrocarbons is formed onto the surface of the
metallic nanostructures. Due to its lipophilic
behavior water-insoluble analyte molecules were
enriched in the sensor layer close to the plasmonic
active surface. Hence, strong SERS-signals from
these molecules are expected. In contrast, water-

soluble substances are not enriched in the coating,
which leads to a vanishingly small contribution to
the measured signal. This approach might be a
contribution towards the fractionation of water-
soluble and water-insoluble substances with a
combined SERS read-out.
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Abstract

Higher-order mode delocalization in large-pitch fibers ensures effective single-mode operation at
high output powers and very large mode areas. We demonstrate how this new class of fibers
offers unprecedented robustness against thermal effects. Furthermore, we outline new strategies

to improve the fiber design.
INTRODUCTION

Fiber lasers and amplifiers are the active medium
of choice, wherever high gain, high efficiency and
single-transverse-mode beam quality are required.
During the past decade, the output power of
continuous-wave and pulsed fiber laser systems has
risen to the kilowatt range. However, the
propagation of tightly confined radiation in the fiber
core over long fiber lengths facilitates the onset of
nonlinear effects such as stimulated Raman
scattering, stimulated Brillouin scattering or self-
phase modulation. The development of advanced
large mode area (LMA) fiber designs mitigates these
limitations firstly by providing large mode-field
diameters (MFDs) and, secondly, by shortening the
fibers thanks to a larger rare-earth-doped area.
Unfortunately, the traditional single-transverse-
mode fiber designs cannot be further scaled since
they have reached some technically challenging
fiber-production parameters. For instance, step-
index fibers require a decreasing numerical aperture
with increasing core diameters to remain single-
transverse-mode and, thus, they are limited by the
technologically attainable index step. The situation
is similar in effective-index-guiding photonic crystal
fibers, where the limiting parameter is the minimum
hole size that can be fabricated. Recently, several
more elaborate fiber concepts have been shown,
mostly based on resonance effects where higher-
order modes (HOMs) are coupled out of the core,
thus leading to an effective single-mode operation.
However, any such resonant design is strongly
affected by thermal waveguide changes that become
prominent in very large mode area (VLMA) fibers.

Therefore, there is a strong need for new robust
effective single-mode operation principles.

LARGE-PITCH FIBERS

LPF with 26 pum MFD

4x scaling

LPF with 104 pm MFD

o
70% 35%

Figure 1: The proportional scaling of an LPF reveals
a constant overlap with the doped region for the
fundamental mode and the HOM.

Large-pitch fibers (LPFs) fulfil the desired effective
single-mode operation by a new concept: the
delocalization of higher-order modes [1]. This
innovative working principle encompasses an
intrinsically improved seed signal coupling to the
fundamental mode of the LPF and a strong
preferential gain for the fundamental mode. Both
combine to provide a stable effective single-mode
operation not only in an amplifier configuration but
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also as a laser oscillator. The concept is very robust
against fabrication tolerances as it features a non-
resonant approach. Additionally, as it is shown in
Fig. 1, it allows for a proportional scalability to
larger  dimensions  while  maintaining  the
delocalization properties. Figure 1 illustrates the
modal properties of an LPF scaled by a factor of 4,
i.e. with MFDs of 26 um and 104 pm, respectively.
The HOM delocalization effect is maintained for
both designs with a core overlap of 70% for the
fundamental mode and 35% for the HOM with the
second largest core overlap. Note that the difference
between these two fibers is that the pitch has been
increased from 15 um to 60 um, but the relative hole
diameter has been left constant at 0.2, corresponding
to a proportional scaling. Thus, unlike any other
fiber design, scaling LPFs is not restricted by current
fabrication limits.

Thus, this concept has enabled the largest
effectively single-mode fiber demonstrated to date:
an active LPF with a core diameter of 135 pm which
has enabled a Q-switched fiber laser system with
26 mJ pulse energy, 130 W average power and
diffraction limited beam quality [2].

The unique scalability of LPFs was exploited in a
detailed experimental study on thermal effects in
high-power fiber lasers. These thermal -effects
cannot be neglected any longer for very large MFDs
exceeding 50 pum [3]. Quantum defect heating leads
to the formation of a thermal index profile that
causes the modes to shrink in diameter. Furthermore,
this thermal gradient can even change the complete
set of guided modes.

In our contribution, we will illustrate that the
LPF concept is not only able to robustly deal with
thermal waveguide changes but that it can even
benefit from this effect over a wide parameter range.
With these properties, LPFs appear to outclass
resonant VLMA fiber concepts, in which a changing
waveguide severely affects the resonance condition
required to ensure single-mode operation.

Due to the excellent scaling properties of LPFs,
the mode field area is no longer the crucial limitation

for high power fiber laser systems. In its place, mode
instabilities at high average powers currently limit
any further performance increase of fiber lasers.
LPFs have already increased the mode instability
threshold by a factor of about 3 due to their strong
effective single-mode operation [4]. Nevertheless,
mode instabilities are the main limitation for any
fiber design to date. Therefore, further design
improvements have to focus on substantially
increasing the mode instability threshold. We will
demonstrate design concepts with improved

delocalization, which are optimized for an increase
of the mode instability threshold. Here, reducing the
symmetry of the waveguide structure is a possible
way of further increasing the delocalization. In Fig.
2 the hole arrangement of an LPF with increased
with

delocalization is shown together the

fundamental mode and a HOM.

Figure 2: An asymmetric hole arrangement increases
the delocalization in LPFs.
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Abstract

Structured Hlumination Microscopy (SIM) distinguishes itself from the other super-resolution
techniques by its potentially much faster imaging rate. However it requires the acquisition of
several frames, which limits its speed. We develop a fast system based on a Spatial Light
Modulator (SLM). We aim at an acquisition speed of 10 frames per seconds.

INTRODUCTION

Fluorescence microscopy is a very successful
method for imaging biological samples. It offers a
wide choice of different methods, each suitable for
one particular application. Resolution describes the
smallest distance between two point sources in the
sample whose images, known as point spread
function (PSF), can be separated. Abbe showed that

this distance is given by d = }\/ZNA' where A is the
wavelength of the light and NA is the numerical
aperture of the objective. In a conventional wide-
field fluorescence microscope, d is about 200nm.

So-called super-resolution methods have been
developed recently [1]. They bypass the diffraction
limit and image structures well under 100nm [2].
Structured Illumination Microscopy (SIM) is one of
them [3, 4]. A demonstration of the resolution
enhancement in a commercial SIM is provided in
figure 1.

G
2um

Figure 1 - Resolution enhancement of the Elyra
S1 commercial microscope. Left: wide-field. Right:
SIM image. Sample: F-Actin of THP-1 cells labelled
with Alexa Phalloidin — 639.

PRINCIPLE OF STRUCTURED
ILLUMINATION MICROSCOPY

Structured  Illumination  Microscopy (SIM)
utilises the Moiré effect to produce lateral resolution
enhancement. This phenomenon occurs when
exciting the sample with a high frequency sinusoidal
illumination pattern. It results in a down modulation
of the high frequency components in the sample,
shifting them back into the support of the Optical
Transfer Function (OTF) of the microscope. Thanks
to this effect, linear SIM achieves a two-fold lateral
resolution enhancement as compared to conventional
wide-field microscopy.

In a classical implementation, the sinusoidal
modulation of the light is the result of 2 beam
interference. A mechanical grating acts as an
illumination mask.

Lost Intensity
information |

Cut-off frequency
| of the objective:
{ wide-field limit

LI '.\;

-1 OI +1

Figure 2 — Lateral resolution enhancement. The
Fourier Transformed sample information (black) is
convolved with the Fourier Transform of the
illumination pattern (blue). This results into
additional object components (green) at the position
of the + and — first orders respectively.

60

DOKDOK

doctoral students conference on optics

Frequency orders



L 1 Pinhole

=
2

M1

! POSTamdurelie

N1
Ul

-

O TLCam

dichromatic
reflector

L4 TL Tllu

@ Objective

Sample

Figure 3 — Current set-up. The acousto-optic tunable filter (AOTF) acts as a fast shutter. The spatial
light modulator (SLM) produces 3 diffraction orders that interfere in the sample plane.

The Fourier Transform of the illumination pattern
yields 3 peaks, which will be convolved with the
Fourier Transformed sample information. See figure
2. Thus, one raw image contains the information of 3
components. In order to be able to separate them, it
iS necessary to acquire 3 raw images, each at
different position of the grating in sample space
(different phase steps), to reconstruct one final high
resolution image. Besides, isotropic resolution
enhancement requires repeating this procedure in 2
other orientation of the grating. Finally, one super-
resolution image requires 9 raw images minimum.
Indeed, in a more complicated but also higher-
performance case, 3 beams interference instead of 2
is used to produce the illumination, and 5 phase
stepped images are acquired in each direction.

The power of SIM is that, because it is a wide-
field method, it can be potentially significantly faster
than conventional microscopy techniques that are
point-scanning. However, the need to acquire
several frames limits its speed.

OUR IMPROVEMENTS

We saw that for the reconstruction of super-
resolution SIM images, the shifting of the grating is
necessary. They are however time-consuming and
therefore the use of a Spatial Light Modulator
(SLM) is preferable to that of a mechanical grid. The
SLM is a computer-driven optoelectronical device
and enables a fast change of the grating position.

The fast structured illumination setup that we
built is inspired by the work of Gustafsson and

coworkers [5] and is depicted in figure 3. The core
component is the fast SLM, which is illuminated by
a collimated laser beam at 442nm. It produces 3
diffracted beams, the 0 and the + and — 1st orders.
Secondly, the camera must be fast as well. We use a
state-of-the-art complementary metal-oxyde-
semiconductor (CMOS) camera.

The global set-up includes several electrical
components. Its performance depends not only on
the speed of each device, but also on the triggering
of all parts. We use a micro-controller board driven
by a program that synchronizes the different devices.

Indeed there are still at least 2 other important
devices that require synchronization and fast
operation. They do not directly influence the
acquisition speed, but are crucial for image quality
and grating contrast. First, a fast polarization control
system will be included in near future. Second, an
acousto-optical tunable filter (AOTF) controls the
exposure.

ACHIEVEMENTS AND OUTLOOK

During the first year of this project, we
successfully built the system and tested it using a
fluorescent plane sample. There are still many
measurements that remain to be done, for instance
characterizing the illumination polarization and the
modulation contrast of the grating, as well as using
the system to acquire SIM images of both fixed and
living cells. The preliminary results are very
encouraging since we demonstrated an image
acquisition rate of 136Hz for a 200 x 200 pixels
image. This is 10 times faster than the commercial
system Elyra-S1 by Zeiss [6].
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[2] S. Hell, J. Wichmann, Optics Letters OSA 19, 780, (1994).

[3] M. Gustafsson, Journal of Microscopy 198, 82, (2000).

[4] R. Heintzmann, C. Cremer, Proceedings of SPIE 3568, 185, (1999).

[5] M. Gustafsson & co, Biophysical Journal 94, 4957, (2008).

[6]http://www.zeiss.de/C1256 CFB00332E16/0/5F02A12 ACOF5C3C6C12578A90034E974/$file/60-1-

0016 _e_elyra.pdf (22.05.2012).
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Abstract

The reactive powder sintering process for silica glass is a new method to produce rare earth doped
fused silica with very high purities. We show how to manufacture the material and explain its main
properties compared to material from the well established MCVD technique.

INTRODUCTION

Alternative manufacturing processes for glass are re-
quired for the implementation of novel fiber laser con-
cepts, such as extra-large mode area (X-LMA) fiber
lasers, multi-core fiber lasers, gain-guided fiber lasers,
short-pulse fiber lasers, or Bragg fiber lasers based on
highly-doped fused silica glasses. Established gas-
phase processes, such as modified chemical vapor de-
position (MCVD), reach their limits in the production
of these materials. This not only pertains to the re-
quired quantities but also to certain quality criteria.
During a multi-year development in cooperation with
the Heraeus Quarzglas GmbH an innovative powder
sintering process for silica glass (RePuSil) was devel-
oped [1] to provide materials for the implementation
of novel concepts.

PREPARATION

The starting point is a suspension of nanoparticles
made of silicon dioxide. The dopants are attached

reactively to the surface and further processed into a
granulate (Fig. 1).

Figure 1: Doped powder and the resulting green body.

The glass powder is pressed into a porous body
and is purified and compressed during multiple steps.
Afterwards, vitrification at high temperatures follows
inside a special tube that enables the provision of fiber
core material in the form of compact glass rods. This
makes this process an useful addition to MCVD.

MATERIAL PROPERTIES

Thanks to the availability of homogeneous rods of dif-
ferent compositions and properties (refractive index,
thermal expansion, viscosity, active/passive doping)
different fiber designs can be flexibly implemented us-
ing a preform made up of individual rods (Fig. 2).

Figure 2: Stacked fiber preform with doped core.

For the first time, the possibility exists to homoge-
neously manufacture fused silica-based laser glasses
for many different IR wavelengths with the required
purities in quantities of 10 g to 100 g. In this man-
ner, additional functionalities, such as the breaking
of symmetry to increase pump efficiency, maintain
stress birefringence, and multi-core structures (Fig.
3) to lower the number of modes, can be easily im-
plemented. This technology is particularly suitable
to produce large fiber laser cores in which the radial
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and lateral indices of refraction can be adjusted repro-
ducibly and homogeneously (Fig. 4). The absolute
difference of the index of refraction to the fused silica
buffer can be adjusted from ca. +0.01 to —0.005.

Figure 3: Fiber with 5 active cores.
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Figure 4: Comparison of refractive index profiles of
core material produced by MCVD and RePuSil.

Additional elements lowering the refractive index
(boron and fluorine) can be well-defined and homoge-
neously co-doped in order to compensate the increases
caused by aluminum and rare earths. This fulfills the
requirements for the implementation of novel single-
mode LMA fibers for a further scaling in power by
distributing the laser power across a larger laser core.
Moreover, nonlinear effects such as stimulated Bril-

louin scattering (SBS) and stimulated Raman scatter-
ing (SRS) are suppressed or reduced. Due to the large
laser-active volume in these fibers resulting in smaller
lengths, fibers with a moderate residual attenuation
can also be used. The described advantages of the pro-
cess and the materials could be demonstrated by pro-
ducing and testing different fiber lasers.

Compared to MCVD, RePuSil provides material
with nearly identical behavior regarding the fluores-
cence of the excited Yb-ions and photodarkening
caused by pump light. In order to evaluate the laser
properties of the fibers, cw tests in a Fabry Perot res-
onator were made with a pump wavelength of 975 nm.
The results (Fig. 5) show an excellent and repro-
ducible efficiency of about 80 % up to 230 W [2].
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Figure 5: Laser efficiency curves of fibers with a di-
ameter of 300 um and 13 um RePuSil laser cores.

APPLICATION

During the ”Falamat” project, fibers with multi-mode
X-LMA cores (9 > 50 um)were tested for use in high-
power fiber lasers. In addition to a high efficiency now
comparable to MCVD fibers, power levels of 4 kW
from a 1 mm fiber with a beam quality of 6.5 mmmrad
were demonstrated by the partner Laserline. This
power level was the prerequisite for the application of
this type of fibers in lasers used for material process-
ing. First promising tests in welding aluminum and
steel have been performed in the automotive industry.

[1] A. Langner, et al., Proc. SPIE (2012), vol. 8237, pp. 8237-44.

[2] M. Leich, et al., Opt. Lett. 36, 1557 (2011).
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Abstract

In the field of Nanophotonics / Plasmonics, one distinguishes between the propagating solutions of
Maxwell’s equations giving rise to a far-field response and the extreme strong and highly localized
fields in close vicinity of nanoparticles. We will show how the interaction of the individual localized
nanoparticle fields in a standard waveguide geometry is capable of creating unusual propagation
properties as negative group velocity or extreme dispersion control by geometrical tuning.

INTRODUCTION

Noble metals such as Ag and Au are the key build-
ing blocks in Nanophotonics due to their ability to
carry highly sub-wavelength localized coupled states
of the electromagentic field and the free conduction
electrons, the surface plasmon polaritons [1]. In a no-
ble metal nanoparticle, the finite size leads to the for-
mation of localized surface plasmons which can be un-
derstood as collective charge oscillation at optical fre-
quencies due to the excitation by an external light field.
The shape of the nanoparticle will inherently deter-
mine the plasmonic properties by the internal charge
dynamics. This will vice versa influence the far field
scattering properties dramatically, since the nanoparti-
cle acts as a feeding source for the secondary scattered
wave [2].

This working principle allows for the creation of
new structures with tunable and unusual electromag-
netic properties, as e.g. metamaterials [3]. Here, the
plasmonic nanoparticles act as building blocks with
designed electromagnetic response. This allowed for
the demonstration of effects like artificial magnetism
at optical frequencies, negative refraction or cloaking.

Up to date, the collective response of such nanopar-
ticles is mainly studied regarding their far-field re-
sponse, explorable by plane wave excitation of a
nanostructured thin-film. Naturally, the question arises
how such particles interact in an integrated optical en-
vironment, what eigenmodes exist there and how the

propagation properties are influenced.

Figure 1: Interface between a bare and a nanoparticle
loaded waveguide section with visualized eigenfields.

PROPAGATION PROPERTIES

The structure we would like to investigate is shown in
Fig. 1. A conventional slab waveguide is decorated
with nanostructures on top of it. This configuration is
easily realized by standard planar e-beam lithography.
As nanostructure geometry, we chose so called double
cut-plates and -wires. They consist of two 20nm thin
Au sheets, separated by a 40nm dielectric spacer (usu-
ally MgO or MgF,). Plasmons supported in the up-
per and lower wire can couple and form a symmetric
or anti-symmetric state, respectively, with the current
flow being parallel or anti-parallel. In our structure,
the nanoparticles are arranged atop a thin (350nm)
high-index (Si3N,, n = 2.0) dielectric waveguide. The
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Figure 2: (a) Interaction scheme of the photonic and the plasmonic mode. (b) Transmission spectrum of the
double cut-wire, showing the geometric resonance tunability.

high index contrast to the air cladding allows for an
efficient excitation of the anti-symmetric plasmonic
state in the particle by the fundamental TM waveguide
mode. This state is of particular interest since its loop-
like current distribution creates the effect of artificial
optical magnetism in an optically dark” quadrupol
mode which does not suffer from radiative loss to the
far field [2]. This leads to a plasmonic resonance vis-
ible in the transmission spectrum which can be tuned
by altering the length of the double cut-wires, see Fig.
2.

In such hybrid structures, light propagation is de-
scribed by Bloch Modes [4]. The dispersion relation
(DR) w(k;) hereby is the fundamental aspect which
determines the propagation properties. Fig. 3 shows
the DR of the aforementioned structure for different
lattice constants I'. The gray area marks the plas-
monic resonance. Counterintuitive, a denser array of
nanoparticles has only a negligible effect on the disper-
sion since the excitation is not in phase. If the lattice
constant is two large on the other hand, the detrimen-
tal effect of the band gap is clearly visible. However,
just in between the two regimes, the plasmonic and the
Bragg resonance can be balanced. A large redshift is
a hint that one approaches the strong coupling regime.
Depending on the lattice constant, a dramatic change
of the dispersion takes place. The induced resonance
now creates spectral regions with flattened, steepened

and even backward bent dispersion, associated with a
negative group velocity [5]. By geometrical tuning,
one can now e.g. create a particular value for v, or the
GVD at the frequency of interest.
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Figure 3: Dispersion relation calculated by a-FMM.

CONCLUSION

It was shown how the incorporation of plasmonic
nanoparticles into conventional waveguide geometries
facilitates the possibility to approach extreme regimes
of light propagation. The collective response together
with a proper design of the single particle resonance
allows to create regions with even negative group ve-
locity, allowing for full dispersion control of light
propagation.

[1] A. Zayats, I. Smolyaninov, A. Maradudin, Physics Reports 408, 131 (2005).

[2] J. Petschulat, et al., Optics Express 18, 14454 (2010).

[3] W. Cai, V. Shalaev, Optical Metamaterials: Fundamentals and Applications (Springer, 2009).
[4] B. Saleh, M. Teich, Fundamentals of Photonics (John Wiley & Sons, New York, 1991).

[5] P. Chen, et al., Physical Review A 82, 053825 (2010).
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Abstract

Avalanche ionization plays a crucial role in the photoionization of dielectric materials with
respect to optical damage. Although it has been investigated closely during the last years, its
significance on the ultrashort time scale remains a contentious issue. Here we present UV-pump
IR-probe experiment on the fs time scale that allowed us to isolate the avalanche ionization from
other major ionization processes, especially multiphoton ionization, electron tunneling, and
relaxation into traps and their re-excitation. We show that the assumption of an intensity
independent impact ionization factor a cannot explain the results. Application of a simple
avalanche ionization model within the flux-doubling approximation requires an intensity

dependent coefficient a(l) to explain the data.

INTRODUCTION

Technical applications based on fs laser pulses, like
micromachining and tissue ablation have gained
large interest during the last decade [1, 2]. The
material removal in this time regime is driven by
ionization above a critical electron density threshold
[3, 4].

