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Zusammenfassung

Schon seit längerer Zeit versucht man auf dem Gebiet der Optik mit ultrakurzen Pulsen die
gängigen Hz und kHz Wiederholungsraten Experimente auf MHz zu bringen. Dabei würde
man von einem stark verbesserten Signal-zu-Rausch-Verhältnis wie auch von einer reduzierten
Messzeit profitieren. Sofortige Anwendungen finden sich in der ultraschnellen Spektroskopie,
der Erzeugung höherer Harmonischen wie auch in der Materialbearbeitung. Zurzeit gibt
es aber keine zufriedenstellende Lasersysteme mit MHz Wiederholungsrate für diese Exper-
imente. Die bisherigen Aufbauten sind entweder zu komplex und zu instabil, oder die Aus-
gangspulse sind zu lang. Im letzteren Falle könnte man mit einer Pulskomprimierungstechnik
basierend auf optischen Fasern und dem nichtlinearen Prozess der Selbstphasenmodulation
kurze Pulse erzeugen, doch der nichtlineare Prozess der Selbstfokussierung beschränkt die
maximale Energie, welche man in die Fasern einkoppeln kann, auf einen Bruchteil der vorhan-
denen.

Mit der hier entwickelten Methode der ”Pulskompression mit linear frequenzmodulierten
Eingangspulsen”, sprich verlängerten Eingangspulsen, konnten wir diese Beschränkung umge-
hen. Zur Demonstration benützten wir einen energiereichen Ti:Saphir Oszillator auf 5MHz
Wiederholungsrate mit 400nJ und 55fs Eingangspulsen. Mit unserer Methode erzeugten wir
vierfach verkürzte Pulse (15fs) mit 350nJ Ausgangsenergie. Dies entspricht etwa einer vier-
fach höheren Ausgangsenergie verglichen mit der bisherigen Pulskomprimierungstechnik. Wir
untersuchten auch den Transfer der linearen Frequenzmodulation des Eingangspulses zum
Ausgangspulses nach der spektralen Verbreiterung, und entdeckten dabei, ein überraschendes
Verhältnis der beiden Frequenzmodulationen zueinander. Der Einfluss der Frequenzmodula-
tion ist anscheinend grösser, als man in simplen Modellen angenommen hat. Unsere Methode
ist nicht beschränkt auf ein spezielles Lasersystem und kann auf eine Vielzahl von Kom-
primierungstechniken, die auf Selbstphasenmodulation basieren, angewendet werden. Der
experimentelle Aufbau ist einfach, kompakt und stellt dank seiner hervorragenden Stabilität
und Benutzerfreundlichkeit eine interessante Möglichkeit für viele Forschungsgruppen dar.
Weiterhin demonstrierten wir Pulskompressionsexperimente mit einer Komprimierung bis in
den Bereich weniger Schwingungzyklen des Pulses (6fs), wie auch die Komprimierung mit
Eingangsleistungen von über 100W, beziehungsweise Pulsenenergien grösser als 2µJ. Dabei
stellten wir fest, dass thermische Effekte noch keine limitierende Rolle spielen. Für die Kom-
primierung der Pulse untersuchten wir zum ersten Mal systematisch die verwendeten Breit-
bandkomprimierungsspiegel und stellten dabei fest, dass jeder Spiegel eine unterschiedliche
spektrale Verschiebung der Gruppenverzögerungsdispersion aufweist. Wir empfehlen nach-
drücklich jeden einzelnen Spiegel zu vermessen damit man die geeigneten Spiegel für die
Kompression selektieren kann.

In einem zweiten Teil meiner Thesis untersuchten wir das Thema der Breitbandnahfeld-
mikroskopie. Wir entwickelten dabei eine Methode, mit der die Nahfeldmikroskopie nicht
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mehr nur einzelne Wellenlängen nacheinander messen kann, sondern ein durchgehendes Spek-
trum während einem Messvorgang aufzuzeichnen vermag. Dadurch verkürzt sich die Messzeit
und verringert sich auch die Anzahl der Messartefakten. Vorallem aber hat sich das Nahfeld-
mikroskop damit zu einem vollwertigen spektroskopischen Gerät für die Nanowissenschaften
weiterentwickelt. Wir demonstrieren erstmals kontinuierliche Nahfeld-Breitbandspektren im
mittel-infraroten Spektralbereich von Gold und Siliziumkarbid, gemessen in Amplitude und
Phase.



Abstract

For a long time the ultrafast optics community desires to rise their experiments at Hz or
kHz repetition rates to the MHz scale to benefit from the increased signal-to-noise ratio, to-
tal flux and reduced measurement time. Immediate applications can be found in ultrafast
spectroscopy, high harmonic generation or material processing. But currently no satisfying
laser-system at MHz repetition rates exists. Either they are very complex and unstable or
the output pulses are too long. In the later case one could use a pulse compression technique
based on self-phase modulation in fibers to achieve shorter pulses but due to the nonlinear
process of self-focusing the energy coupled into the fiber will be limited to only a fraction of
the available one as the fiber gets damaged.

We have overcome this essential limitation by the here developed and demonstrated con-
cept of chirped pulse compression. Using a commercial long-cavity Ti:sapphire oscillator with
55fs, 400nJ pulses at 5MHz, we generated 15fs and 350nJ pulses. This is a factor of four more
energy than possible with current pulse compression techniques using fibers. Investigating
the chirp transfer between the input and the output chirp after the fiber, respectively after
spectral broadening, we discovered a surprising chirp transfer ratio which revealed clearly a
more significant influence of the chirp than assumed to date. The chirped pulse compression
concept is not limited to a special laser-system and can be transferred to any pulse compres-
sion method using self-phase modulation. Our setup is simple and compact. It represents
an interesting option for many research groups due to its excellent stability properties and
user-friendliness. We also demonstrated pulse compression into the few-cycle regime (6fs).
Additionally, we used high-average power (>100W) and higher energy (>2µJ) laser systems
and showed that thermal aspects do not represent a fundamental limitation. For proper pulse
compression we systematically analyzed for the first time our broadband chirped mirrors and
found a different spectral group delay dispersion shift on each mirror. We therefore recom-
mend emphatically to measure each chirped mirror to find the correct chirped mirrors which
allows successful compression.

In a second part of my thesis we investigated the subject of continuous broadband near-
field microscopy. Thereby we developed a method for recording continuous spectra in one
measurement run instead of recording several different wavelengths after each other. Thus,
we did not only decreased the measurement time and with it the amount of measurement arte-
fact, but also raised the near-field microscopy to a true spectroscopic tool for nanoscience.
We demonstrate continuous mid-infrared near-field spectra in amplitude and phase of gold
and silicon carbide.
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Chapter 1

Introduction

The thesis is divided into two parts: the first part handles about a new method of pulse
compression for MHz repetition rate high energy lasers, the second part demonstrates for the
first time how