One of the major ionization processes in dielectric
materials is avalanche ionization (Al), which leads
to an avalanche-like increase in the conduction band
(CB) electron density. Although it has been
investigated closely during the last years [2, 4, 5]
there is little experimental data of how the impact
ionization parameter changes with electron density
and/or incident pulse energy on the fs time scale.
One reason is that in most dielectric materials there
are several competing ionization and relaxation
processes, such as multiphoton ionization (MPI),
tunnel ionization (TI) or electron trapping.

Here we present an experimental setup, which
allows us to isolate the impact ionization from its
competitive processes. In order to decouple Al from
MPI as well as TI, a UV pulse was used to seed
electrons into the CB. These electrons were
subsequently heated by a succeeding IR pulse and
the transmission of this IR pulse as a function of its
fluence was measured. The goal was to find the

avalanche ionization coefficient a(l) in order to
explain the transmission measurements.

EXPERIMENTAL SETUP

An amplified fs oscillator was used to create 40 fs
pulses at 800 nm with a repetition rate of 10 Hz.
After splitting the beam, one component was
variably attenuated between 30 nJ and 18 pJ. The
second component was frequency tripled (266 nm).
The pulse energy could be varied between 1 and
30 pJ. Both beams were focused into an 89 pum thick
piece of UV-grade sapphire (a—Al,O; Valley
Design, A—plane cut). The beam waists were 32 um
for the UV and 16 pm for the IR—pulses
respectively. The sample was mounted on a
motorized two-axis translation stage and irradiated
under Brewster angle. It was translated after each
shot. The transmitted as well as the incident energy
of both, the pump and the probe beams were
recorded by using photodiodes and a sample—and-
hold data acquisition system.

EXPERIMENTAL RESULTS AND
DISCUSSION

Figure 1 shows the dependence of the transmitted IR
pulse on its input intensity in the presence of UV
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pump pulses of different pulse energies. In all cases
the delay between the UV and the IR pulses were
fixed to be 1 ps. Therefore both, parametric effects
due to pulse overlapping as well as relaxation of CB
electrons back into the valence band, could be
avoided. The CB electron densities were estimated
from the two photon absorption of the UV pulse.

UV-Pump Intensity
(estimated initial electron densities):
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Figure 1: IR transmission for UV-grade sapphire as a
function of the input intensity measured 1 ps after the
excitation with UV pulses for different UV pulse
intensities

For low UV pulse intensities, the transmission
behavior of the IR remains constant and drops with
increasing IR pulse intensity, where it approaches
the transmission of the IR pulse without UV
excitation. For strong UV pulses however, the
transmission of the IR pulse increases with
increasing IR pulse intensity.

ESTIMATION OF THE INTENSITY
DEPENDENCE OF THE AVALANCHE
COEFFICIENT

In order to relate the experimental results shown
in Fig. 1 to the intensity dependence of the

avalanche ionization coefficient, pulse propagation
through the sample was modeled assuming a(l) as
functional dependence.

Qualitatively good agreement between experiment
and model was achieved assuming a(l) according to
Fig. 2, UV as well as IR flat top pulses and constant
electron densities in propagation direction.
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Figure 2: Fluence dependence of the avalanche ionization
coefficient for a pulse propagation model fitting the
transmission data from Fig.1

CONCLUSION

We studied the transmission of IR fs pulses as a
function of the pulse intensity in sapphire in the
presence of an UV prepulse providing initial
conduction band electrons. Assuming an effective
CB electron density with a mean energy, an intensity
dependent avalanche ionization coefficient a(l) was
determined that reproduces the experimental
transmission data.

[1] F. H. Loesel, J.P. Fischer, M. H. Gotz, C. Horvath, T. Juhasz, F. Noack, N. Suhm, J. F. Bille, “Non-thermal ablation
of neural tissue with femtosecond laser pulses®, Appl. Phys. B 66, 121 - 128 (1998)

[2] C. Mézel, A. Bourgeade, and L. Hallo, “Surface structuring by ultrashort laser pulses: A review of photoionization
models ”, Phys. Plasmas 17, 113504 (2010), pp. 113504-1 — 113504-16

[3] B. C. Stuart, M. D. Feit, S. Herman, A. M. Rubenchick, B. W. Shore, and M. D. Perry, “Nanosecond-to-
femtosecond laser-induced breakdown in dielectrics”, Phys. Rev. B, Vol 53, No. 4 pp. 1749 — 1761 (1996)

[4]1 L. A. Emmert, M. Mero, and W. Rudolph, “Modeling the effect of native and laser-induced states on the dielectric
breakdown of wide band gap optical materials by multiple subpicosecond laser pulses” J. Appl. Phys, 108, 043523

(2010)

[5]P.P. Rajeev, M. Gertsvolf, P.B. Corkum, and D.M. Rayner, “Field Dependent Avalanche lonization Rates in

Dielectrics”, Phys Rev. Lett. 102, 083001 (2009)
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Abstract

Photobleaching and phototoxicity pose a problem in live cell imaging. Excessive excitation light can
induce reactive oxygen species in observed organisms. These can disturb signalling pathways and
alter the natural response of the sample. We augment a widefield epifluorescence microscope with
two spatial light modulators (SLM). These allow illumination with arbitrary patterns. Depending on
the distribution of fluorophores a considerable reduction in photobleaching and phototoxicity can be

expected.
INTRODUCTION

In a fluorescence microscope excitation light is shone
through an objective onto a specimen containing flu-
orophores. These fluorophores absorb excitation light
and subsequently emit photons of lower energy. The
fluorescence light of in-focus fluorophores is formed
into a sharp image, light from out-of-focus areas dete-
riorates the image by creating a blurred background.

Nowadays it is common to observe the dynamic
properties of fluorescently labelled proteins and ex-
tract quantitative information about the structures they
form within living cells. The length of the study and
the accuracy of the result of a given experiment, how-
ever, is limited by photobleaching and light induced
toxicity in the biological specimen.

One of the by-products of fluorophore excitation is
reactive singlet oxygen. The oxidative stress can lead
to cell death or more subtle effects such as the suppres-
sion of normal cell signalling functions.

In order to extend experiments in time and to follow
the fate of cells over many generations, a substantial
reduction illumination would be desired.

In ultra microscopy a thin sheet of excitation light
is sent from the side along the focal plane of a wide-
field microscope. Its results are impressive [1]. How-
ever, mounting the samples is difficult and long range
objectives are used, which limit the collection angles,
detection efficiency and resolution.

In [2] a variant of a confocal microscope is devel-
oped, that illuminates the specimen according to local
fluorophore concentration. Dim areas are only illumi-
nated until the fluorophore content is confirmed to be
below the threshold. Areas with high fluorophore con-
tent are only illuminated until a certain photon count
is reached. Areas of intermediate brightness are illu-
minated for the full time. The resulting image is of the
same perceived image quality as a conventional con-
focal image but at much lower dosage.

Temporal focusing (TF) and generalised phase con-
trast (GPC) have been combined in [3]. For TF the
ultra-short excitation pulse is diffracted on a grating in
an intermediate image. The spectral components en-
ter along a line on the pupil of the objective and only
excite fluorophores in a sheet around the focal plane,
where they arrive simultaneously. The GPC allows
spatial exposure control in the focal plane.

In [4] a micro-lens-based microscope for simultane-
ous detection of angular and spatial information about
the light returning from the sample is shown. Applying
their technique for illumination would give a spatio-
angular excitation microscope comparable to ours. It
would allow simultaneous exposure of in-focus areas
with different angles. However, the micro-lenses de-
fine the trade-off between angular and spatial resolu-
tion. Our approach is more flexible and better suited as
a prototype to establish useful illumination schemes.
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SPATIO-ANGULAR MICROSCOPE

Figure 1 shows a schematic of our microscope. A ro-
tating micro-lens array and a light tunnel provide uni-
form illumination in the plane F”’. SLMI is an ar-
ray of torsional micro-mirrors. When the mirrors are
tilted, they act as a diffraction grating. The aperture
B only transmits the zero order of the grating and the
lens L, forms an intensity image of SLM1 in P’

SLMI ",

tilted mirrors deflect
light on aperture

m o\
; F

n,

integration
tuniie

ro;atinig
micro fens SV =Y
array TLy DPBS objective
“on” pixels rotate
polarization by 90 degrees

laser

Figure 1: Schematic of our microscope. SLM = spatial
light modulator, PBS = polarizing beam splitter, DBS
= dichroitic beam splitter, TL = tube lens.

A polarizing beam splitter illuminates SLM?2. This
display is based on ferroelectric liquid crystals (FLC).
The optic axis of the FLC in each pixel has two pos-
sible orientations, depending on the applied voltage.
On-pixels act as A /4—plates and rotate light by 90°.
Off-pixel have no effect on the polarization.

SLM1 is imaged into the back focal plane P of the
objective. SLM2 is conjugate to the focal plane F' in
sample space. SLMI1 controls the illumination angles
while SLM?2 selects the area in the sample, that will be
illuminated.

The diagram in Figure 2 right, depicts a three-
dimensional distribution of beads with 2 um diame-
ter. The data was obtained by projecting gratings with
SLM2 into the specimen and reconstructing optically
sectioned slices. After the positions of the beads were

known, they were selectively illuminated with SLM1
patterns as shown in 2 left. These patterns were com-
puted by finding areas in the pupil that excite the target
bead without exposing out-of-focus beads.

Figure 2:

right:
three-dimensionally distributed beads.
mized SLM1 masks to illuminate bead 26 or bead 5.

Sphere model of a sample with
left: Opti-

A similar approach can be used for time-laps imag-
ing of nuclei in developing embryos. Their structure
doesn’t change much from one time frame to the next
and one could predict the position of the nuclei using
the current image stack, while preparing the illumina-
tion patterns for the acquisition of the next stack.

CONCLUSION

We built a microscope that can simultaneously control
the pattern of the excitation illumination in the pupil
P of the objective and the front focal plane F in the
specimen.

The two separate displays give the flexibility that
is needed in order to investigate illumination strate-
gies while the Heisenberg uncertainty principle pre-
vents tight simultaneous control in the Fourier planes
F and P.
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Abstract

Airy wave packets constitute a special class of nondiffracting waves that accelerate along parabolic
trajectories and exhibit self-healing properties. In contrast to other non-diffracting beams like e.g.
Bessel beams, Airy beams can also exist in (1+1) dimensions. We demonstrate the generation and
near-field mapping of Airy surface plasmon polaritons (SPPs) by specially designed diffraction grat-
ings. By interference of two Airy SPPs, a bright focal spot can be generated. We theoretically and
experimentally investigate how the position and the brightness of this hot spot can be controlled by
varying the relative positions of the excitation gratings and the phase front of the illuminating beam.

INTRODUCTION

Surface plasmon polaritons (SPPs) are electromag-
netic waves propagating along metal/dielectric in-
terfaces and exhibit highly localized electromag-
netic fields. For applications like light-routing on
optical chips and optical addressing of absorbed
biomolecules, the generation and manipulation of
plasmonic beams is of particular interest. Airy sur-
face plasmons [1, 2] are plasmonic beams that possess
remarkable properties such as diffraction-free propa-
gation and a parabolic trajectory. After passing an
obstactle, the beam recovers its shape. For one-
dimensional wave packets, such as surface plasmon
waves, the Airy beams represent the only possible
class of non-diffracting beams.

METHOD

In our experiments we use gratings in the form of rect-
angular slits in a metal layer to excite surface plas-
mons (Fig. 1). The grating period along the z axis cor-
responds to the surface plasmon wavelength, so that
SPPs propagating along the z-axes are excited when

the gratings are illuminated at normal incidence (@ =
0°) with a beam polarized along the z axis. Now the
grating is subdivided into columns in the x-direction.
By selectively shifting the columns along the SPP
propagation direction (z axis), the phase of the plas-
monic wave packet can be spatially modulated. Phase
variations of 7 are achieved by shifting every second
column by half a grating period with respect to the
neighboring columns [Fig. 1(d)]. The widths of the
columns are chosen to match the zeros of Airy pat-
tern amplitude, as shown in [Fig. 1(b) and (c)]. The
resulting interference pattern is characterised by mea-
suring the optical near-field at the sample-surface with
fiber-tip based scanning near-field optical microscopy
(SNOM).

RESULTS

The generated beams exhibit the main remarkable
properties of Airy plasmons, namely self-acceleration,
low diffraction and self-healing after passing through
surface defects. The measured near-field intensity
matches well the theoretical distribution obtained by
FDTD simulations. Additional plasmonic excitations
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that occur due to imperfect matching of the Airy
wavepacket quickly diffract and do not strongly affect
the properties of the wavepacket[3].
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Figure 1: Excitation and interference of Airy plas-
mons: (a) Schematic of the experimental setup with
the mirror symmetric gratings. The gratings are illu-
minated from the substrate side by a broad Gaussian
beam with A = 784 nm and polarization along z. (b,
¢) Absolute value and phase of the amplitude function
of the two Airy plasmons. The main lobe half width
is xo = 700 nm. (d) Grating geometry for excitation of
Airy plasmons. Agpp = 764 nm denotes the SPP wave-
length.

Furthermore, we show that a high-intensity spot can
be created on a metallic surface by the interference of
two Airy plasmons (see Fig. 2). In contrast to hot-
spots created with the help of nanoantennas, no struc-
turing of the sample in the close vicinity of the sam-
ple is necessary. Scanning near-field optical measure-
ments and FDTD-calculations show that the position,
shape and brightness of the spot depend on the ini-
tial separation distance of the two wavepackets. The
high field contrast makes such a high-intensity spot at-
tractive for applications like plasmonic circuitry appli-
cations, surface optical tweezers, optical data storage,
and biosensing.

15

10

-5

0

Figure 2: Interference pattern of two plasmonic Airy
beams, measured by collection-mode scanning near-
field optical microscopy (SNOM)
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Abstract

High power fiber laser components are a critical part of monolithic fiber lasers. In this paper we
present the characterization results of an adiabatic taper.

INTRODUCTION

Monolithic high power fiber lasers are more and
more used in industry and research facilities. The
fiber laser component development is an important
part of the fiber laser development as they have to be
reliable up to several kW without corrupting the
good beam quality of fiber lasers. In this
contribution we show the manufacture and
characterization of an adiabatic taper as an example
of a high power fiber laser component that is needed
in high power fiber lasers.

ADIABATIC TAPERS

Single-mode performance is a desired behavior in
fiber lasers as it is needed for many applications. But
single-mode fibers have a low threshold for non-
linear effects (NLE) what makes the NLE often the
main limiting factor to further increase the power of
high power fiber lasers. NLE mainly depend on the
power density (power per unit area) and the fiber
length. [1] To avoid NLE the fibers have to be short
what reduces the pump absorption capabilities. A
solution to that are the so-called double clad fibers
or large mode area fibers. But bigger fiber cores
show usually multi-mode behavior. With the
development and utilization of adiabatic tapers it is
possible to launch single mode light in multi-mode
fibers and still receiving single mode light in the end
of the fiber. [2]

EXPERIMENTAL SETUP

In order to fabricate the demonstrator we used the
large diameter fusion splicing system (LDS) of the
company 3SAE. The LDS uses three electrodes to
locally heat the fiber while it is pulled apart to
produce the taper. The used fiber was the active
fiber 1099sAFO from the IPHT. It has an 18pum core
diameter, 375um inner cladding with an NA of 0,12.
The demonstrator fiber was tapered down to 6um
core with an inner cladding of 125 um. The test
setup for the taper is shown in figure 1. We have
used a Fiber-Picktailed single-mode laser from
Thorlabs to launch ~5mW of 1060 nm light into the
fiber. To characterize the taper we used a ccd beam
profiler of the company Duma Optronics LTD and
measured the power. We used the same setup to
characterize the same fiber without tapering it to be
able to compare the results.

Taper

Fig. 1: Test setup for the tapered fibers
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Results
The power measurement shows 94% of power

throughput. What is a good result but needs to be
verified in a high power test setup.

2a)

20

b = . B

Fig. 2: Beam profile pictures a) beam profile after
the taper b) beam profile after the fiber without
tapering it.

Figure 2a) shows a nearly Gaussian beam profile. In
figure 2b), when the beam profile of the fiber
without taper was tested the beam profile shows
multi-mode beam output. We have not completed
the characterization of the taper but it would include
using it in a high power fiber laser to see how
thermal behavior is. As fibers with a 20um core
diameter and 400 pm inner cladding diameter are
standard fibers this result shows great possibilities
for using this technology in high power fiber lasers.

[1] Agraval, Nonlinear Fiber Optics, Academic Press, ISBN 0-12-045140-9

[2] Zellmer, Holger, Dr., 99441 Magdala, Tiinnermann, Andreas, Prof.
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Abstract

We present first results of femtosecond inscribed fiber Bragg gratings (FBG) in a 120 corefiber.
The multicore FBG were written using the phase mask scanning technique. For all cores the
FBG was characterized by measurement of the transmission spectra. We could achieve strong
gratingsfor alarge part of the multicore cross-section.

INTRODUCTION

cylindrical
For ground based near-infrared astronomica(.a) (b) lens
observations a spectral filtering of the narrow phase
emission line of the atmospheric OH molecules is mask
essential. A solution offers the concept of the
“photonic lantern” [1], where light from a
multimode fiber is transferred in single mode fiber il
in which spectral filters in the form of fiber Brgig (il fiber

gratings (FBG) are integrated [2]. In order to reglu ) °
complexity and cost, a concept is developed, where i |<y
the single mode fibers are replaced by a multicore

fiber (MCF). Therefore an inscription technique fcFigure 1: (a) Microscop image of the MCF. (b)

FBG in a MCF is desired, which provideSchematic of the phase mask scanning technique.
homogeneous spectral response over all cores. .._ o o _
present first results of the inscription of a FBGai Since the modification of the refractive index is

MCF with 120 cores using femtosecond laser pulsédhited to the focal spot, fiber and phase maskewer
both moved with respect to the inscription beam to

INSCRIPTION SETUP scan over the MCF cross-section, with a total scan
area of 200 um along the y-axis and 230 pm in z-

The MCF was developed at the University of BatHirection.
[3] in collaboration with innoFSPEC of the Leibnitz
Institute of Potsdam. The MCF (see Figure 1(a)) EXPERIMENTAL RESULTS
features 120 Ge-doped cores with a diameter of 3.9 o
pm, which are arranged hexagonal. The claddidg Figure 2 the measurement of the reflectivity as
diameter is 230 pum. The FBG was inscribed with thiell as the Bragg wavelength of all cores are shown
femtosecond laser system Spitfire (Spectra Physicsye red arrow indicates the direction from whica th
(120 fs pulse duration at 800 nm) using the phadescription laser was mudenfn. Black circles dépic
mask scanning technique (Figure 1(b)) [4]. The feores where no Bragg reflection could be_measured.
pulses were focused with a cylindrical lens (20 mf}S one can clearly see, the FBG properties are not
focal length) through a phase mask into the fibe@venly distributed over the cross-section of the
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Figure 2: Characterization of the reflectivity (a) and

the Bragg wavelength shift of the FBG. Figure 3: (a) Trammission spectra of two cores

the FBG. (b) Distribution of ,clean® spect
MCF. The upper row of cores with respect to tfesponses (green circles) and position of cores
inscription direction show only low reflectivities) radiation losses exeeding 1 dB (red circles).
the center and upper half strong gratings we..
observed, whereas in the lower part no gratingdl at CONCLUSION
are present. Also, the Bragg wavelength is
blueshifted about 2 nm along the inscription
direction. We also observed different spectr
behavior of the FBG along the cross-section. Th
cores depicted with green circles in Figure 3(
show very clean spectral responses with almost 00 ; :
radiation or cladding mode losses (Figure 3(a)fiSide the fiber. Therefore, current work is to
However, cores in the center (red circles) sho rcumvent these effects with appropriate adaptions

strong radiation losses as well as a spectr%‘ the inscription scitulo in order ]EO g(ﬁt a clead an
broadened Bragg reflection peak. omogeneous spectral response for all cores.

We believe the inhomogeneities of the multicore
FBG are a result of self-focusing of the inscriptio
beam inside the fiber as well as focusing effefts o

the curvature of the fiber. Due to these effedis, tWe acknowledae financial supbort by the German
focus of the inscription beam did not reach the quederal Ministgry of Educa'ﬁgn ar):d Research

side of the fiber, hence, the center of the MCF w. %MBF) under contract No. 13N9687 and the
structured multiple times. This explains the stron erman Research Founda;[ion (DFG). Ria G

radiation losses of the FBG in the center. Thenstro .
Bragg wavelength shift can be attributed to WavKramer also acknowledges support by the Abbe

front aberrations arising at the fiber curvature [5 School of Photonics.

We present first results of the femtosecond
scription of fiber Bragg grating in a 120 corbdf.

e inhomogeneity of the multicore FBG can be
ttributed to focusing effects of the curvaturethsd
ger as well as self-focusing of the inscriptiogeim
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Abstract

We demonstrate the fabrication of photonic devices in lithium niobate wafers by direct
femtosecond laser writing. Low loss type Il double line waveguides, 2D-structures as well as
multiscan type | waveguides are presented. Furthermore power-splitters, a Mach-Zehnder
interferometer and electro-optical tunable Bragg grating waveguides (BGWs) have successfully
been integrated to perform optical signal processing at A = 1.55 um. Different approaches such
as point-by-point integration and burst writing ar e discussed.

INTRODUCTION

Direct integration of functional optical devices by
femtosecond laser writing has emerged as a
powerful fabrication technique within recent years
[1-3]. The basic principle relies on strongly localized
material modification by nonlinear absorption inside
the host material. One of the most attractive aspects
of this technique is the feasibility of producing
three-dimensiona refractive index changes smply
by trand ating the material relative to the focal point
of the writing beam. Hence, a variety of optica
elements such as waveguides, splitters and Bragg
Gratings have dready been redized. Besides
integration in silica glasses it is often desirable to
access the unique advantage of high-speed response
in electro-optic materials such as lithium niobate,
whichiswidely used in optical communications.

In this contribution we demonstrate integration of
various photonic devices in LiNbO; wafers
operating at A = 1.55um. High quality low loss
waveguides, power splitters and e ectro-optica
tunable devices such as Mach-Zehnder modulators
and integrated Bragg grating waveguides (BGWSs)
are presented.

EXPERIMENTAL SETUP

The experimental setup for the integration and
characterization of functional optica devices is
depicted in Fig. 1. To induce the refractive index
change a Ti:Sa femtosecond laser system at

A =800 nm with a repetition rate of 1 kHz and
130fs pulse duration is used. The pulses are
attenuated to 250-800 nJ and focused inside the host
material using a 100x microscope objective with a
NA of 0.9.

800 nm
120 fs

X-y-Z
translation
stage

© @

x-cut LiINbO; wafer

1500 to 1600 nm
TLS

Figure 1. Schematic experimental setup for the
integration and characterization of functional optical
devices. The samples are but-coupled to a tunable
laser source (TLS) or broadband emitting diode and
the near-field mode profiles are imaged using an
InGaAs camera (CAM). The reflection spectra of
integrated Bragg grating waveguides are
characterized by an optica spectrum analyzer
(OSA).

We use commercialy available 3" x-cut Lithium
Niobate wafers with a thickness of 500 um and a x-
y-z trandation stage (Aerotech). All presented
waveguide structures are fabricated approximately
100 um under the surface. A constant trandation
velocity of 30 um/s is used to ensure a sufficient
overlap of the refractive index voxels produced by
the single laser pulses.
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EXPERIMENTAL RESULTS

The origin of type |l refractive index modifications
inside crystalline materials is mainly caused by a
stress field induced by the local volume change
inside the laser focus [4]. Hence, a double line
structure is required to abtain a guided mode. Fig. 2
(arb) shows the microscope image of the coupling
facet of such a structure and the corresponding near-
field mode profile.

(@) (b) (c) (d)

10 um 10 um

Figure 2: Microscope image of the coupling facet
and near-field mode profile of double line (a,b) and
guad-waveguide structures (c,d). The horizonta line
spacing is 15 um in both cases.

It is evident that due to the intrinsic asymmetry the
mode circularity is rather low. Therefore, a two-
dimensional quad-structure consisting of four
waveguide lines is suggested to increase the light
confinement in the vertical direction (Fig. 2. (c-d)).
The presented waveguides exhibit a very low
insertion loss of less than 1.3 dB for a 10 mm long
waveguide indicating the high quaity of the
induction technique. These waveguides can be
employed to fabricate power splitters and Mach-
Zehnder interferometers operating at A = 1.55 um.

1
0.8
0.6
0.4

transmission (norm.)

1530 1540 1550
wavelength i (nm)

Figure 3: Power transmission of an asymmetric
Mach-Zehnder interferometer.

To demonstrate the basic functionality Fig. 3 shows
the power transmission of an asymmetric MZI. The
interferometer arms exhibit a path length difference
that causes constructive and destructive interference
a the exit face. Using for instance integrated
electrodes fast electro-optical modulation can be
employed [5].

One of the key components of optica signal
processing, a Bragg grating can be integrated by
logging the repetition rate of the laser system to the
sample trandation, which is shown for various
design wavelengths inside the c-band in Fig. 4 (a).

(a) (b)

6 400
—_ = ¢  measurement
X a linear fit
= = 200
B4 £
2 5
a £ 0
k=] (o)]
g 2 8
8 @ -200
© m©
= =

0 -400

1520 1540 1560 1580 -20 0 20

wavelength % (nm) electric field (V/um)
Figure 4. Bragg grating waveguides (BGWs) and
electro-optical tuning of the spectral response.

A power reflection of approximately 4 to 6% is
achieved with a bandwidth of 2.3 nm. By changing
the inscription parameters, the bandwidth could be
reduced to less than one nanometer. Furthermore,
Fig. 4 (b) demonstrates electro-optical tuning of the
central reflection wavelength by AL = 625 pm [6].

CONCLUSION
We have successfully demonstrated direct
femtosecond integration of functiona optical

devicesin lithium niobate. High quality waveguides,
2D structures, a Mach-Zehnder interferometer and
electro-opticaly tunable Bragg grating waveguides

are presented emphasizing prospects of al-
integrated signal  processing and filtering
applications.
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Abstract

We present a comparison of different fiber designs with respect to bend sensitivity and effective mode

area for high power transmission applications.
INTRODUCTION

In addition to signal transmission, the transport of laser
light with high beam quality and power is an impor-
tant field of application of optical fibers. Single mode
fibers are able to transmit light with high beam quality,
but the small light guiding core may result in high local
intensities. This may lead to undesired nonlinear opti-
cal effects (e.g. stimulated Raman scattering) or even
to the destruction of the fiber. Scaling of the transmit-
table power with a larger core diameter requires the re-
M1ad
in order to maintain single mode performance. Tech-
nological conditions and weaker light guidance limit
the possibilities of reducing the NA. We have there-
fore investigated how well hihger order modes can be
suppressed by bending for fibers which are designed to
allow propagation of a few higher modes in addition to
the fundamental mode.

n2

duction of the numerical aperture NA = /nz,,, —

BEND SENSITIVITY

Reducing the numerical aperture of a fiber by increas-
ing the radius of the core R, to realize a V-parameter
near V = Q)L—”RCWNA = 2.405 (which is single-mode
condition) means that the effective mode index of the
fundamental mode n. ¢y gets close to the cladding in-
dex nguqe: Therefore the confinement of the modes
decreases. This results in a high sensitivity to exter-
nal influences such as bending. Bent fibers can be
modeled using modesolvers in combination with a
coordinate transformation resulting in an equivalent
refractive index profile n,4,.

X

nequ(xay)%nO(xay)' <1+ (1)

Reyy

The undisturbed index profile is denoted by ng(x,y)
and the effective bend radius including photoelastic ef-
fects by R.rr with x the distance from the fiber center
in the bend-plane. The modes resulting from this in-
dex distribution are deformed and shifted compared to

the modes of a straight waveguide (Fig. 1).

. . radius

Figure 1: Deformation of mode field due to bending
and equivalent index profile.

refractlve index

equivalent
refractive index

radius

FIGURE OF MERIT

It is necessary to focus on certain properties for a com-
parison of different fibers. A measure for suppressing
higher order modes is the ratio of higher order mode
(HOM) loss to fundamental mode (FM) loss namely:

loss(HOM)

l tio = .
ossTatio = — (FM)

()
For high power applications it is most important to
know whether there is a lower threshold to nonlinear
effects due to bend induced mode deformation. This is
characterised by the effective mode area

(S 1E[>dA)?
JIE|*dA

with E being the electric field of the mode. A way to
compare special fibers was proposed by [1] while plot-
ting lossratio against A.ry of the bent fiber. Different
designs are compared in Fig. 2. The aim is finding a
fiber with high effective area and high loss ratio which
then is found in the upper right corner of Fig. 2.

Acrr= 3)
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Figure 2: Map plot for different fiber design concepts.

FINDING COMPARABLE FIBERS

Following [1] we use a loss of 0.1 dB/m for the funda-
mental mode at a fixed bend radius of R = 15 cm. The
sets of fibers to be compared are generated by scaling
the geometry and varying the index difference to meet
the given bend loss of the fundamental mode. For ex-
ample, calculating the bend loss of step index fibers
with R, = 16 um and index differences between
3...9-10~* we find the data shown in Fig. 3. Interpola-
tion for a bend loss of 0.1 dB/m gives the index differ-
eNce Neore — Nejgg = 6.03 - 10~% in this case. This proce-
dure is repeated for all different fiber-design-families
to be considered.

—

z 01 ==r=16m|

E 104 \\ ——R=16m
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2 1E3
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Figure 3: Finding refractive index differences for a
given geometry parameter to meet a bend loss of 0.1
dB/m.

Once the set of fibers is found we are also able to com-
pare other properties beyond the loss ratio, such as the
shift of the mode field which is important for gain con-

finement in active fibers.

For comparison we have considered fibers with step
index and graded index profile. Additionally to them
there are more structures to be calculated and inserted
into the “map” of Fig. 2. For instance one can com-
bine these profiles resulting in graded index fibers with
different pedestals. Focussing on the question if also
multi core fibers are suitable for high power transmis-
sion or not leads to the anyalsis of multi filament core
fibers (MFC) with hexagonal lattice, N = 19 cores and
d /A =0.3100.7 and coupled multi core fibers (CMCF)
as shown in Fig. 2. Furthermore investigations on
other special designs based on microstructured fibers
are in progress.

CONCLUSION

We have compared different fiber designs concerning
their effective fundamental mode area and their loss
ratio for a bent fiber arrangement. Best performance
was shown for fibers of graded index type which are
closest to the aim of combining high effective area and
high loss ratio.

Founding by Thuringian Ministry of Education, Sci-
ence and Culture (project MOFA and EFRE program)
is greatfully acknowledged.
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Abstract

With the technique of linear structured illumination microscopy (linear SIM), the resolution can
be improved by a factor of 2 compared to conventional wide-field fluorescent microscopy which
usually has a limited resolution of ~200 nm in the lateral direction. Further resolution
improvement can be achieved by the use of a nonlinear photo-response. This nonlinear photo-
response can be obtained by saturating either the on-state or the off-state of a fluorophore.

INTRODUCTION

The high-resolution imaging of living cells is at
the heart of interest in biomedical research. The use
of electron microscopy is precluded for living cells
and fluorescence microscopy is thus the method of
choice. It has been shown theoretically and in
preliminary experiments that the resolution of light
microscopy can be pushed to new limits by the use
of a nonlinear photo-response. SIM is a wide-field
technique and can produce increased lateral and
axial resolution [1]. The wuse of structured
illumination should allow a resolution of < 50 nm
when a non-linear dependence is exploited as can be
obtained by reversible photoswitching [2]. The
photoswitchable dye can be for example mlrisFP,
rSEGFP or similar variants. To realize the 50 nm
resolution the construction of a fast (> 10 full
frames/s) data acquisition setup for structured
illumination will be needed. It will be realized with
the help of a spatial light modulator (SLM). Besides,
new sophisticated algorithms will be needed for a
fast reconstruction of high quality images.

PRINCIPLE OF NONLINEAR STRUCTURED
ILLUMINATION MICROSCOPY

The resolution of optical systems is limited by
the numerical aperture (NA) and the wavelength of
light. In frequency space, the resolution of a
microscope is represented by the support of the
optical transfer function (OTF) which is specified by
its cut-off frequency. By projecting a sinusoidally

varying pattern into the sample, unresolvable high
spatial frequency information is down-modulated
into the region of the OTF support of the
microscope. In linear SIM, the fluorescent emission
intensity depends linearly on the intensity of the
illumination pattern. The corresponding fluorescent
emission of a sinusoidal structured illumination
pattern yields three diffraction orders which mix
with the underlying spatial frequencies in the sample
in the Fourier plane, see Figure 1. In order to
reconstruct the raw data for achieving an isotropic
superresolution image in linear SIM, it requires at
least three different phase-shift images along all
three different orientations of the grating.

Linear Response

ex|

Sample

» k

.‘ o ; G : -Kp Ko
(a) (b)

Figure 1 (a) Pattern of the sinusoidal emittability
distribution generated by low-intensity patterned
excitation. (b) Scheme of the emittability pattern of
(@) in Fourier space [3].

Further resolution improvement can be achieved
in nonlinear structured illumination microscopy
(NLSIM) by saturating either the on-state or the off-
state of a photoswitchable dye or a photoswitchable
fluorescent protein. The effective illumination
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pattern provides a nonlinear photo-response of the
fluorescent emission which leads to more higher-
order harmonics appearing in the Fourier plane.
With this technique substructure information in the
sample with even higher spatial frequency is now
moved into the region of OTF support and can be
resolved by an optical microscope system after
image reconstruction, see Figure 2. In theory, the
number of higher-order harmonics in NLSIM is in
principle infinite which leads to unlimitedly high
resolution. In practice, however, the achievable
NLSIM resolution will be limited by the signal-to-
noise ratio of the raw data [3] [4]. Moreover, the
number of images required for a superresolution
NLSIM image is much higher than for linear SIM.
Consequently, the acquisition time takes longer and
more sophisticated algorithms for reconstructing
NLSIM image are needed.

Nonlinear Response Tex|

Sample
Information

i i TR
(c) (d)
Figure 2 (c) Emittability distribution in real space
with off-state saturation of the fluorophore. (d)
Corresponding emittability pattern in Fourier space

3].

Ko 1 2k

EXPERIMENTAL SETUP AND INITIAL
EXPERIMENT RESULT

A fast (> 10 full frames/s) data acquisition SIM
setup is under construction. The aim of the fastSIM
system is to replace the grating, which needs
mechanical movement, by a spatial light modulator
(SLM), see Figure 3. With the help of the SLM, the
changing rate of the grating pattern in the sample
plane can be up to 1 kHz at most. Accordingly, the

acquisition time will be short enough for the
imaging of living cells.

Beam
Block
M l Dichromatic
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Camera AOTF U \ \Ma
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— +
Objective Azimuthal Polarizer
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Figure 3 Current setup of the fastSIM system. The
acousto-optic tunable filter (AOTF) acts as a fast
shutter. The spatial light modulator (SLM) produces
structured illumination patterns in the sample plane.

Purified microtubules labeled with Dronpa, a
fluorescent photoswitchable protein, have been
experimentally tested in a NLSIM system by the
work of Gustafsson and coworkers. The resolution
can be approximately enhanced down to 41 nm [2].
Other alternatives are mirisFP and rsEGFP. The
initial photoswitching tests of rsEGFP have been
done on a comercial SIM system, ELYRA S1, see
Figure 4.
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Figure 4 Photoswitching Process of rs-EGFP with
405 nm laser activation and 488 nm laser
deactivation.

[1] R. Heintzmann, M. Gustafsson , Reports Nat Photonics 3: 362-364 (2009).
[2] E. H. Rego et al., PNAS Early Edition 10.1073/pnas. 1107547108 (2011)
[3] R. Heintzmann et al., Opt. Soc. Am. A 19: 1599-1609 (2002)

[4] M. Gustafsson, PNAS 102:13081-13086 (2005)
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Abstract

The Talbot-effect leads to a self-imaging process in well-defined distances behind a periodic
mask pattern which is illuminated with a monochromatic plane-wave. Effectively, various three-
dimensional intensity distributions in the Fresnel region can be used for micro- and nano-
lithography.

In this contribution we present an effective and flexible modeling approach for the fast
calculation of Talbot carpets from initially two-dimensional mask patterns. The introduced
numerical algorithm is based on a modified angular-spectrum method, which allows considering
boundary effects of the Talbot region from a mask with finite aperture.

For the simulation of micro-optical structures it is necessary to take the fabrication steps into
account. Therefore, the three-dimensional intensity distribution behind the mask must be
calculated in different media with different complex refraction indices. The second part of the
paper discusses the exposure behavior of the photoresist. As a final step in our computation, the
developing of the resist is calculated. The result comprises the spatially distributed volume
elements within the medium — the microstructure.

[1] J. Jope, O. Sandfuchs, A. Deparney, A. Gatto, S. Sinzinger, R. Brunner, DokDok, p. 60 (2011).
[2] J. Maal3, O. Sandfuchs, A. Gatto, R. Brunner, SPIE Photonics Europe [8428-55] (2012).

[3] S. Jeon, J.-U. Park, R. Cirelli, S. Yang, C. E. Heitzmann, P. V. Braun, P. J. A. Kenis, J. A. Rogers,
PNAS, Vol. 101, No. 34 (2004).

[4] F. H. Dill, IEEE, Vol. ED-22, No. 7 (1975).
[5] K. H. Toh, A. R. Neureuther, E. W. Scheckler, IEEE Comp.-Aided Design .., Vol. 13, No. 5 (1994).

[6] E. W. Scheckler, N. N. Tam, A. K. Pfau, A. R. Neureuther, IEEE Comp.-Aided Design.., Vol. 12, No. 9
(1993).

[7]1 R. Liu, J. J. Zheng, H. J. Zhou, Y. C. Tian, G. Liu, L. G. Shen, IEEE Int. Conf. Inf. Acqu. (2007).
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Abstract

Polarization gating is used to extend carrier-envelope phase (CEP) measurement based on high-energy
above-threshold ionization to the multi-cycle regime. The single-shot CEP precisions achieved are
better than 175 and 350 mrad for pulse durations up to 10 fs and 12.5 fs, respectively. Thereby, only
130 pJ of pulse energy are required which opens the door to study and control of CEP-dependent
phenomena in ultra-intense laser-matter interaction using optical parametric chirped pulse amplifier

based tera- and petawatt class lasers.

INTRODUCTION

Many phenomena in strong-field laser physics
and attosecond science are probed and controlled
with few-cycle pulses, e.g. high harmonic generation
including the generation of attosecond pulses,
above-threshold ionization and non-sequentia
double ionization. As the time dependent electric
fiedld dictates the dynamics of strong-field
phenomena, a precise characterization of the few-
cycle pulsesis crucial for understanding and control
of the highly non-linear interactions.

The waveform of a Fourier-transform limited
Gaussian pulse, E(t) = Eyexp [-2In2t?/
72]cos (wt + @¢g ), is characterized by the peak
electric field, E,, the full-width a haf of the
maximum (FWHM) duration, 7, the carrier-
frequency, w, and the carrier-envel ope phase (CEP).
Typically, several devices are used to measure these
guantities, e. g. the pulse duration is measured using
autocorrelation, frequency resolved optical gating
(FROG) or spectral phase interferometry for direct
electric field recongtruction (SPIDER) and the CEP
is most often characterized and controlled based on
f-2f interferometers.

Ti:Sapphire CPA
+hollow-core fiber (Neon)
+ chirped mirror compressor

feedback
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Fig. 1. (a) Illustration of the CEPM. (b)
Experimental setup to study the improving effects of
polarization gating as function of pulse duration (c)
Birefringent optics used to generate laser pulses with
polarization gate.

Stereographic above-threshold ionization (ATI)
is a recently implemented approach for measuring
the CEP and pulse duration of every single-shot in a
kHz pulse train of few-cycle pulses simultaneoudy
[1]. The technique facilitates CEP tagging, i.e.
measuring the CEP for each laser shot in parald to
another measurement which alows one to probe
CEP-dependent phenomena without CEP locking.
Alternatively, operating the stereo-ATI measurement
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as a carrier-envelope phase meter (CEPM) can be
used as basis for CEP locking schemes which
improves mid-term (a few second) and long-term
(hours) CEP stability. Moreover, the CEPM is a
powerful, real-time diagnostic tool for reliable
monitoring of intense ultrashort pulses with
attosecond sensitivity. So far, the applicability of the
CEP measurement is limited to intense linearly
polarized few-cycle pulses generated from
Ti:sapphire laser sources.

Here we present an implementation of
polarization gating (PG) [2] for CEP measurement
based on stereo-ATI in the multi-cycle regime [3]
and invegtigate the improvements as function of
pulse duration.
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Fig. 2: Achieved single-shot precision as function
of pulse duration with inactive and active PG for
different gate configurations. The lines are fitted
peak functionsto guide the eye.

CARRIER-ENVELOPE PHASE METER

The CEPM consists of two opposing time-of-
flight electron spectrometers which measure high-
energy photoelectron spectra along the polarization
axis of the focused laser beam, see Fig. 1 (a). A
simple and fast CEP analysis from the photoel ectron
spectrais achieved by calculating the integrated | eft-
right contrast in the energy-dependent yield of the
photoelectrons for two different energy regions
using fast electronics. This yields two asymmetry

parameters for each laser shot which are the
coordinates in the parametric asymmetry plot
(PAP), shown in Fig. 2 (a). In this plot, the radia
coordinate, r, is a measure for the amplitude of the
symmetry which is related to the pulse duration (for
linearly polarized pulses), r, while the angular
coordinate, 9, belongsto the CEP [1]. The achieved
single shot precision of the CEP measurement, Ag,
can be approximated as A = Ar/r yieding a
single-shot precision of better than 113 mrad for
linearly polarized sub-4 femtosecond pulses [4].

POLARIZATION GATING

As the pulse duration increases, the precision of
the CEPM decreases, which ultimately limits the
operating range of the CEPM in pulse duration to
few-cycle pulses, i.e. 8.5 femtoseconds. PG [2,3]
dlows one to increase the CEP-dependent
asymmetriesin the left-right ATI spectra from multi-
cycle laser pulses and enables a precise single-shot
CEP measurement in the multi-cycle regime.

In our experiments, the benefits of PG are studied
as function of pulse duration and for different
configurations of the PG. Birefringent optics are
used to form laser pulses with PG, i.e. to manipulate
the incoming laser pulses to exhibit a time-
dependent ellipticity that evolves from elliptical to
linear to counter-rotating €lliptical, see Fig. 1 (c).
Fig. 2 shows the achived single-shot precision as
function of pulse duration and for different gate
configurations.

In conclusion, polarization gating with the CEPM
enables precise, single-shot CEP measurement of
multi-cycle pulse up to 12.5 femtoseconds pulse
duration. The precisons achieved for the CEP
measurement with PG are 175 mrad and 350 mrad
for pulse durations of 10 femtoseconds and 12.5
femtoseconds, respectively.

[1] T. Rathje, N. G. Johnson, M. Mdller, F. SiBmann, D. Adolph, M. Kibel, R. Kienberger, M. F. Kling, G.
G. Paulusand A. M. Sayler, J. Phys. B: Mal. Opt. Phys. 45 (2012), 074003 and references therein.

[2] Z. Chang, Phys. Rev. A 70, (2004), 043802

[3] M. Mdller, A. M. Sayler, T. Rathje, K. Rlhle, G. G. Paulus, Appl. Phys. Lett. 99, 121108 (2011)
[4] A. M. Sayler, T. Rathje, W. Milller, k. Ruhle, R. Kienberger and G. G. Paulus, Opt. Lett. 36 1-3 (2011)
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Abstract

In this paper we present new technical developments for the fabrication of low reflective fiber
Bragg grating (FBG) chains in “continuous FBG fiber” configuration. Such chains consist of
several thousand FBGs and are produced by using draw tower grating (DTG®) technology. The
length of a fiber including FBGs can exceed 95% of the total fiber length and is therefore also
called “all FBG fiber”. The chains are interrogated with OFDR measurement devices.

INTRODUCTION

First experimental observations of a periodic
refractive index change in optical fibers caused by
UV photosensitivity were reported by Hill et al. [1].
The periodic change of the refractive index leads to
mode coupling and causes reflection of light with a
specific wavelength. A so called fiber Bragg grating
acts as a wavelength selective in-fiber-mirror. Early
experimental setups showed the possibility of
coupling UV light into the front face of a fiber to
generate a standing wave forming a FBG. The
transverse holographic writing technique, described
later by Meltz et al. [2] offered new Bragg grating
production opportunities independent of the used
writing laser wavelength. In the early nineties, the
transverse UV grating writing method was combined
with the fiber drawing process [3]. FBGs produced
during the fiber drawing have unique properties with
respect to their mechanical strength compared to
conventional FBGs, due to the fact that the grating
writing is done before the fiber is coated. On the
other hand, this opens a wide field of applications
due to the cost effective fabrication for long chains
of fiber Bragg gratings in one line [4]. For DTG®
fabrication we use a KrF excimer laser at 248 nm
together with a Talbot interferometer configuration
[5]. State of the art measurement devices based on
wavelength division multiplexing allow
interrogation of approximately 160 DTG®s. The

measurement principle for distributed sensing with
these devices requires knowledge of FBG position.
The investigations on measurement devices based on
optical frequency domain reflectometry (OFDR)
lead to another approach of sensing fiber Bragg
grating chains with spatial information [6, 7]. We
present the development of arrays comprising of
thousands of Bragg gratings with equal wavelengths
for sensing applications which are interrogated with
OFDR measurement technique.

FABRICATION AND EVALUATION OF LOW
REFELCTIVE DTG®s

Due to the unique production process the DTG®
reflectivity is affected by the photosensitivity of the
fiber preform material and by the exposure
conditions (energy density). Because of the
continuous movement of the fiber during the
drawing process it is necessary to use only a single
laser pulse for the grating writing. For the 1550 nm
wavelength range a bend insensitive high
Germanium doped fiber is used.

OFDR measurements give the possibility for
distributed sensing of thousands of Bragg gratings in
one single mode fiber with a sub millimeter spatial
resolution over dozens of meter of fiber length [6].
Basic components of OFDR devices are a
wavelength  tunable laser and an in-fiber
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interferometer consisting of a static reference arm
and the measurement arm represented by the sensing
FBG chain. Structural health monitoring is one of
the applications which is predestinated for using
such chains of thousands of FBGs. Childers et al.
represented results of strain load tests in composite
structures [7]. Eq. (1) calculates the total reflected
light Re,(n) of all gratings. Based on this one can
easily estimate the feasible number of sensing points
n which is defined by the reflectivity r,, of each
grating at the same wavelength:

Ry, (n) = 100 (1 = e(‘%")) (1)

By using only 4 standard DTG®s with a
reflectivity of 20 % each the total reflectivity is
already higher than 50 %. Assuming that the over all
reflected light needs to be smaller than 50 % for
significant OFDR measurement, the goal of the
presented results was reducing the reflectivity of
DTG®s in a low bend loss fiber to produce chains
with thousands of DTG®s. There are two approaches
to lower the reflectivity of the obtained DTG®s: on
one hand there is the decreasing of the energy level
of the UV laser and on the other hand one has the
possibility to minimize the refractive index change
by annealing the DTG®s with high temperatures.
The used ORMOCER® fiber coating is stable up to
temperatures of approximately 200 °C. DTG®s
annealed with 200 °C result in a reflectivity of about
1 % which is according to Eg. (1) not low enough
for a few hundred OFDR measurable gratings in one
line. To achieve reflectivity values of approximately
0.05 % which allow distributed sensing of more than
1000 5mm long fiber Bragg gratings annealing
experiments by varying temperatures from 200 °C to
500 °C were performed. An online annealing
process which allows temperatures up to 600 °C

before the fiber coating application was
implemented to the Draw Tower setup. Figure 1
shows the OFDR measurement of 5000 low
reflective 5 mm long DTG®s.
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Figure 1: time domain measurement of 5000 low
reflective DTG® with Luna OBR 4600 (a),
frequency domain spectrum of first DTG® (b)
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CONCLUSION

The unigque Draw Tower setup provides the
possibility to produce several thousand OFDR
measureable DTG®s in one fiber chain. To date we
were able to achieve grating reflectivity smaller than
0.02 % for 5 mm long DTG®s. The achieved results
for low reflective gratings in combination of 10 mm
grating length and nominal grating distances of
about 10 mm allowed the realization of an “all
grating fiber” containing more than 1000 DTG®.

[1] K.O.Hilletal., Appl. Phys. Lett. 32, 647-649 (1978).

[2] G. Meltz et al., Optics Lett. 14, 823-825 (1989)

[3] L. Dong, J. L. Archambault, L Reekie, P. St. J. Russel, and D.N. Payne, Electron. Lett. 29, 1577-1578
(1993)

[4] V. Hagemann, M.N. Trutzel, L. Staudigel, M. Rothhardt, H.-R. Miller, O. Krumpholz, Elect. Lett. 34,
211-212 (1998)

[5] E. Lindner, J. Morbitz, C. Chojetzki, M. Becker, S. Briickner, K. Schuster, M. Rothhardt, and H.
Bartelt, Proceedings of the SPIE, Volume 8028, pp. 80280C-80280C-7 (2011).

[6] M. Froggatt and Jason Moore, Applied Optics, Vol., Issue 10, pp. 1741-1746 (1998).

[7] B. A. Childers; M. E. Froggatt; S .G. Allison; T C. Moore, Sr.; D. A. Hare; C. F. Batten; D. C. Jegley

Proceedings of the SPIE. 4332, pp.133-142 (2001).
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The trend of lab-on a-chip systems with optical detection moves for the sensitive detection of the
signal. Up-to-date in many cases conventional microscopes are used but there is a demand for
miniaturized, sensitive optical detection systems tailored for the respective application in order to
reduce costs and pave the way for mass production systems. Therefore the aim of this work is to
develop a sensitive, miniaturized optical detection system for a lab-on-a-chip system which is
designed for the complex analysis of the toxicological impact of chemical substances towards
keratinocytes. The system is built-up of a combination of optical and impedimetric detection units,
allowing a comprehensive analysis of cellular processes. Stress-induced changes in skin cells become
detectable by the use of the keratinocyte cell line HaCaT stably transfected with a stress promoter-
reporter-plasmid. The promoter regulates the expression of the reporter gene (green fluorescent
protein, GFP) following the exposure to a toxic agent. Hence the optical readout of the fluorescence
intensity in dependence on the cellular stress level is possible by means of the green fluorescence of
the GFPs. Within this project, the design of a low-cost optical setup for excitation and detection is
essential.

The setup consists of a LED light source for the excitation, a dichroic mirror to separate the emission
and a single photon counting detector (Figure 1). The beam shaping is realized by 4 plano-convex
lenses and one asphere.

Due to the limited space on the lab-on-a-chip the spot size of the excitation light has to be small while
the luminous efficiency should be maximized. Therefore the size should not exceed a radius of 1.25
mm in our designed chip system. Since the costs and noise of the highly sensitive single photon
counting detector increases strongly with expanding surface, the by fluorescence in all spatial
directions emitted light must be focused on a radius of 0.25 mm.

The required parameters have already been determined in ray-tracing simulations and are now
standing trial in the experiment. The simulations show that it is possible to focus over 55 % of the
excitation light to the cell sample. For the simulation of fluorescence emission a separate source was
created. Despite the strong reflections within the chip and the small detector area it was possible to
collect around 7 % of the emitted fluorescence light to the detector surface.

A cost-effective system was designed, which meets the requirements of the lab-on-a-chip system with
respect to the spot size and characteristics for excitation and detection. The sensitivity of the
fluorescence measurement was increased.
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Figure 1: Design of the optical system; (1) high power LED light source for the excitation, (2) dichroic mirror, (3) sample, (4)
detection surface
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Abstract

Latest results in investigating mode instabilities in high-power fiber-laser systems are presented
and the current physical understanding of the effect is explained. Additionally, first
experimental results of controlling mode instabilities by a periodic excitation of fiber modes are

shown.
INTRODUCTION

During the last decade fiber lasers and amplifiers
have shown a rapid development in terms of power
scaling. This progress has been enabled by the
excellent thermal management resulting from the
high surface-to-active-volume ratio offered by the
fiber geometry. However, this evolution has enabled
the possibility to reach power levels where new
physical effects become observable for the first time.
One prominent phenomenon that has been recently
reported is the so-called mode instability (MI) [1].
Up to now, this is the most limiting effect for further
scaling the average power of fiber lasers. Thus, it is
essential to study Mls in detail in order to develop
suitable countermeasures.

MODE INSTABILITIES

Typically, fiber lasers and amplifiers provide an
excellent beam quality due to their waveguide
properties. In most cases the preferred guided mode
is a single nearly Gaussian shaped fundamental
mode. For moderate average powers the beam
quality is typically independent of the output power.
However, by reaching a specific level of average
output power the new effect of mode instabilities
become observable. Hereby, the former stable beam
profile becomes suddenly instable and starts to
fluctuate rapidly with time. In the same way, the
beam quality degrades due to the presence of higher-
order modes (HOMs). When the output power is

reduced the effect reverses and the beam profile
becomes stable again. Fig. 1 illustrates the

observable stable (Fig. 1(a)) and unstable (Fig. 1(b))

®

beam profiles.

a) b)

o)

Fig. 1: Transversal output beam profiles. a) Stable beam
profile below the power threshold and b) above the threshold.

Because Mls possess a strong temporal dynamic
it is compulsory to fully resolve the occurring
processes in order to study and understand MIs in
detail. The intensity fluctuations of Mls are on a
millisecond time scale. Consequently, a camera with
a sample rate of several kilohertz has been used to
study the temporal dynamics. In Fig. 2 an image
series is exemplarily shown of excerpted frames
from a high-speed video recorded with 20.000
frames per second. Based on these videos we have
shown that the temporal fluctuations are due to a
variation of the relative power contents and
intermodal phases of the involved modes [2].
Moreover, the fluctuations can be periodic with time
or randomized depending on the average output
power level[3].
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Fig. 2: Excerpted images from the high-speed video in 0.2
ms time steps showing Mls.

PHYSICAL EXPLANATION

State-of-the-art active fibers with large mode-field
diameters typically are intrinsic multimode fibers.
However, by employing several techniques to reduce
the HOM power content an effective single-mode
behavior can be achieved. Nevertheless, even a very
small amount of power guided in one or more
HOMs is sufficient to build up a long-period grating

II
I

Fig. 3: Transversal slice of the fiber core showing the
refractive index oscillations induced by mode beating of the FM
and one HOM.
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This grating is created via the thermo-optical
effect due to the beating of the involved modes
while propagating through the fiber and has the right
period to provide an energy transfer between the
modes. Thus, it is able to cause Mls at high output

powers. Fig. 3 gives an impression how this long-
period grating can look like.

CONTROLLING

From the theoretical explanation it can be expected
that the excitation of the different fiber modes
significantly influence Mls due to the corresponding
change of the mode beating. Thus, we dynamically
change the initial relative modal-power contents on
the same time scale as MIs occur. We utilized an
acousto-optical deflector (AOD) in order to vary the
central position of the seed signal on the fiber core.
Thereby, the relative power content of the modes is
changed with time. We applied the AOD in a fiber
CPA system with a 63 um core large-pitch fiber as
main amplifier. This system becomes unstable for
output powers larger than 240 W. In Fig. 4(a) the
unstable beam-profile at 390 W is shown. By
switching on the AOD and modulating the injected
signal the beam becomes clearly more stable as
shown in Fig. 4(b).

a)AQOD off

Fig. 4: Image sequences excerpt from a video showing Mls
at 390 W of average output power in the case of the AOD: a)
switched off and (b) switched on.
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Abstract

We present first results on the observation of Vortex Light Bullets in Arrays of Waveguides.
These are spatiotemporal, solitary waves of complex spatial symmetry: namely bound states of
discrete Light Bullets with an angular momentum, which is shown to stabilize these nonlinear
entities against decay. We present thorough simulations of their evolution behavior, discuss exci-
tation strategies and display experimental findings.

INTRODUCTION 0AL(Z,T) _10%A
-9 ):5 0 4 At (1.1)
Solitons, self-confined wavepackets, in which At Avr t Avimt Avrt Aut mat At

nonlinearity balances diffraction or dispersion are  with the ansatzA,,;,,(Z,T) = ay,(T) exp ibZ,

main topic of nonlinear optics. They are of greayhereb is a nonlinear parameter. Eq. (1.1) was then

importance as experimentally accessible model sygolved with a Newton-Raphson-Method, for LBs of

tems for various systems in nonlinear physics, angrious kinds of symmetry. More specifically we

play a central role in the generation of supereusti |ook for single LB solutions, solutions with threkf

[1] and the formation of rogue waves [2]. symmetry and no phase shift, dubbed triple LBs and
While, ubiquitous and well-understood in low-y| Bs with threefold symmetry and 2r/3 phase

dimensional systems, such as optical fibres, highejhift for any rotation of 120 degrees.
dimensional spatiotemporal solitons are a relativel

new topic in experimental nonlinear optics. Thes

(b)

nergy

Iogm(Ermr)
Lo an e s oo N

y [um]

entities — called Light Bullets — where first obs=a
in arrays of waveguides [3] and exhibit dynamics
which differs significantly from their low-
dimensional counterparts. This difference is relate °
to changed stability [4] and evolution [5] propesti
and direct coupling between spatial, temporal, ar
nonlinear evolution [6]. S
While isolated LBs are now regularly excited ant
understood, we now investigate compound entitie
namely spatially bound LB complexes. We analyz og
threefold symmetric LBs, for which stable solution:
have been predicted numerically [7], only if they 2 = 1 TR
possess angular charge — i.e. if the phase differen rigure 1 (a) Energy vs. nonlinear phase shift for various
between adjacent waveguideis/3. Such entities LB types. (dotted) Ordinary LBs. (dashed) Triple LBs.
are called Vortex Light Bullets (VLBS). (sol[d) Vortex L.Bs (b) Relative devialion of VL Bsfr.om
stationary solution after z ~ 2L¢. Gray line denotes lim-
SOLUTIONSAND STABILITY ANALYSIS  {aign(d) Smuiated foca disribution of ight with in-
serted phase plate. (€) Experimental focal distribution of
We numerically find stationary solutions to the light with inserted phase plate.
simplified set of discrete-continuous nonlinear _ o
Schrodinger equations, containing nearest neighbor R€sults are displayed in Figure 1 (a) and show
coupling, parabolic dispersion and Kerr nonlingarit that all three classes of solutions do exist. 8tpbi
analysis, however, reveals that triple LBs are gfva
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unstable, whereas VLBs (see Figure 1 (b)) havevice generates 3D intensity traces with 40 fs tem-
range of stability, which we find to be smallerrhaporal and 1um spatial resolution, thus giving ihsig
previously predicted [7]. We further found thatnto the spatiotemporal state of the light leavihg
VLBs exhibit a new mode of decay, namely fissiosample (see Figure 2).
into three individual LBs with different velocitgnd
not into linear waves as single LBs do.

Further dynamic simulations, including highel
order effects show that the VLB solutions propaga | :
stable for about as long as an ordinary LB does [t 140- P —
Furthermore it can be excited by a threefold syn f
metric, spatially multiplexed Gaussian pulse with  49q=
wide range of parameters, as long as their relati :
phase is approximateBs /3. > 100-

EXCITATION OF VLBs 2 S , 6
- . . 4 x10%
Excitation of ordinary LBs in arrays of wave- 60 ,
guides is surprisingly straightforward: a shortsaul 80 100 120 140 2 t[s]
is focused into the central core of a waveguidayarr Sk

It is then self-compressed and supercontinuum genfigure 2 3D cross correlation trace in the transition re-
eration takes place. A LB is then formed togethergion between LB and VLB propagation after a 30 mm
with a background of dispersing linear waves. fibrearray. Thered circle marksthe VLB position.

VLBs however require the generation of a three- \,5iation of the input power clearly shows the
fold-symmetric discrete optical vortex, with a 8el o itation of linear waves, ordinary LBs and VLBs
structure of sufficient overlap with the guided reed depending on the input ’power. The VLBs phas’e
of the waveguide array. We shape the wavepackgt,ciyre is preserved during propagation, as predi
before focusing onto the array’s front facet by n®a o p, simulation results. Preliminary data shoves th
of a threefold symmetric waveplate depicted in Figype eyolution dynamics is similar to the dynamiés o
re 1 (c) with2r/3 phase shift. As an alternative agqinary LBs [3, 5]. Self-redshift due to the insic
laser-cut threefold symmetric mirror triplet ont¥er poman effect increases the minimum energy for
cal piezo stages was developed. These techniqysg propagation until it grows larger than the ener
are shown to generate a discrete vortex field, w@y contained in the VLB, forcing it to decay.
sufficiently low dispersion and higher field overla ™ |4 conclusion we present evidence for the first
with the waveguide array (see Figure 1 (d) and (€))opservation of stable high-dimensional ~solitary
waves of higher order: VLBs in waveguide arrays.
We have identified regimes of stability, establhe
o , an understanding of propagation dynamics, success-
After excitation of the VLB with a vortex pulse fully developed gexpeprimF:eng'][al exci%/ation strategies,

with Teyyuw ~ 50fs and 4 = 1500 nm, the light 54 characterized VLBs in an experiment.
which leaves the fibre array is analyzed with an im

aging cross correlator. For details see [5]. This d

EXPERIMENTAL SETUP & RESULTS
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Abstract

We present a new approach for realization of a highly efficient transmission grating for TM
polarized light operating at 1030 nm wavelength. It had been theoretically shown that transmission
efficiency for TM-polarized light of 100% in the -1* diffraction order can be reached. Therefor a fused
silica binary grating is embedded within a high refractive index material. High quality, homogenous
and void free coatings are required to achieve high optical efficiency. Atomic layer deposition (ALD)
meets the enormous demands posed by these embedded gratings; however, film thickness homogeneity
(2% non-uniformity) and low surface roughness are essential. Titanium dioxide (TiO,) with its very
high refractive index and no extinction in the near infrared spectral range is a potential candidate for
the embedding material. The grating parameters (period, height, line width, etc.) have been optimized
by rigorous coupled wave analysis (RCWA). These parameters depend on optical properties of the
titania layer. Therefore the refractive index and extinction should be precisely controlled.

INTRODUCTION

Highly efficient gratings are used in many optical
applications, e.g. as transmission grating in a chirped
pulse amplification system (CPA). Therefore small
period and high transmission efficiency of the
grating are required. Unfortunately a small grating
period means a high incident angle of the light
which causes undesired Fresnel reflection at the
grating surface [1]. Our new approach called
embedded grating can overcome this problem.
Therefor a fused silica grating will be embedded in a
high index material. Theoretically it is possible to
achieve 99.95% transmission efficiency for TM-
polarized light, whereas conventional open binary
gratings with the same period can only reach 94.05%
at maximum.

Such an embedded grating offers additional
advantages since the embedding layer will protect
the grating against pollution or damage.
Furthermore, cleaning of the embedded gratings is
possible [2]

In order to realize a highly efficient grating with
respect to high power lasers a high index material

with nearly no absorption in the wavelength range
between 1000 nm up to 1060 nm is needed. This is
the range of the solid state laser the grating targeted
for future development. The embedding layer should
have a high quality and no air inclusion. Besides it is
important to know the exact optical and deposition
properties of the deposited layer. For this purpose
we measured the homogeneity, surface roughness,
refractive index and the extinction coefficient at
different process parameter.

EXPERIMENTAL

One of the most promising technologies to
deposit conformal layers on high aspect ratio grating
is thermal or plasma enhanced atomic layer
deposition (ALD) [2]. The main advantages of ALD
are defect-free and conformal coatings with well-
defined film thickness [3, 4]. The precise control of
the layer thickness is reached because ALD is a
cyclic self-limiting process. One ALD cycle consists
in general of four major steps: First a self-terminated
reaction of the first reactant, Second a purge or
evacuation to remove the non-reacted reactants and
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the gaseous reaction by-products, Third a self-
terminated reaction of the second reactant - or
another treatment to activate the surface for the
reaction of the first reactant, Forth a purge or
evacuation to remove the non-reacted reactants and
the gaseous reaction by-products. Because the
reactions are self-terminating each ALD cycle adds a
specific amount of material on the surface. The
reaction is independent of the shape of the surface.
Therefore it is possible to coat even structures with
high aspect ratios [5, 6]. Wang et al. showed that one
can fill homogenously a grating with a high index
using ALD [2].

High refractive index materials such as HfO,,
Ta,0s, Nb,Os or Al,O; are conceivable. In this
paper, we will focus on the optical constants of
titanium dioxide (TiO,). TiO; is one of the dielectric
materials with the highest refractive index.

The refractive index of TiO, deposited by
thermal ALD processes is generally highly sensitive
to the temperature of the substrate [5]. In contrast,
the TiO, films produced by plasma enhanced ALD
between 80°C and 150°C have a high and substrate
temperature independent refractive index.

The refractive index as well as the layer thickness
was ellipsometrically determined. The refractive
index is 2.33 £ 0.05 at 1030 nm. The extinction
coefficient was measured with a spectrometer. At
1030 nm wavelength the extinction coefficient is
3.08 e® nm™ at 120°C and 1.47¢® nm™ at 150°C.
The reduction is caused by the higher deposition
temperature and thereby the promoted reaction of
the precursors.

Figure 1 6 Si wafer caoted homogeneously with TiO, at an
120°C deposition temperature by plasma enhanced atomic layer
deposition. The homogenity is 2.1%.

Fig. 1 displays a coated 6 Si wafer. The color

distribution over the entire wafer is very
homogeneously green which indicate a good
homogeneity in the layer thickness. The

homogeneity was measured with an ellipsometer in
mapping mode over 69 measurement points. The
Homogeneity achieved was +2.1%.

Conclusion

Thermal or plasma enhanced atomic layer
deposition is proposed to embed the grating. It could
be shown that the achievable layer properties,
homogeneity, refractive index and the extinction
coefficient satisfy the requirements set on the
deposition as an optical coating.
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Abstract

We present a VBG written by a three beam interference of fs pulses. The thereby generated twodi-
mensional grating structure exhibits a discrete diffraction pattern and the observed reflections can be

described by the Ewald sphere.

INTRODUCTION

Volume Bragg gratings are volume holograms with a
periodic refractive index structure inside the sample
bulk. Due to their properties and geometrical size they
have a broad range of applications like frequency sta-
bilization of laser diods, beam combiners or frequency
filters ([1, 2, 3, 4]). The common fabrication method
is based on the interference of UV-laser beams inside
of photosensitive materials ([5, 6]) which suffers from
limitations to a few materials and fabrication inflexi-
bilites. Using femtosecond laser pulses a broad (trans-
parent) material range can be processed and a higher
flexibility is supplied inherently due to the modifica-
tion method of the material ([7]). Furthermore, with
our technique large core fibers can be structured easily
([8D.

In this paper we want to show the ability of our phase
mask inscription method (fig. 1a) to generate twodi-
mensional grating patterns by only using the +1. and
—1. diffraction order of the phase mask for three beam
interference.

(a) Inscription of a VBG.

EXPERIMENTAL RESULTS

In our VBG experiments we employed a commercial
Ti:Sapphire-CPA laser system (Spectra Physics, Spit-
fire) to generate up to 700uJ - 50fs pulses at a central
wavelength of 800nm with a repetition rate of 1kHz.
These pulses were focused with a cylindrical lens (e.g.
20mm focal length) through a phase mask into the bulk
sample (e.g.fused silica). The interference pattern is
produced by the 4-1. and —1. diffraction orders of the
phase mask. Due to the short coherence length of the
laser pulses no interference with the 0. order is ob-
served (order walk-off) which leads to pure two beam
interference. In the focal volume the intensity is high
enough to create a permanent refractive index modifi-
cation due to nonlinear absorption processes.
Concerning our experiments we want to present here
the overlap between the laser spot and the bulk is not
100% but around 70%. Due to this condition a part of
the light that is diffracted into the +1. diffraction or-
der of the phase mask shines on the side surface of the
bulk and is refracted into it (fig. 1b).

(b) Three beam interference due to refraction.

Figure 1: Illustration of the inscription of a VBG with a phase mask and realization of a three beam interference.
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(a) Overlap sections inside the glass bulk. (b) Simulated interference pattern near the edge inside the glass

bulk.

Figure 2: Illustration of the interference areas inside the glass bulk near the upper left edge (a) and the related
interference pattern (b).

Due to Snell’s law the orientation of the refracted ([9]).
light of the +1. order after passing the side surface
is different to the light that passed the upper surface.
This creates an area wherein three beams interfere: the
two +1. diffraction orders and the —1. order (fig. 2a).
The diffraction behaviour of the thereby imprinted in-
terference pattern (fig. 2b) can be described by the
Ewald sphere. The measured and calculated discrete
spots of a certain wavelength and orientation in space
are in a good agreement and support our thesis on the
developement of the inscribed grating.

With this inscription method as a model system ,e.g.,
a more detailed understanding of the diffraction pro-
cess of x-rays by crystal unit cells is possible due to
the fact that commonly no wavelength differentiation

of the certain recorded spots is possible. Furthermore,
one is able to realize 5 out of the 17 plane symmetry
groups by only changing the angle of the side surface

Figure 3: Diffraction pattern for the lower space region
of one of the three-beam-VBGs when illuminated with
a bright white light source.
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Abstract

We present the results of direct bonding of components for a faraday isolator for high power
laser applications. Terbium Gallium Garnet single crystals have been joint with sapphire disks
without any auxiliary materials at high bond strengths. After extensive cleaning, samples with
high flatness and low roughness were subjected to a plasma activation process before bonding
took place under compressive forces in a high vacuum environment at moderate temperature.
With this process bonds with a very low fraction of defects were obtained. Bonded samples
showed satisfactory performance under thermal as well as laser load.

INTRODUCTION

Optical contacting originating from the 200 years
old technique known as “Ansprengen” is interesting
for laser application, because it leads to virtually no
absorption of the interlayer and shows high thermal
stability compared to gluing. With the ongoing
miniaturization of integrated circuits “direct wafer
bonding” evolved. By use of plasma treatment or
annealing of contacted surfaces at high temperature
strong connections based on covalent bonds are
formed [1]. Despite its advantages such as absence
of creeping or outgassing and high transparency,
plasma activated bonding is still barely used for
optical [2] or laser applications [3]. Here we
describe the use of plasma activated bonding for
fabrication of components for a Faraday isolator for
high power laser application (P ~ 1 kW, A = 1080
nm).

DESIGN OF THE FARADAY ISOLATOR

The use of Faraday rotating materials at high power
implies serious challenges. The Verdet constant and
the depolarization ratio are sensitive to temperature
[4]. With increasing power the thermal lensing and
temperature gradients increase. We designed a

faraday isolator assembly based on FEM
simulations. As Faraday rotating material we chose
TGG with its high Verdet constant (V =38 rad/Tm
at A = 1060 nm [4]). Sapphire with its high thermal
conductivity and transparency is employed as
intermediate layer. To extract heat from TGG
efficiently and prevent thermal lensing, a stack of
alternating TGG (diameter = 10 mm;
height =2 mm) and sapphire disks
(diameter = 12 mm; height =2 mm) is fabricated by
direct bonding. To reduce reflection losses the
surfaces to be bonded were coated with an anti-
reflective coating in an evaporation process. A
symmetric three layer coating system, consisting of
two different oxide compounds is considered
appropriate to match the indices. The layer system is
divided along the symmetry plane, and one half is
applied to each surface to facilitate bonding.

SAMPLE CHARACTERIZATION

Prior to bonding of the surfaces of the samples were
characterized with regard to roughness and flatness.
Roughness was examined by white light
interferometry (ZYGO NewView 600 S). All
surfaces showed a root-mean-square roughness of
0.5 nm. In view of the thickness and related stiffness
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of the samples, flatness is an issue and was
measured with a Fizeau-type interferometer (50 mm
aperture FISBA with reference flat of better than
M15PV at A =633 nm). The peak-to-valley (PV)
flatness values of sapphire samples ranged from
500 nm to 770 nm PV. Considering only the inner
part, the flatness values improves by a factor of 2 to
3 (to about 200 nm PV). Flatness measurement of
TGG revealed values in the range of 60 nm to 200
nm PV.

SAMPLE PREPARATION AND ACTIVATION

Prior to bonding the samples underwent thorough
cleaning and activation. Starting with an ultrasonic
assisted bath cleaning process to remove residuals
from polishing and lapping, the samples were then
cleaned with a commercial spin cleaner, similar to
the semiconductor RCA cleaning process.
Afterwards the samples were activated by a low-
pressure nitrogen plasma and subsequently rinsed in
de-ionized water and spun dry.

BONDING

Two series of TGG-sapphire samples (coated and
uncoated) were bonded. Instantly after cleaning and
activating, the surfaces were brought into contact.
Bonding took place in a vacuum environment at
about 10™* mbar by applying compressive forces in
the kN range, to adjust for different flatness of the
surfaces. Heating up to temperatures of around
200°C supports water diffusion and prevents
excessive stresses originating from the mismatch in
coefficients of thermal expansion of both materials
(TGG: o=7.810°K"; sapphire: o =5.310°K"
[5]). For both series the bonding process was
successful and yielded bonding interfaces with only
small defects. A stack consisting of two TGG and
sapphire disks each was successfully produced.

Figure 1: left: microscope picture of bonded uncoated
sample; middle: microscope picture of coated bonded
sampple; right: picture of stack (2x TGG, 2x sapphire)

PROPERTIES OF THE BONDED INTERFACE

To evaluate absorption behavior of the bonded
interface, the samples were measured by spectral
photometry (Perkin Elmer Lambda 950) before and
after bonding. At the target wavelength (A = 1080
nm) the absorption is very low.

To estimate the bonding strength, the uncoated
bonded sample was subjected to a heat stress test.
Heating took place in a vacuum environment up to
700°C stepwise beginning at 300°C in steps of
100 K. After every step, the samples were controlled
for damage visually. After heating to 700°C
cracking occurred in the TGG sample. Debonding
took place only partially. From characterization with
a birefringence analyzer (ILIS strainmatic) o
significant change in the stress pattern is visible
before cracking.

A laser damage threshold test was conducted to
examine the performance of coated and uncoated
bonded samples as well as single substrates under
laser load. A setup consisting of JenLas fiber laser
(A=1070 nm; P.,=260W), a Shack-Hartmann
Sensor working with a probe laser to detect the wave
front error and several power meters were used. The
values of the reflected power are as expected from
the calculation. From the diagram Figure 2 the
improvement in minimizing the wavefront error
under thermal load by bonding sapphire to TGG is
visible. The circles show PV wavefront deformation
of a single TGG substrate, whereas the triangles
show the deformation of the bonded samples.
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Figure 2: wavefront deformation PV depending on Input
Power
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CONCLUSIONS AND OUTLOOK

Plasma activated direct bonding is a useful
technology for bonding TGG and sapphire crystals.
Strong bonds were obtained as verified by the heat
test. No influence on the absorption was observed.
Testing under laser load revealed and increasing
wavefront error by bonding sapphire to TGG as well
as thermal stability up to 260 W at A = 1070 nm.
Next steps are to quantify the mechanical bonding
strength and to fabricate and test a complete isolator.
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Abstract

We investigate light propagation with low group velocity in lithium niobate photonic crystal slab
waveguides. We focus on designs which provide low group velocity dispersion over a large
bandwidth. Band diagrams are calculated with RSoft Bandsolve. Group indices around 50 over

a few nanometer bandwidth are reached.

INTRODUCTION

Because of their band gap effects, photonic crystal
slab waveguides (PCSW) can confine and guide
light in micro meter scale [1]. As a result, they offer
a very promising platform for integrated optics.
Slowing down the group velocity of light provides
an effective way to enhance optical nonlinearities by
increasing the light-matter interaction [2].

Lithium niobate (LN), a highly nonlinear material
widely used for electro- and acousto-optic
modulators, is a promising candidate for future
integrated optical devices based on photonic
crystals.

In this work, we investigate light propagation with
low group velocity in lithium niobate PCSW. We
focus on designs that will allow low group indices
with both low dispersion and large bandwidth. Band
diagrams of the studied structures are calculated
with the Bandsolve engine of RSoft [3].

SLOW LIGHT IN LITHIUM NIOBATE
PHOTONIC CRYSTAL SLAB WAVEGUIDES

LN PCSW consists of a LN membrane with a
triangular lattice of holes drilled in it. The W1
photonic crystal waveguide is formed by removing
one row of holes in the TK direction (Fig. 1). The
guided mode is propagating in the x direction. It is
confined in the z direction by the band gap effect
and in the y direction by total internal reflection. The
band diagram of a typical W1 PCSW is shown in
Fig. 2 (a). The group index of a mode is defined by:

C _ C
Vg A0/

1)

Tlg=

where c is the speed of light in vacuum, v, is the
group velocity of the guided mode, and w and k are
the frequency and wave vector.

Figure 1. Schematic of a W1 photonic crystal slab
waveguide.
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Figure 2: (a) Band diagram of the guided mode of
interest. (b) Group index of the guided mode.

As can be seen in Fig. 2, n, increases rapidly as the
band edge is approached, which naturally provides
low v,. However, this rapid change of n, causes
large group velocity dispersion, which can cause a
drawback for pulse propagation. Therefore, we look
for designs that provide slow light with a constant
ng over a wide spectral bandwidth. The mode of
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such a structure should be a straight
schematically shown in Fig. 3.

line, as

o

(b)

Frequency

Wave vector Group index
Figure 3: Schematic (a) band diagram and (b) group
index spectra of a low dispersion slow light mode.

RESULT OF SIMULATION

A way to reach low group velocities with a low
dispersion is to engineer the dispersion relation of
the W1 waveguide by modifying the geometry of the
structure. There are numerous ways for doing so [4-
8]. We focus on a design which consists of shifting
the first and second rows of holes adjacent to the
defect line (Fig. 5), because it provides low
dispersion slow light over a wide bandwidth and
also is less sensitive to fabrication imperfection.
Band diagrams have been calculated using the
Bandsolve engine of RSoft. An operation
wavelength  of 1.55um was assumed for
implementing the refractive indices of LN. The
group index of the desired mode is calculated from
the band diagram using Eq. (1) (Fig. 6). It exhibits
two regions of slow light with low dispersion. The
first one is characterized by n,; ~ 53 over a
bandwidth of 3.4 nm, while the second one has
ng ~ 270 over a limited bandwidth of 0.3 nm. The
bandwidths are derived using the criteria of +7%
change inng.

Nevertheless, it would be difficult to achieve
experimentally a mode with a group index as high as
270, because of losses caused by disorder in
fabrication.
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Figure 5: Engineering the dispersion relation of the
guided mode by shifting the neighboring rows of
holes and changing their radius.
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Figure 6: Group index for A4Z/a =0.11 and

AX/a =0.04 with h/a=0.8 and r/a=0.3.

Periodicity, a = 593 nm. Inset is the band diagram

of the mode.

CONCLUSION

We have demonstrated designs for low dispersion
slow light in LN W1 PCSWs, by shifting the first
and second rows of holes adjacent to the defect line.
It is possible to reach a group index as high as 53
over a bandwidth of 3.4nm, centered around
1.55 um. Another possible design would be to
increase the radius of the second row of holes
adjacent to the defect line.

[1] J.D. Joannopoulos, et al. Photonic Crystals: Molding the Flow of Light (Second Edition). Princeton

University Press, 2008.

[2] T. F. Krauss, Journal of Physics D Applied Physics, 40, 2666 (2007).

[3] RSoft Photonics CAD Suite, version 7.0.2.

[4] L. H. Frandsen, et al. Opt. Express, 14(20), 9444 (2009).

[5] Y. Hamachi, et al. Opt. Lett., 34(7), 1072, (2009).

[6] J. Hou, et al. Photon. Technol. Lett. 21, 1571, (2009).

[7] J. Li, Opt. Express 16, 6227, (2008).

[8] J. Liang, et al. Journal of Applied Physics, 110, 063103 (2011).

DOKDOK

doctoral students conference on optics

101



SCHAFFER, Martin

Recent advances in laser speckle based structured illumination
stereophotogrammetry

Martin Schaffer”!, Marcus GroBe!, Bastian Harendt! and Richard Kowarschik!

!nstitute of Applied Optics, Frobelstieg 1, 07743 Jena, Germany

*Corresponding Author: martin.schaffer @uni-jena.de

Abstract

Typical structured illumination techniques for 3D shape measurements use white light sources for
pattern creation. The most common way to project patterns onto an object scene for shape recon-
struction is an off-the-shelf DLP projector. We use coherent sources, mainly DPSS lasers at 532nm, to
illuminate the object under test with structures. They offer advantages and potential for new appli-
cations. However, novel difficulties coming along with the new light sources need to be addressed to
get comparable results regarding accuracy and measurement time. We compare coherent with non-
coherent pattern projection and outline new applications. Both are quantitatively compared in the
same stereophotogrammetric setup. Media that substantiates the experimental results will be shown.

INTRODUCTION

Stereophotogrammetry has been invented and used al-
ready more than a century ago. Even with structured
illumination and computer-based reconstruction algo-
rithms it has been used for decades now and in indus-
try, although tactile measurements outweigh, they are
used for dense shape recovery in quality control al-
ready. While it seems that research is done there are
still difficulties and the concept can be extended. En-
abling new applications, measurement speeds and ac-
curacies possible.
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Figure 1: Basic experimental setup for 3D shape mea-
surement with laser-speckle projection. Laser, AOD,
focussing lens, diffuser and condensing lens.

Most structured light techniques, like stripe projec-
tion, use a DLP projector to project one or more de-
sired patterns on the object. After acquiring the object
illuminated with every pattern from at least two per-

spectives, one can reconstruct the object’s shape. The
pattern sequence is used to simplify the finding of cor-
responding pixels on featureless surfaces and increase
subpixel accuracy.

The desired patterns are typically fringes [1] but can
be different for various reasons, e.g. [2, 3, 4, 5]. The
latter [5] uses laser speckles for fast pattern projection
to allow highspeed 3D shape measurement with up to
200 3D frames per second. This approach has several
other features that can be employed for various appli-
cations. A sketch of the used setup can be seen in Fig.
1.

EXPERIMENTAL SETUP

It mainly consists of a laser, an acousto-optical de-
flector (AOD), lens and diffuser. The idea is to cre-
ate objective laser-speckles coming from the diffuser.
The laser is focussed on the rough surface and the for-
ward propagating statistical diffraction pattern is de-
termined by the statistical roughness within the laser
spot field. By changing the laser spot position one
can change the diffraction field and therefore the laser-
speckle pattern that illuminates the object under test.
Typically fast mechanical displacements are dif-
ficult to achieve. Therefore a non-mechanical dis-
placement was introduced. An acoustic wave trav-
els through a crystal leading to a refractive index
change depending on the acoustic tension. The form-
ing diffraction grating diffracts the incident laser beam
to a desired angle depending on the applied frequency.
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As the acousto-optical phenomena has a short fall and
rise time, speckles and therefore illumination patterns
can be switched at unprecedented 205.000 Hz.

CORRELATION TECHNIQUE

corresponding area Upi’ Upj corresponding time sequence Upi, U‘_’j

Camera i

Camera j Camera i
a) b)

Camera j

Figure 2: Comparing schemes of both correlation
techniques; a) areal correlation b) temporal correlation

The pattern sequence of statistical objective laser-
speckles result in two image stacks of the illuminated
object, one of each camera (compare Figure 2). For ev-
ery pixel one gets the gray value history over time. The
goal now is to establish as much pixel correspondences
between the to views as possible. This is done by us-
ing temporal correlation (eqn. 1) for every pixel of the
first view. After calculating typically ~ 100.000 point
correspondences (the exact value depends strongly on
camera resolution and object visibility) one can trian-
gulate the 3D points, knowing intrinsic and extrinsic
parameters of the setup.

)3 (g(pi,t) —EU,,,) : (g(pj»f) —EU,,_,.)
rmsd(p;,U,,) - rmsd(p;,U, )

)
RESULTS AND FURTHER APPLICATIONS

The overall brightness with laser-based illumination is
much higher than what common 3D sensors achieve.

Although 2W light power sounds less than 250 W of
DLP projectors, all the light power goes into the pat-
tern due to diffractive pattern formation. Halogen
lamps furthermore omit most of their power in heat
and pattern formation is done by absorption. In ex-
periments we could show, that with 2W laser power
shutter times of 600 us are possible. With white-light
projectors 3 times longer exposures are necessary. For
highspeed applications therefore, laser-speckle illumi-
nation is preferable.

In experimental work we could show that additional
subjective speckles that overlay the object images af-
fect the measurement accuracy and the amount of re-
constructible points. For two VGA cameras with a
60 degree triangulation angle at F-number of 1.4 one
had a relative uncertainty (point noise divided by mea-
surement volume diameter) of ~ 1- 10~* without sub-
jective speckles and ~ 2-10~* with. These results
were obtained with an adapted setup introducing sub-
jective speckle suppression by averaging over time.
The loss in reconstructible point without suppresion
was at higher F-numbers, e.g. 8, 30%. The loss
becomes larger when the subjective speckles size in-
creases. This occurs when the with increasing focal
length decreasing aperture size of the camera lenses.

Another advantage of the laser-speckle approach is
the possibility to filter the illumination pattern from
the light shining from extraneous light sources. This
was implemented in an outdoor 3D shape measure-
ment setup. The filters with 1 nm spectral width were
placed in front of the camera lenses. With filtering
the contrast reduction in the cameras’ images was low.
Hence, similar accuracies were achieved indoors and
outdoors. This simple idea is not possible with com-
mon 3D sensors that use white-light sources for object
structuring. We hope, this technique will contribute
nicely to outdoor applications, like cultural heritage or
art and archaeology in the future.
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Abstract

We report on the experimental characterization of optical modes in coupled disk microresonators
excited by a tapered optical fiber using an adapted scanning near-field optical microscope (SNOM)
technique. The SNOM-tip, which is placed in the evanescent tails of modes supported by the struc-
ture influences their coupling conditions to the tapered fiber, which leads to altered transmission and
reflection signals. Correlation of SNOM-tip position and transmission signal results in intensity maps
of the excited mode. The knowledge of spectrum and intensity distribution of the coupled disk struc-
tures together with thermal nonlinear effects observable in such systems allows for advanced tunable

filters as well as optical sensors.

INTRODUCTION

Coupled optical microresonators have been attracting
considerable attention in recent years. A combina-
tion of the advantageous properties of single microres-
onators [1] (especially, high Q-factor and strong field
confinement) with the evanescent coupling by plac-
ing such resonators very close to each other results in
systems of specific properties. For a few coupled res-
onators, effects like electromagnetically induced trans-
parency [2], slow light [3], and optical bistability [4, 5]
were observed. The coupling of a larger number of
resonators forms a new class of optical waveguides,
namely, coupled resonator optical waveguides (CROW
[6]), which can be used, for example, as optical de-
lay lines [7] and high-order filters [8]. Extending the
coupling of the resonators to two-dimensional arrays
allows the formation of photonic molecules [9], which
can be used as optical sensors [10] or active lasing el-
ements [11].

Especially for sensor applications, which are based on
a resonance shift due to the interaction of the measured
quantity (e.g. nanoparticles or physical quantities like
temperature) with the cavity mode, the mode’s inten-
sity distribution is of particular interest. Due to the
different spatial distributions of excited modes in cou-
pled arrays of microresonators, it is possible to con-

strain the position of the perturbation across the array
just by looking at changes in the spectrum.

SAMPLES AND EXPERIMENTAL METHODS

The system of coupled microresonators under investi-
gation consists of freestanding fused silica microdisks
on a silicon pedestal, which are fabricated by direct
electron beam writing and subsequent etching steps for
processing the silica and the silicon layer. A detailed
description of the sample fabrication can be found in
[5]. The microdisks under investigation have radii of
about R = 15 yum and a thickness of 4 =1 yum and for
the coupled samples they are arranged linearly or trian-
gular with a gap size of dgap ~ 300 nm between them.
In Fig. 1(a) scanning electron micrographs (SEM) of
different samples are shown. In Fig. 1(b) a sketch
of the setup is shown which also illustrates the mode
mapping principle. The wavelength of the pump laser
source, which is coupled to one of the disks of the
sample, was fixed to a resonance resulting in a certain
transmission and reflection signal measured at both
ends of the fiber. By scanning a SNOM tip across
the sample surface it perturbs the resonance when it
reaches the mode’s near field. The polarizability of
the tip changes the effective refractive index of the
environment, which has influences on the resonance
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SNOM - contr

Figure 1: (a) SEM images of coupled microdisk samples under investigation. (b) Experimental setup illustrat-
ing the measurement principle and showing some obtained intensity mode maps in (T) transmission and (R)
reflection (TLS - tunable laser source, FPC - fiber polarization controller, C - circulator, N, - nitrogen purged
box, TF - tapered fiber, L-in - lock-in amplifier, PC - computer controlled setup and data aquisition).

condition and leads to a shift of the mode’s resonance
wavelength. Another effect of the tip is that it acts as
a scatterer which introduces additional losses and also
can couple different modes of the structure. All effects
result in a change of the transmission and reflection
signal depending on the position of the tip.

RESULTS

As the measured signals described above actually dis-
play a map of interaction strength between tip and res-
onator mode, a theoretical model was used to extract
the intensity distribution of the mode. This model uses
a combination of theoretical field calculations of the

structure and coupled mode equations taking into ac-
count the interaction of the tip, which is approximated
by a dipole and couples different modes of the struc-
ture an leads to additional losses. From this the ex-
pected transmission and reflection signals depending
on the mode distribution can be calculated and com-
pared to the measurements. As a result the distinct
characteristics of different modes can be determined
(an example is shown in Fig. 1(b) for the gap region of
two coupled disks). Together with previous results [5]
investigating thermal nonlinear effects in such systems
it allows for selective resonance tuning for advanced
tunable filters or applications as versatile optical sen-
SOrS.
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Abstract

Modal decomposition depicts an elegant approach to characterize optical fields. Measuring corre-
sponding modal expansion coefficients yields amplitude and phase of the investigated beam. This
work presents the use of computer-generated holograms to perform the modal decomposition and
outlines a recipe to retrieve the beams wavefront. The principle is demonstrated using beams emerg-
ing from optical fibers and comparing the results to those of a Shack-Hartmann wavefront sensor.

INTRODUCTION

Wavefront reconstruction of optical fields is common
in many domains of optics, including astronomy [1],
microscopy [2, 3], ophthalmology [4, 5] and laser ma-
terial processing [6, 7].

Different wavefront measurement techniques have
been developed, such as laser ray tracing [8], pyramid
sensors [9], interferometric approaches [10] and the
widely used Shack-Hartmann sensor (SHS) [11]. Ad-
ditionally, computer-generated holograms (CGHs) are
studied to encode wavefront aberration modes [12].
In this work we consider a different approach making
use of a CGH to perform a modal decomposition of
the investigated beam. To demonstrate the principle
we applied our method to beams emerging from mul-
timode optical fibers and compared the results with the
above mentioned Shack-Hartmann technique to check
for reliability.

EXPERIMENTAL SETUP

The experimental setup (Fig. 1) consists of laser seed
source (A = 1064nm), multimode optical fiber, and
analyzing system, which consists of a modal decom-
position branch, including CGH and two cameras, and
a second branch with a Shack-Hartmann wavefront
sensor that serves as a reference.

A positioning stage provides precise control of the
coupling situation at the front facet of the fiber, allow-
ing to excite distinct mode mixtures. A beam splitter
is used to analyze the beam with the wavefront sen-

sor and with the modal decomposition setup at the
same time. Two 4f-setups image the fiber end facet
to the wavefront sensor and to the CGH. Via a sec-
ond beam splitter, the fiber end face is simultaneously
imaged onto the CGH and a CCD camera for record-
ing the near field intensity (CCDy, cf. Fig. 1) directly.
Thereby, a polarizer (P) and an optional quarter-wave
plate (QWP) enable the measurement of polarization
in addition to the modal information achieved with
the hologram. The CGH diffraction pattern is ob-
served with a second CCD camera (CCD;) in the
Fourier plane of the hologram (2f-setup), which pro-
vides modal powers and phases of the beam.
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Figure 1: Measurement setup: LS laser source, MO
microscope objectives, QWP quarter-wave, P polar-
izer, L lenses, BS beam splitter, CCD; , CCD cam-
eras, CGH computer-generated hologram, M mirror,
WES wavefront sensor.

MEASUREMENT RESULTS

The combination of modal decomposition and polar-
ization measurement enables the calculation of the
beams Poynting vector. Accordingly, the wavefront w
is defined to be a continuous surface perpendicular to
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the direction of energy propagation, which is given by
the Poynting vector P [13, 14]:

w(r,z) L P(r,z), €))
Using Eq. (1), the wavefront can be reconstructed.
One measurement example is depicted in Fig. 2. The
illustrated beam was generated by exciting a mode
mixture within a step-index fiber that according to its
geometry specifications and the used wavelength po-
tentially guides three transverse modes. The corre-
sponding mode content consists of 49% fundamen-
tal mode as well as 9% and 42% next higher order
modes. The comparison of intensities and wavefronts
measured with CGH and Shack-Hartmann sensor (Fig.
2) reveal good agreement between the two techniques,
prooving the modal decomposition ansatz to be suit-
able for wavefront measurements.

Intensity (SHS) Intensity (CGH)

I0.1

[um]

Io.1
0

[um] 40
X [mm]

-1 0 1
X [mm]

Figure 2: Intensity and wavefront of a multimode
beam measured by modal decomposition (CGH) and
with Shack-Hartmann sensor.
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Abstract

Within this contribution we present a method combining magnetic beads and fluorescence
spectroscopy for the detection of pathogens. Within a polymerase chain reaction (PCR) the
region of interest of the pathogen DNA is amplified and labelled. Subsequently the amplicon is
attached to magnetic beads. Via DNA hybridization reaction fluorescence dye labelled probe
DNA is bound to the amplicons. Magnetic beads are used due to easy handling in DNA detection.

INTRODUCTION

For clinical biological diagnosis there is an emerging
need of fast, robust and easy analysis assays. For this
reason magnetic beads with different modifications
were used during the last years leading to new and
fast methods for biological detection techniques. [1,
2].

These techniques possess high potential for
prevention and health care by exploiting interactions
between antibody and antigen [3], detection of

viruses or bacteria [4] and DNA or RNA
hybridization reactions [5].
The readout of the techniques utilizes

fluorescence spectroscopy [6, 7], Surface Enhanced
Raman Scattering (SERS) [8], Surface Enhanced
Resonance Raman Scattering (SERRS) [9] or
combinations of chemo luminescence reactions [10,
11].

MAGNETIC BEADS

Magnetic beads are micro particles with a unique
size contribution [12] which can vary from several
hundred nanometres to some microns with lots of
applications in biological assays [3, 13].

In general, magnetic beads contain super
paramagnetic magnetite nanoparticles (FesO,) which
are per se not magnetic. By applying a magnetic
field, these super paramagnetic  magnetite
nanoparticles are more magnetisable than other

paramagnetic material
separate [15].

[14] and thus easier to

0 — 1
0o® o © 2
© o
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Figure 1: schematic view of magnetic bead.
1: functionalized polymer coating. 2: polymeric matrix.
3: magnetite particle.

The used magnetic beads were functionalized
with streptavidin which allows the immobilization of
biotin labelled biomolecules. By using a magnetic
separator, these streptavidin functionalized magnetic
beads are suited for a fast separation, purification
and enrichment of biomolecules from complex
media.

EXPERIMENTAL SETUP

A specific region of pathogen DNA is amplified
and biotin labelled via PCR. The magnetic beads
possess a streptavidin coating, so biotin labelled
amplicons are bound to the magnetic beads via
biotin streptavidin interaction. After the linking of
amplicons to the magnetic beads, a fluorescence dye
labelled probe DNA, which is complementary to the
amplicon, is added.
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13 binding probe (blue). A fluorescence spectrum of the blank

] sample shows no signal (green).

L1 Via DNA hybridization reaction to the probe

H 505 DNA is sequence specific bound to the amplicon.
£ 0o Two different probes were used, whereas one probe
E s binds to the distant end of the amplicons relating to
074 the magnetic bead and the other probe binds to a
0.6 proximal position on the amplicons relating to the
=

magnetic bead. Both probes were labelled with Cy3
“‘4:¥// as fluorescence dye and the readout was carried out

] with a fluorescence spectroscope, recording
sso  se  se s s« fluorescence spectra. For every analysis, the

emission wavelength 2 [nm| measurement of the blank containing no amplicons
compared to the sample was done.

Figure 2: fluorescence spectra of Cy3 labelled probe
DNA hybridized to the amplicons using the distant end
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Abstract

In this work, we study generation and waveguiding of the second-harmonic (SH) signal through
LiNbO3; nanowires which are fabricated by ion beam enhanced etching method (IBEE). We test dif-
ferent designs of the nanowires for optimising the guided SH signal by varying the length and facets of
the nanowire. Finally, we demonstrate the efficiency of SH waveguiding by locally exciting dyes with

the guided SH signal.
INTRODUCTION

Thanks to a two-dimensional confinement and a free
third dimension, nanowires differ from other types of
nanomaterials and provide characteristic optical ef-
fects such as waveguiding [1] and lasing [2]. Even
more properties of nanowires can be found when non-
linear optics is taken into consideration. For exam-
ple, the use of the second-harmonic generation (SHG)
can help to study new effects. In order to observe
such kind of effects, materials with efficient SHG are
required. The LiNbO3 nanowires have already been
shown to generate efficient SH [3] and even to sup-
port SH waveguiding [4]. This effect can be used for
local excitation of fluorescent material and be applied
for biological study of cells [5, 6]. Nevertheless, the
amount of the guided SH is not enough for an efficient
excitation of dyes for further applications.

In this paper, we report the generation and prop-
agation of the SH in LiNbO3; nanowires which have
been fabricated with the use of IBEE method [7]. We
discuss the ways of increasing the propagated SH sig-
nal by modifying nanowires’ facets and lengths. In
the end, we demonstrate dye excitation with the use of
generated and guided SH signal.

EXPERIMENTAL RESULTS AND DISCUSSION

For the experiments, a home-made setup has been
built. A pulsed laser beam is focused on a sample
slide by a 10x objective. The generated SH or dye
fluorescence signal is collected by a 100x magnifica-
tion objective and imaged with a lens onto an electron-
multiplying coupled charge device (EMCCD). In order

to observe the required spectral range, corresponding
filters are used in front of the EMCCD. A Ti:Sapphire
oscillator is used as a source, delivering a pulsed beam
of 820 nm with repetition rate of 80 MHz and pulse
duration of 285 fs (FWHM) at the sample position.
In order to optimise the generated SH signal, the po-
larization of the incident beam is manipulated with a
half-wave plate.

By focusing the laser beam of 820 nm onto one of
the ends of the LiNbO3; nanowire and using a bandpass
filter at 410 nm, a signal at the unilluminated end of
the nanowire is observed (Fig. 1a). Moreover, the sig-
nal shows quadratic dependence on the incident beam
power (Fig. 1b). Thus, the signal is probably the SH
which is generated and guided through the nanowire.
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Figure 1: a) Propagation of the SH through the wire
with a length of 80 um and a width and a height of ap-
proximately 500 nm. b) The power dependence of the
signal at the output facet of the wire.

In this work, we have studied the ways of optimi-
sation of the amount of the propagated SH by manip-
ulating the length and the shape of input facets of the
nanowires.

First, we decrease the length of the wire stepwise
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with focused ion beam (FIB). After each cutting pro-
cedure, the waveguiding experiment is performed with
the same power and polarization of the beam and the
amount of the guided SH signal on the output wire is
measured (Fig. 2).

= o
o N

Second-harmonic power (nW)

O N A O o

25 30 35 40
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5 20 45
Figure 2: The SH power versus the length of a
nanowire.

In Fig. 2, the power of the guided SH vary from 30
pW up to 10 nW for different length of the nanowire.
We attribute the variation to the phase-matching effect.
Thus, by varying the length of a nanowire, the amount
of the obtained SH signal can be increased.

In order to study the influence of the shape of an in-
put facet, a nanowire is cut first in two pieces of equal
length. The input facets of the pieces are cut with an-
gles of 45° and 135°. After performing the waveguid-
ing experiment, the facet of one of the pieces is cut
with an angle of 90° and the experiment is repeated.
The shape of the facets is found out to have a con-
siderable influence on the amount of the guided SH
signal. Thus, the nanowires with facets of angles 45°,
90 © and 135° provide 4.647 nW, 0.410 nW and 0.149
nW, respectively.

Finally, we demonstrate a possibility of exciting
dyes (Coumarin 30) with the guided SH signal which
is generated by a nanowire. The dyes do not exhibit
direct absorption in the infrared range [8]. As a result,
employing a laser beam of 820 nm, Coumarin can be
excited through either direct excitation with generated
SH signal or two-photon absorption process (TPA) of
the fundamental wavelength.

In the experiment, a bandpass filter at 530 nm is
used to filter out the infrared pump beam and the gen-
erated SH signal. Thus, only the fluorescence signal
at 5304+ 10 nm is detected. The fact of dye excitation
with the guided light is checked by performing waveg-
uiding experiments before and after adding the dyes to
the sample at the same beam parameters.

Moreover, further experiments have also shown that
the dyes get excited much stronger with the use of
propagated SH signal than when a laser beam is fo-
cused onto the dyes. Thus, the dyes are excited mostly
by the guided SH but not by the fundamental wave-
length due to the TPA process. Excitation of dyes with
the use of nonlinear light sources has already been re-
ported in [5, 9]. Nevertheless, the source of the excita-
tion has never been clearly identified.

As a conclusion, we have studied the genera-
tion and propagation of the SH signal inside of the
LiNbO3; nanowires. We have discussed the influence
of nanowire’s input facet and length on the amount
of the propagated SH signal. In addition, we have
demonstrated that the LiNbO3; nanowire can be used
for an efficient local excitation of dyes with guided
SH.
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Abstract

We present a semi-analytical model for the description of multifilament core (MFC) fibers by sub-
stituting the microstructured core with a circular equivalent step index (ESI) core with an effective
radius and refractive index. We show that the model is very accurate for the prediction of the effective
V-parameter, the fundamental mode and its effective area. It is therefore a very convenient tool for

the design of such fibers.
INTRODUCTION

Multifilament core (MFC) fibers are characterized by a
microstructured core consisting of a number of (identi-
cal) circular waveguides in a hexagonal lattice [1]. As
an example, figure 1 illustrates a MFC fiber consisting

of N = 19 filaments spaced by a pitch A and defined by

the V-parameter of the filaments Vg = z}b—”aw / ”f211 — ngg,

where A is the wavelength, a = d/2 is the filament
radius, ng; and ny, are the refractive indices of the fila-
ments and the background, respectively. The refractive
index of the cladding which surrounds the filamented
core is denoted as ng.

ST O e N e N

Figure 1: Schematic cross section of a MFC fiber with
19 filaments. The blue and red circle represent the cir-
cular unit cell and equivalent core, respectively.

We distinguish a MFC fiber from a multicore fiber
by the number of modes which are able to propagate.

While latter usually guides at least a few supermodes,
a MFC fiber is designed to support only the fundamen-
tal (in-phase) supermode. Similar to the simplified de-
scription of the microstructured cladding of photonic
crystal fibers (PCFs), we substitute the filamented core
with a homogeneous equivalent material. The refrac-
tive index of this material is given by the fundamen-
tal space-filling mode (FSM), which is the solution of
Maxwell’s equations in an infinite extended lattice of
filaments [2].

THE FUNDAMENTAL SPACE-FILLING MODE

In contrast to PCFs, MFC fibers contain a microstruc-
tured core with small index differences embedded in
a homogeneous cladding medium. This allows us to
use an approximate semi-analytical approach based on
the transformation of the hexagonal into a circular unit

cell of radius R = 4/ %A with the same area (see fig-
ure 1). By applying appropriate boundary conditions
we obtain the dispersion relation for the FSM [3]:

(P+¥) (n- P+ - ) =ngsm -V (D)
Here the functions ® and ¥ are given by
@:wﬂ<1—Uha”>, 2)
Ji(U)
w2 (1 _W11<W’;>K2<W>+12<W>K1<W’;>>
hWHKi(W)—h(W)Ki(Wg) )’

with the

__ 2z 2 2
parameters U = Say/ng — nggys
_2=n 2 2
and V= Fta,/ng —ng,.

Jn(U), L,(W) and K,,(W) are the Bessel function and

__2n 2 2
W = T a,/ngsm — g
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the modified Bessel functions of first and second kind,
respectively. Please note, that the dispersion equation
(1) is an implicit expression and cannot be solved an-
alytically. Thus, we use Matlab to solve the equation
and obtain ngsy;, which is the effective refractive in-
dex of the FSM and is the equivalent refractive index
of the filamented core.

EIGENMODES OF THE ESI FIBER

After the calculation of the equivalent refractive index
of the filamented core, we need to define an equivalent
core radius. We chose a circle with the same area as
the sum of all N (7, 19, 37,...) hexagonal unit cells,

which results in an equivalent radius @ = 1/ Nz—‘fA (see
figure 1). We then can define the V-parameter of the
ESI fiber V = 2%a, /nZq\; —nZ, which should be be-

low V* = 2.405 to fulfill our definition of a MFC fiber
and guide only the fundamental supermode.

Ny

HE11
1 neff

J_I_

nFQMl

n—L]

an

Figure 2: Refractive index profile of a MFC fiber, its
ESI core (defined by the FSM and &) and ng of the
fundamental mode.

Similar to the preceding section, we can derive the
dispersion equation for the ESI fiber

(&)m + ‘i’m) (n%SMtim + ngl‘i‘m) = m2n§HV4, “4)
with m being the azimuthal mode order and
L - I (U
dDm:W2-<mU-m+l(~)>, 5)
In(U)
. - K1 (W
‘Pm:Uz-<m—W-mH(~)>. ©6)
Kn(W)

The new parameters of the FSM-based equivalent

step-index fiber are given by U = 3y /nZgy; — n’y

and W = 22a, /n; —n2. The dispersion equation (4)

also has to be solved numerically and yields the effec-
tive refractive index neg of the eigenmodes of the ESI
fiber. Figure 2 qualitatively shows the equivalent core
and the effective refractive index of the fundamental
(HE{1) mode.

COMPARISON WITH FINITE ELEMENT METHOD

We will now compare the results from the ESI model
using equations (1) and (4) with highly accurate nu-
merical simulations of the MFC fibers done with a
commercial finite element method (FEM). For sim-
plicity, we have chosen V = V* = 2.405 to analyze
the error around the edge of the single-mode regime.
The solid lines in figure 3 show the relative percent-
age error of ngg for the fundamental mode (m=1). As
one can see it is smaller than 10% for all considered
ratios d/A and numbers N of filaments. The devia-
tion decreases significantly for increasing number of
filaments, falling to values below 1% for N = 37. The
dashed lines represent the relative error of the effective
area Ag. Here, the deviations are in the magnitude of
5%, 0.5% and 0.05% for N=7, N=19 and N=37, re-
spectively.
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—N=7
—N=19
L —N=37

10

relative error [%)]

01 02 03 04 05 06 07 08 0.9
dIA

Figure 3: Relative percentage error of n?f?” (solid

lines) and A?f]fE“ (dashed lines) between the ESI model
and FEM simulations for V = 2.405.
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Abstract

We present the experimental proof for superballistic as well as anomalous diffusive transport in time-

independant one-dimensional periodic structures.

INTRODUCTION

Understanding the dynamics of an evolving wave
packet is a basic requirement for the interpretation of
wave effects occurring in all fields of physics. There
exist two common wisdoms on wave dynamics in
time-independent one-dimensional (1D) periodic sys-
tems that are generally agreed on: (1) The spreading
of a wave packet (either dispersive in time or diffrac-
tive in space) cannot exceed the ballistic limit, and (2)
the wave transport cannot be diffusive. In our work,
we provide for the first time experimental evidence for
the existing of both a superballistic regime as well as
a diffusive-like regime for the wave transport.

In a periodic system, translational symmetry is
present. In this case the eigenmodes of the system
are extended Floquet-Bloch modes [1], and the width
of an evolving wave packet increases quadratically in
time. As the wave packet transport is usually charac-
terized by a so-called diffusion constant 7, in this case
- commonly referred to as ballistic spreading - one
finds Y = 2. In contrast, in disordered systems with no
translational symmetry, all eigenmodes are localized
[2] and the broadening of wave packets is fully sup-
pressed - they are “Anderson-localized”[3], and ¥ = 0.
It is commonly believed that, as translational symme-
try either holds or not, wave packet dynamics in 1D
systems can either be ballistic or localized.

SUPERBALLISTIC TRANSPORT

Recently it was found that a particular sophisticated
hybrid setting allows for a spreading of a wave packet
that exceeds the virtual limit of y= 2 [4]. In this work,

it was proposed that embedding a finite disordered lat-
tice region into an infinite periodic lattice should result
in superballistic spreading.

ordered

hybrid

[t | soue)sip

[t ] soue)sip

-20-15-10 -5 0 5 10 15 20 -20-15-10-5 0 5 10 15 20

Figure 1: a) Simulations of the light propagation in the
ordered (left) and the hybrid array (right). b) Experi-
mental fluorescence images of the light propagation in
an ordered (left) and the hybrid array (right).

In our work, we transfer the dynamics into a lattice
of evanescently coupled waveguides, where the spa-
tial evolution of the light directly corresponds to the
temporal evolution of a quantum wave packet [5]. The
lattice is fabricated using the laser direct-writing tech-
nology [6]. Light at A = 633nm is launched into the
lattice using fiber butt coupling, and the light evolution
is directly monitored using a fluorescence microscopy
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technique [6]. The hybrid lattice consists of 5 central
waveguides with disordered spacing, and additional 10
ordered waveguides on each side. In Fig. 1, the light
evolution in a periodic and a hybrid waveguide array
are shown, in simulations (Fig. 1(a)) and experiment
(Fig. 1(b)). From the experimental data, we extract
the variance as a function of distance and plot the re-
sults in Fig. 2 to determine the diffusion coefficient in
dependence on the positioning disorder in the central
part of the lattice.. The spreading clearly exceeds the
ballistic limit of y = 2, with a maximum of Yy~ 2.4.

10°
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Figure 2: The spreading in the hybrid lattice (red, blue,
green) exhibits a slope that is larger than in the ballistic
case (black).

ANOMALOUS DIFFUSION

Since Anderson considered in his seminal work only
disordered systems without any correlations [2], there
exist a few theoretical counter-examples where lat-
tices with intrinsic long-range correlations may facil-
itate a intermediate regime of transport between lo-
calization and ballistic - a “diffusive” spreading. The
prototypical case is that of the Random Dimer Model
(RDM) [7] where (in the context of a tight-binding
Hamiltonian) pairs of adjacent energy levels are as-
signed at random, leading to two-site correlations in
an otherwise random model. Below a certain disor-

der threshold, a number of transparent states for fi-
nite samples emerge, and their existence results in a
diffusive and super-diffusive wave propagation. Indi-
rect experimental evidences of delocalized eigenstates
in such short-range correlated systems were found us-
ing the electronic properties of GaAs-AlGaAs super-
lattices [7]. However, a direct experimental proof
of (super-)diffusive transport in such systems is still
missing. In our work, the theoretical predictions of the
localization-delocalization transition are proven ex-
perimentally in RDM-arrays of coupled waveguides.
Our measurements reveal a diffusive-like wavepacket
spreading which is suppressed once the disorder con-
trast between dimers exceeds a critical value.
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Figure 3: a), b) Experimental averaged output for
diffusive-like transport and localization, respectively.
¢) Experimental variance as a function of distance for
arrays prepared with different writing velocities of the
two dimers. For a waveguide detuning 0 < 0 < 2 the
diffusion coefficient is y = 1.5.
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Abstract

We report on the generation of fs-laser induced nanogratings in fused silica and their intrinsic form-
birefringent behavior. Based on that birefringence, it is shown, that nanogratings allow for the fabri-
cation of intricately shaped and locally varying wave plates. More complicated structures can be used

for optical mode conversion and other applications.

INTRODUCTION

In almost every field of modern technology, the precise
control of light and its physical properties is a crucial
step towards an actual application. Since light is not
able to resolve structures much smaller than its own
wavelength, novel optical materials, whose properties
are mainly determined from their nano-geometry have
been developed. The discovery of fs-laser induced
sub-wavelength structures offers new approaches for
laser-based material processing on a nanometer scale.

In 1999, Sudrie efal. discovered a distinct opti-
cally anisotropic behavior of fs-laser generated struc-
tures in fused silica [1]. Just three years later, Miller
and coworkers suggested that self-assembled periodic
sub-wavelength structures might be responsible for the
observed anisotropic behavior [2]. Shimotsuma efal.
provided the first experimental evidence for the exis-
tence of those nanogratings [3].

Until now, no model could be found, which ex-
plains the nanograting formation process in full agree-
ment with the experimental observations. To this date,
the following is known: Nanogratings are permanent
refractive index modifications based on a modulated
material density [3]. Their period scales with the em-
ployed laser wavelength as well as number of applied
pulses [4, 5]. Moreover, the orientation of the grat-
ing planes is always perpendicular to the electric field
direction [3] as depicted in Figure 1. Since the typi-
cal grating period is smaller than the wavelengths of
the visible spectral range, they can act as an effec-
tive medium with anisotropic optical properties [1].
Hence, nanogratings are an alternative to natural bire-
fringent media and allow for the fabrication of nano-
structure based wave plates [6].

In contrast to naturally birefringent media, the fs-
laser writing technique enables a spatially resolved
nanograting control and three-dimensional structuring
of the bulk material. That allows to fabricate wave
plates with locally varying optical properties. The re-
sulting spatially variable states of polarization are of
great practical importance for optical mode conver-
sion, beam shaping, improved material processing and
other fascinating fields of application.

SE(M) 171272012

Figure 1: Scanning electron micrographs of individu-
ally written lines for (a) parallel and (b) oblique orien-
tation of the laser polarization.

EXPERIMENTAL SETUP

For the fabrication of the samples, a standard fs-laser
writing setup has been employed. The laser pulses
(515nm wavelength, 170nJ pulse energy, 500fs pulse
duration, up to 10MHz repetition rate) were focused
inside a fused silica sample using either microscope
objectives or aspheric lenses with a typical numeri-
cal aperture of about 0.3 to 0.7. The position of the
focal point can be controlled three-dimensionally us-
ing a precise positioning system (Aerotech). The two-
dimensional structures were generated by writing mul-
tiple lines (with some overlap) next to each other.
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RESULTS / APPLICATIONS

Based on the ability to locally modify the mate-
rial, wave plates with nearly arbitrary shape might
be fabricated. Figure 2 shows two polarization con-
trast images of a half-wave plate in form of the IAP
logo. Since the nanogratings are aligned vertically
in subfigure (a), no polarization altering due to form-
birefringence can be observed. In (b), the nanogratings
are set at about 45° towards the polarization of the in-
cident light. Hence, the light will be rotated by 90°
and the logo becomes visible.

Input Pol.
-—

Input Pol.
-

500 um

Figure 2: Polarization contrast images of an intricately
shaped half-wave plate.

Classical wave plate manufacturing methods are
only partially suited for the fabrication of locally vary-
ing wave plates. Nanograting based wave plates on the
other hand can be controlled regarding their retardance
(various parameters, e.g. pulse energy) and orientation
(writing polarization) with very high precision and res-
olution. To achieve a grid-like polarization pattern for
example, the polarization of the writing laser has just
to be rotated during the manufacturing process. Fig-
ure 3 shows a scanning electron micrograph of such a
grid-pattern wave plate.

10.0um

Figure 3: Scanning electron micrograph of the
nanograting alignment in a grid-pattern wave plate.

Beyond that, it is possible to develope more com-
plex structures which can be used for optical mode
conversion. This way, a circularly polarized Gaussian
mode can easily be transformed into a radially polar-
ized donut mode as illustrated in Figure 4.

Figure 4: Simplified illustration of radially polarizing
quarter-wave plate
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Abstract

Here we demonstrate a femtosecond induced mode filter, which can be used to suppress higher order
modes in few mode fibers. The mode filter is based on a local refractive index increase around the
fiber core. To demonstrate the functionality we used a homogeneous inscribed fiber Bragg grating.

INTRODUCTION

Fiber lasers have become an important tool for many
applications as they provide very stable, compact and
efficient laser sources. This triumphal procession was
only possible because hampering nonlinear effects due
to high intensities inside the fiber core could be de-
creased by introducing large mode area (LMA) fibers.
With increasing core diameter the fibers are not strictly
single mode anymore, but can be seen as few mode
fibers. However, this mixture of modes is not always
desired, and it degrades the beam quality in many ap-
plications.

Figure 1: Mode filter in combination with a FBG. The
modes pass the mode filter first before they are re-
flected by the FBG.

We present an all-integrated mode filter based on
changing the guidance of the modes. Over a short dis-
tance the refractive index of the cladding is increased
to the level of the fiber core (see Figure (1)). By propa-
gating into the filter the modes from the fiber core will

expand into the increased refractive index region. At
the end of the filter the cross-section of the core goes
back to the origin. Here the fundamental mode has a
better overlap to the original core as the higher order
modes. Thus, the losses for the higher modes are big-
ger and they couple out of the core.

EXPERIMENTS

The mode filter was fabricated by focusing a femtosec-
ond laser beam along the edge of the fiber core. To
achieve a long smooth structure a cylindrical lens with
20 mm focal length was used as illustrated in Figure
(2). By translating the fiber underneath the laser beam
with a high precession air bearing system two modifi-
cations were inscribed on both sides of the fiber.

Since the measurement of the propagation through
the modifications is quite complex, we used a fiber
Bragg grating (FBG) for characterizing the mode filter
(see Fig. (1)). A FBG is a periodic modification of the
refractive index along the fiber core. Typically, FBGs
are used as reflectors in single mode fibers. The reflec-
tion at specific wavelength is given by A = 2n.rr/Am
with the grating period A, the effective refractive in-
dex n.rr and the order of reflection m. In non-single
mode fibers every mode has a slightly different n,zs
and therefore a different reflection wavelength. For
our experiments we used a single mode fiber for 1.3
um (SMF28). At a wavelength of 1 yum the fiber pro-
vides two modes.
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Figure 2: Inscription of the mode filter with a fem-
tosecond laser and a cylindrical lens.

First a grating was inscribed by the phase mask
scanning technique [1]. The FBG was investigated
by coupling a supercontinuum source into the fiber.
The reflected light was coupled to an optical spec-
trum analyzer. The grating has reflection peaks at
ALPOl =1036.3 nm and 7LLp11 =1034.8 nm. The black
line in Figure (3) shows a qualitative reflection spec-
trum of the grating. A quantitative measurement was
not possible as the excitation of the modes were un-
known. However, it is not necessary, because the
strength of the modes stay constant during the inscrip-
tion.

1
—FBG
—FBG + mode filter|

Reflection

1035 1036 1037 1038

Wavelength A [nm]

1%32 1033 1034 1039

Figure 3: Reflection spectrum of a FBG without mode
filter (black line) and with mode filter (blue line).

Afterwards the mode filter was inscribed in front of
the FBG without the phase mask. The blue line in Fig-
ure (3) illustrates the difference of the spectrum after
passing the mode filter twice. It can be seen, that the
higher order mode is suppressed by about 50% after
passing the filter twice compared to the reflection spec-
trum without mode filter. The reflection of the funda-
mental mode stays almost constant.

This shows the potential of the mode filter for all-
integrated fiber lasers. The advantage of using fem-
tosecond laser pulses are, that a mode filter can also be
realized in the active fiber. In a monolithic fiber laser
the FBG can act as a high reflective end mirror while
the mode filter suppresses the higher order modes of
the LMA fiber.

[1] J. Thomas, E. Wikszak, T. Clausnitzer, U. Fuchs, U. Zeitner, S. Nolte and A. Tiinnermann, Inscription of
fiber Bragg gratings with femtosecond pulses using a phase mask scanning technique,” Appl. Phys. A 86,

153 (2007).
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Abstract

The dispersive properties of plasmonic metamaterials and the ability to tailor their optical response by
variation of their geometry makes them promising candidates for versatile optical elements. Computer-
generated holograms (CGH) based on plasmonic metamaterials can be used to shape wavefronts by
simultaneously affecting the light’s amplitude and phase. Moreover, due to the resonant behaviour
of metamaterials, the hologram’s response depends strongly on the illumination wavelength. Using
a specific CGH design algorithm this allows for encoding multiple sheets of information in a single
holographic structure for different wavelengths. Applications like multicolor holographic projections

come into reach.

Diffractive optical elements are devices that are
used to shape light waves. As computer-generated
holograms (CGH) they have their applications in the
field of holographic image projection. In contrast to
an optically recorded hologram, a CGH is computed
by an algorithm and then manufactured such as to pro-
duce the desired projection image. A great variety of
encoding schemes and algorithms has been developed
based on the physical properties of the medium the
CGH is composed of [1, 2]. While pure amplitude
holograms work with gradually attenuating media to
encode the holographic information, classical phase
holograms usually employ dielectric materials to lo-
cally affect the phase of the transmitted light. This
is achieved by variations of the material thickness or
effective refractive index variations induced by sub-
wavelength microstructuring [3].

For the classical amplitude and phase holograms the
element’s response is rather insensitive to changes of
the illuminating wavelength, which is due to vanishing
or negligible inherent dispersion of the used materials.
This non-dispersive behaviour constitutes a drawback
when attempting to create multicolour elements. Such
wavelength-multiplexed CGHs are convenient for the
projection of colour images adapted to the perception
of the human eye, i.e. providing separate responses for
red, green and blue light from a single structured ele-
ment. Several concepts to obtain such dielectric mul-
ticolour holograms have been developed, using polar-
ization state and other tricks [4, 5, 6, 7]

Figure 1: Schematic illustration of a metamaterial
CGH operating at two wavelengths simultaneously.

In this work we introduce concepts for wavelength-
multiplexed optical elements based on plasmonic
metamaterials. We show that by employing a single
holographic layer, which is composed of a proper ar-
rangement of metamaterial unit cells, it is possible to
produce different, predefined optical responses at two
and more wavelengths. As previously shown on a nu-
merical basis, metamaterial CGHs are able to selec-
tively manipulate both amplitude and phase of trans-
mitted or reflected light in order to form a specified
intensity distribution in the far field [8]. Fig. 1 illus-
trates the geometry of such a pixel-based CGH. Each
of the pixels comprises a few unit cells of the meta-
material, e.g., the fishnet structure, while from pixel to
pixel the geometry parameters of this metamaterial are
tuned in an appropriate manner in order to adjust the
local transmission or reflection properties. Since the
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metamaterial’s complex-valued transmission and re-
flection coefficients are strongly affected by plasmonic
resonant behaviour, it is appealing to use this spectral
vividness to encode multiple sheets of information as
depicted in Fig. 1. We propose ways on how this can
be achieved.

A possible encoding scheme shall be demonstrated
for the fishnet metamaterial, which is shown in Fig. 2a.
In this three-layer stack of gold, magnesia and gold the
lateral geometry parameters W, and W), can be conve-
niently varied. The lateral period of the structure is
600 nm in both directions and fabrication with state-
of-the-art nanolithography, e.g. the lift-off technique,
is well understood. As indicated in Fig. 2b, the param-
eters W, and W, are varied across the sample, forming
a pixelated hologram. Properly designing the distribu-
tion of the complex-valued transmission coefficients ¢
in these pixels by means of W, and W, allows to ma-
nipulate incident and transmitted light wave such, that
a predefined image is generated in the far field.

Moreover, the strong dispersion of ¢ induced by the
plasmonic resonances of the metamaterial creates con-
stellations that allow for implementation freedom at

Figure 2: (a) Fishnet metamaterial with variable lateral
parameters W, and W,. (b) Assembled hologram con-
sisting of pixels, each comprising a limited number of
fishnet unitcells.
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Figure 3: Constellation in the complex transmission
coefficient ¢ allowing for simultaneous encoding of bi-
nary holograms at two distinct wavelengths.

multiple wavelengths. What this means, is illustrated
in Fig. 3, which schematically shows the transmission
coefficients of four different fishnet implementations,
i.e. parameter sets Wy, Wy, labeled with numbers 1 to
4. Note that the points in the complex plane, form-
ing pairs, change their partner when transiting from
wavelength A; to wavelength A,. With this kind of
arrangement binary holograms can be encoded at two
distinct wavelengths using transmission values ()
and 71 (A;) at wavelength A;, and 79(A;) and 7;(A;) at
wavelength A, respectively. The encoding utilizes the
methods from [8] and can be done independently at
each of the two wavelengths.

The approach can be extended to multiple wave-
lengths. Hence, with the availability of metamaterials
working in the visible wavelength range true-colour
holographic image projection could be achieved.
Moreover, as these metamaterical CGHs do not only
allow for spatial light modulation, but also give ac-
cess to the spectral degree of freedom, applications in
spatio-temporal pulse-shaping come to mind.

[1] F. Wyrowski, O. Bryngdahl, Rep. Prog. Phys. 54, 1481 (1991).
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Abstract

We numerically investigate the light trapping properties of photonic structures at the front and rear
side of a silicon solar cell. By analyzing the scattering and diffraction power of these photonic struc-
tures, we show that the absorption can be enhanced considerably by a proper choice of the geometric
dimensions compared to an unstructured absorbing slab. Our optimized geometry shows an absorp-

tion enhancement of about 43%.
INTRODUCTION

In order to replace nuclear power plants after these
reached the end of their terms renewable energy
sources have gained a lot of interest. Among these are
concepts using the sun as an energy source either by
using a direct conversion of the incident solar power to
produce electricity in photovoltaic cells or by boiling
water with concentrated solar radiation in solar ther-
mal power plants. However, to compete with nuclear
power and energy sources based on fossil fuels, the
prices of photovoltaic cells have to be lowered. One
way to reduce the cost of a solar cell would be to use
less of the absorbing material, since this high purity
materials are very energy demanding to be produced.
But the volume reduction of the absorbing material
comes at the cost of a lower absorption. Therefore,
light trapping concepts are mandatory to keep the ab-
sorption at a high level but using only a part of the
absorber volume. Light trapping increases the path
length of the light in the absorber and as a result en-
hances the absorption. Several approaches have been
proposed. They are based either on a reduced fres-
nel reflection at the input side using randomized tex-
tures [1] or on the diffraction into higher order modes
using gratings [2]. At the rear side, flat interfaces to the
metal back contacts were replaced by photonic struc-
tures such as Bragg mirrors or photonic crystals [3].
For some materials it may also be advantageous to use
metallic particles integrated into the solar cells to ben-
efit from plasmonic effects [4]. In previous studies it
was suggested to use inverted zinc oxide (ZnO) opals
as back reflectors, which consist of air voids in a ZnO
host. In this work randomly textured surfaces at the
front side were used. However, at the rear side, not

only perfect inverted opals were considered, but also
opals applied conformally to the texture, such that they
do not show the perfect symmetry of a face centered
cubic (fcc) lattice. These more sophisticated photonic
elements were investigated with respect to their ab-
sorption enhancement.

DEVICE STRUCTURES

To compare different configurations the short circuit
current density I, was used, which is the integral of
the absorption spectrum weighted by the incident so-
lar power over all wavelengths given by

I, = e / B s(MAR)A,

where e is the elementary charge, @4,/ 5 is the inci-
dent solar radiation at the earth’s surface and A is the
calculated absorption spectrum. Starting point was a
homogeneous slab of micro-crystallin silicon (uSi) of
a thickness of 1um and complexity was successively
increased. The randomly textured ZnO surface at the
front side shows a crater-like height profile with an av-
erage crater diameter of about 1 um and a crater height
of about 400nm. The purpose of this random texture
is to provide a smoother transition from the low re-
fractive index glass on top of the solar cell to the high
refractive index absorbing material. At the rear side
several photonic structures, all based on spherical air
voids in ZnO were used. First, the optimal radius for
the inverted opal was determined. Fig. 1 (a) shows
the absorption spectra of a homogeneous pSi layer for
various thicknesses. The thicker a layer is, the more
light is absorbed and therefore the absorption edge
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shifts to longer wavelengths. Light not absorbed after
one pass through should be reflected by the inverted
opal at the rear side. From Fig. 1 (a) the spectral po-
sition where high reflection should occur can be deter-
mined, namely where the intrinsic absorption of Si
starts to decrease. The solid line in Fig. 1 (b) shows
the reflection spectrum of a 4-layer inverted opal for
a radius of 325nm. Varying the radius allows the re-
flection peaks to be shifted. A proper choice of the
radius leads to a high reflection in the desired spectral
region. Several reflection maxima appear in the spec-
trum. The first one at lower energies is attributed to a
high reflection into the zeroth order, where a band gap
in the I'-L direction of the fcc lattice exists, as shown
by the dotted lines in Fig. 1 (b). Whereas the peaks at
higher energies correspond to a diffraction of the light
into higher orders.
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Figure 1: Absorption spectra for various thicknesses
of a homogeneous uSi layer (a) and reflection spec-
trum of a 4-layer inverted ZnO opal (b). The dotted
grey lines in (b) show the bandstructure of a fcc lattice
along the I'-L direction

Combining the information from Fig. 1 (a) and
Fig. 1 (b) a certain radius can be determined for each
given thickness. This very radius was used in what
follows for the characterization of the investigated ge-
ometries. The simplest possible geometry is the ho-
mogeneous layer whose short circuit current serves
as a reference value. Apart from perfectly arranged
spheres at the rear side, which cannot reproduce the
randomized texture, also randomly arranged spheres
were considered. These spheres do not show the sym-

metry of a fcc lattice and therefore the rather sharp
features in the reflection spectrum of Fig. 1 (b) are
smeared out. However, focussed ion beam cuts of in-
verted opals on randomly textured surfaces revealed
that after a few layers of random distribution, the
spheres tend to build up a perfect opal even on tex-
tured surfaces. For this reason, randomly arranged
spheres in combination with a perfect fcc lattice were
also simulated. The short circuit current increases go-
ing from textured surfaces only to perfectly arranged
spheres and finally to randomly arranged spheres. The
best result was obtained for a combination of the last
two. Fig. 2 shows summarized the results of the differ-
ent geometries. The highest absorption enhancement
is achieved if the properties of a random distribution
and a crystal-like lattice are combined. The overall en-
hancement is about 43% compared to the unstructured
geometry.
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Figure 2: Normalized short circuit currents for the in-
vestigated geometries shown by the blue circles. For
each point the drawings show the corresponding ge-
ometry

In conclusion, we have shown that properly dimen-
sioned air voids in ZnO arranged randomly in combi-
nation with perfectly arranged voids lead to an absorp-
tion enhancement of more than 40%.

[1] P. Campbell, M. A. Green, J. Appl. Phys. 62, 243 (1987).

[2] S. Zanotto, M. Liscidini, L. C. Andreani, Optics Express 18, 4260 (2010).

[3] P.Bermel, C. Luo, L. Zeug, L. C. Kimerling, J. D. Joannopoulos, Applied Physics Letters 15, 16986 (2007).

[4] V.E. Ferry, et al., Optics Express 18, A237 (2010).
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Abstract

We present a filter-based spectrometer for the detection of wavelength shifts. By using a dielectric thin
film filter with a lateral gradient and a position detector we set up a interrogator with pm resolution.
The optical filter serves as wavelength selecting element and make it possible to miniaturize the device.

INTRODUCTION

Optical sensors which detect external influences on
the basis of wavelength shifts very accurately receive
big interest in structural and human health monitoring.
Examples of such sensors are Fiber-Bragg-Gratings
(FBGs), surface plasmon resonance sensors, photonic
crystals and ring resonators. They are small, robust,
electrically passive and easily integratable into struc-
tures of e.g. fiber composite materials. However, their
applicability is limited due to the size of the interroga-
tor. Conventional interrogations units such as grating
spectrometers or interferometers can not be miniatur-
ized without loss of spectral resolution. Furthermore
they need ambitious data processing techniques to re-
solve small wavelength shifts, which causes long inte-
gration time.

In our contribution we report on a filter-based spec-
trometer, which solves the miniaturization problem.
With the use of an optical filter the manufactured size
and the spectral resolution of the interrogator are de-
coupled.

PRINCIPLES

The filter-based spectrometer consists of a linear vari-
able optical filter (LVF/LVOF) and a position detector.
The LVF converts the spectral distribution of the in-
coming light into a spatial intensity distribution whose
centroid is determined by the detector with high accu-
racy.

The LVF has a thin film Fabry-Pérot-structure with a
tapered cavity layer. Through the wedge-shaped cavity
thickness d(x) the resonance condition for the wave-

length
mA, = 2ngd(x)cosO (D

is position depending (m order of resonance, ng re-
fractive index of the cavity layer, 8 angle of incidence
light). A wavelength shift therefore leads to a linear
position change of the transmission spot behind the
LVE. The optical behavior of the LVF is characterized
by the full width half maximum (FWHM) 8,y [nm]
and the spectral gradient g [nm/mm], which describes
how large the spectral shift of the transmission maxi-
mum is compared to the spatial distance of two points
on the LVFE. The spatial width of the distribution w be-
hind the LVF can be described by [1]

W= 5ges (607 8LVF) (2)
8

with & the FWHM of the incident light and &g, the
FWHM behind the LVFE.
The position of the centroid is measured by a differ-

ential readout of two photo currents /; and I, of the
detector (see Fig. 1)

L—1
L+1
Thus, a position change results in an increase of one
photo current and the decrease of the other. Division
by the total photo current makes the centroid calcu-
lation independent from intensity fluctuations of the
light spot.

3)

Ay~ x ~

EXPERIMENTAL SETUP

Fig.1 shows the experimental setup used to measure
the wavelength shift resolution of the filter-based spec-
trometer [2].
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Figure 1: Experimental Setup.
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For the simulation of the wavelength shift a tunable
light source consisting of a Xe-arc lamp (collimated
light) and a laser line filter is used. By rotating the
laser line filter its resonance condition is intention-
ally changed (see Eq. 1) and the transmission wave-
length shifts to shorter wavelengths. A small fraction
of the light is directed to a grating spectrometer by the
glass pate. Thus, a reference spectrum can be acquired
which is needed to correlate the wavelength shift of the
light source and the position change at the filter-based
spectrometer. The monochromatic light transmitted
through the glass plate then approaches the filter-based
spectrometer and passes the LVF to reach the position
detector. An iris diaphragm is located in front of the ar-
rangement which allows us to adjust the light spot size
on the spectrometer. The generated photo current on
the detector is amplified and analyzed by a differential
operational amplifier. The voltage signal characteriz-
ing the lateral position is sent to a display unit and a
computer for further analysis.

RESULTS
In this setup we obtain optimum results by using a

photodiode pair as detection unit. We implemented a
16 Si-photodiode array (PDA), at which one photodi-

ode is 0.9 mm x 1.45 mm in size and the diode pitch is
0.1 mm wide. The laser line filter has a central wave-
length of 800 nm and a 8y =10nm. The light spot on
the LVF amounts to 2 mm. The spectral resolution of a
LVF with g =5 nm/mm and O;yr =5 nm is determined.
The acquired data obtained upon rotating the laser line
filter are depicted in Fig. 2.
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Figure 2: Measured wavelength shifts for a PDA and
a LVF with g =5 nm/mm and 8,y =5 nm.

A highly linear curve results which allow us to deter-
mine the spectral resolution to 50 pm. If one considers
the position noise, an accuracy of the wavelength shift
of at least 10 pm can be reached with a more sensitive
tunable light source.

CONCLUSION AND FUTURE SCOPE OF WORK

In our work we demonstrated that with the combina-
tion of a LVF and a position detector a small inter-
rogation unit can be set up which resolves pm wave-
length shifts. Our latest research is aimed at reading
out a fiber Bragg grating sensor both in reflection and
in transmission mode. Furthermore, we will design a
robust package for the entire spectrometer setup which
allows its application in harsh environments.

[1] O. Schmidt, P. Kiesel, S. Mohta und N. M. Johnson, Appl. Phys. B 86 pp. 593-600 (2007).

[2] R. Wuchrer, Aufbau eines filterbasierten Spektrometers und Untersuchungen zu dessen Zuverlidssigkeit,
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Abstract

Drugs and disinfectants are one of the most serious pollution of sewage water, especially from
hospitals and nursing homes. Consequently, the growth of multi resistant bacteria increases and
threatens human, animal and the whole nature. To prevent the environment from this setting, it
is searched for fast, easy and cheap methods to detect and eliminate these hazardous substances.
Due to its high molecular specificity and sensitivity surface enhanced Raman spectroscopy
(SERS) is our method of choice to detect low molecular weight substances like hormones and

antibiotics in the micro-molar region.

INTRODUCTION

Due to its molecular specificity and high
sensitivity [1], surface enhanced Raman
spectroscopy (SERS) is a powerful tool to
detect low-molecular weight substances like
drugs and hormones. The enhancement is
based on the excitation of plasmon polaritons
of metallic nanoparticles. The resulting high
electromagnetic field in the vicinity of the
nanoparticle increases the Raman signal. Due
to its plasmonic resonance in the NIR or
visible region, gold and silver are preferred
metals [2].

The metallic nanoparticles can be
prepared as colloidal solution or as substrates,
whereas sharp edges, thin needles or other
spiky and rough surfaces show highest
enhancement factors. Diverse top down, like
electron beam lithography (EBL), and bottom
up techniques, like deposition of colloids, can
be used to prepare the required nanoparticles.
A fast and easy method, using SERS to detect
contaminants in sewage water, is under

development and will be presented within this
contribution.

HORMONES AND DRUGS IN
SEWAGE WATER

The contamination of sewage water with drugs
and disinfectant is due to the massive
application  of  antibacterial  dilutions,
antibiotics and hormones in hospitals and
nursing homes. Of course it is important to
work clean and sterile in such establishments;
however this leads also to the evolution of
multi resistant bacteria which are a big threat
for patients. Thus it is important, to clean
sewage water before it comes in contact with
other effluent and also other bacteria.

The pollution of the environment with
drugs from the sewage water is another aspect,
because clarification plants mostly cannot filter
out low-molecular weight substances. The so
contaminated ground water is assimilated in
the biological cycle of plants, animals and
humans. To prevent the nature from this setting
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it is important to clean the sewage water before
it comes out of the hospital area. However, it is
crucial to know which contaminant is in the
sewage water and has to be taken out of it.

Figure 1: SEM image of enzymatically
generated silver nanoparticles. The rough
surface is clearly visible.

SERS APPLICATION

Here we present enzymatically generated silver
nanoparticles (EGNP) used as SERS substrate
in our studies, generating a homogenous signal
enhancement [3]. In Figure 1 a SEM image is
depicted, which illustrate the sharp and spiky
desert rose-like morphology [4]. Fingerprint
spectra of various solid and water-solved drugs
or disinfectant can be shown.
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When intense femtosecond laser pulses are focused into a glass substrate, self-organized periodic
nanostructures, so-called nanogratings, are generated in a certain parameter regime. To clarify
the ultimate nanogratings we employed focused ion beam (FIB) milling and small angle X-ray
scattering (SAXS). The results considerably show that voids are the primary constituents and
their number increases with ongoing exposure to laser pulses.

INTRODUCTION

About ten years ago grating like structures with
periods smaller than the laser wavelength were
observed in fused silica via tightly focusing
ultrashort laser pulses [1]. These modifications
called “nanogratings” result of a self-organized
process and show a strong form birefringence due to
their anisotropic structure. Emerging after several
laser pulses [2] they are oriented perpendicular to
the laser polarization. By tuning the laser parameters
the structural properties and thus the birefringence
can be controlled [3]. Consequently, there are
numerous potential applications from phase
elements controlling the laser polarization [3] to
devices enabling the generation of optical vortices
[4]. Nevertheless the self organized formation
process is not yet fully understood. One reason is
that the underlying surface structure is difficult to
explore. Due to the small feature size optical
microscopy cannot be used and electron microscopic
(SEM) investigations require sample preparations
leading to bluring and distorting essential structure
details. Recent work on cleaved samples revealed
nanoporous fine structures and planar nanocracks
within nanogratings [5].

We employed small angle X-ray scattering (SAXS)
as well as focused ion beam (FIB) milling and
scanning electron microscopy (SEM) to determine
the principal constituents of nanogratings.

METHODOLOGY

Nanogratings are inscribed using the frequency
doubled (515 nm) light of a mode locked laser
oscillator (Amplitude t-pulse 500). This laser

provides pulses with durations of about 450 fs, pulse
energies up to 200 nJ at repetition rates up to 10
MHz. The repetition rate was reduced by an external
acusto-optical modulator in order to avoid heat
accumulation effects. For focusing we used an
aspheric lens (New Focus 5722) with a numerical
aperture of 0.55.

detector:
Pilatus 2M

sample with
nanogratings

z
13.6 keV y
X-ray beam

scattering
pattern

Fig.1 SEM micrograph of gratings after etching with
hydrofluoric acid (a) and schematic of the SAXS
measurement (b).

X-ray patterns were studied in order to investigate
nanogratings in a nondestructive way. Thereby no
preparation steps are required for embedded
structures. Samples with nanogratings were
illuminated with a probe beam (photon energy 13.6
keV, cSAXS beamline at the Swiss Light Source
(Villigen, CH)) that is scattered and the pattern is
recorded with a large direct converting pixel
converter (see Fig. 1(a)). FIB has been used whereby
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a volume containing nanogratings was dissected in
12 nm slices and analysed per SEM imaging.

RESULTS

Due to the different dimensions in the nanograting
samples along the x and z direction the scattering
patterns show strongly anisotropic behaviour. The
evaluation along x (direction of laser polarization)
showed a broad distribution whereby two distinct
populations with different diameters exist. As it can
be seen in Fig. 2(a) these are roughly independent on
pulse energy and number of laser pulses. This
indicates that once the structure is formed no further
growth along the laser polarization takes place.
Furthermore an increasing structure size during the
first = 100 pulses along the z direction was detected.
Fig. 2(b) shows the aspect ratio between the
structure size along the x and z axis.-
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Fig. 2 Results of the SAXS measurements.

The measured increase of the characteristic
scattering parameter with rising pulse number can be
attributed to a growing number of pores that
corresponds well to the observed decrease in the
grating period during prolonged laser exposure [3].
To get an insight of the real structure of
nanogratings we performed FIB measurements.

Figure 3(a) shows an SEM micrograph of a FIB slice
that depicts the micro porous character of the
grating. With an appropriate Fourier filtering
algorithm we isolated the pores from hundred FIB
slices in order to obtain a 3D view of their size (see
Fig. 3(b)).

Fig. 3 SEM micrograph of a FIB-slice in the x-y-
plane (a) and 3D plot of nanogratings constructed
out of many FIB slices (b).

In accordance to the SAXS measurements, the
transverse dimensions of the pores (200-300 nm) are
significantly larger than their thickness (30 nm). The
unidirectional anisotropy is confirmed by the small
feature sizes of the pores along y and z.
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Abstract

Light beams carrying an isolated point singularity with a screw-type phase distribution are
called an optical vortex (OV). The fact that in free space the Poynting vector of the beam gives
the momentum flow leads to an orbital angular momentum of the photons in such a singular
beam independent on the spin angular momentum. To exploit the applications of such beams
carrying angular momentum it is necessary to produce them in various wavelength regimes. In
previous studies it was observed that nonlinearities, which are commonly used to produce new
wavelengths of light, lead to breaking up of these OVs and therefore it is challenging to extend
the range of useable wavelengths. Here we show for thefirst timethat OVs can be produced in
the extreme ultra-violet (XUV) using high-harmonic generation (HHG) driven by ultra-short
laser pulses. We found that beams carrying angular momentum can survive high nonlinearities

asthey arepresent in HHG.

INTRODUCTION

The real and the imaginary parts of the field
amplitude (i.e. dso the field intensity) are zero at the
point of phase dislocation, which is a singularity.
The characteristic helical phase profiles of OVs are
described in terms of exp(imf) multipliers, where 6
is the azimuthal coordinate and the integer number
m istheir topological charge (TC).

S

Figure 1: Intensity (left) and phase (right)
distribution that characterize an optical vortex.

Since the Poynting vector gives the momentum flow
in free space, for helica phase fronts it has an
azimuthal component that produces an orbita
angular momentum parallel to the beam’s axis. An
m-fold charged OV beam carries an orbital angular
momentum of mi  per photon. This is independent
on the spin angular momentum (i.e. on the

polarization state). There are many applications of
OVs shown in literature, including particle micro-
manipulation, imaging, interferometry, quantum
information and high-resolution microscopy and
lithography [1]. This makes research on this field of
extending the usable wavelength range for OVs
desirable.

HIGH HARMONIC GENERATION

The process that we use to obtain wavelengths as
short as 20nm out of a common ultrashort laser pulse
in the IR is cdled High Harmonic Generation
(HHG) [2].

This  highly nonlinear  process is
microscopically described by tunnel-ionization of a
noble gas, followed by propagation of the free
electron in the laser field and finally recombination
with the parent ion, accompanied by the emission of
an XUV photon. The macroscopic build-up of the
XUV radiation is governed by coherent
superposition and limited by phase-mismatch and re-
absorption. HHG based XUV -sources are nowadays
widely used for spectroscopic applications due to
their ultrashort pulses in the attosecond range and
the high spatial and temporal coherence.
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EXPERIMENTAL SETUP

The setup is shown in detail in Fig. 1. A
femtosecond laser system producing pulses with
sub-30fs duration at 800nm wavelength and energies
up to 1mJ at a repetition rate of 1kHz was used. By
reflection on a spatial light modulator the helical
phase is imprinted on the beam. The laser pulses are
then focused (f=300mm, f/#=15) into a gas jet to a
diameter of roughly 40um, resulting in peak
intensities of approximately 2x10™Wcm™? The
XUV beam emerges from there, and is subsequently
filtered by an auminum foil to suppress the
fundamental light. The XUV light is recorded by a
2048x2048 pixel XUV camera. A thin tungsten wire
can be placed shortly behind the gas jet for phase
evaluation by wave front splitting.
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Figure 2: The experimental setup of the XUV vortex
experiment. A spatia light modulator introduces a
helical phase onto the laser beam, which is then
focused into an argon jet for HHG.

EXPERIMENTAL RESULTS

We were able observe an OV in the XUV when the
singularity was carefully placed at the centre of the
Gaussian input mode. We were expecting a
doughnut mode, as common for OVs, but instead
saw two intensity lobes (Fig. 3b) with zero intensity
in the center. We attribute that to the non-perfect IR-
focus (Fig. 3a). A wave-front splitting measurement
with a thin tungsten wire (Fig. 3c) revealed that the
phase jump from one side of the mode to the other is
n, which indicates for a TC of one. Thisis confirmed
by simulation (Fig. 3d). This is in contradiction to

theory, where a multiplication of the phase by the
harmonic order is expected. We explain this by
decay of the highly charged OVs within the
generation medium, such that only a single charged
QV propagates behind the gas jet.

] ] N
| e

Figure 3: (a8) Measurement of the focus of the IR-
beam shows non-perfect OV structure in the focus
which is due to aberrations on the input beam. (b)
Typical observed OV on the XUV featuring two
lobes. (c) Interference measured by wavefront
splitting at a thin tungsten wire shows shifted
interference lines which indicates for single charged
OV, asisconfirmed by simulation (d).

OUTLOOK

We showed that optical vortex beams can be
converted to shorter wavelengths by HHG. Thus
high energetic photons carrying orbital angular
momentum can be produced with table top systems.
For further use of these beams more work has to be
put into optimizing the IR focus in order to get a
fully featured OV in the XUV.

All results of the experiment aong with more
extended explanations and further literature can be
found elsewhere [3] and will be reported on the
conference.
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”...denn was man schwarz auf weil3 besitzt, kann man getrost nach Hause tragen!”
Goethe, Faust |
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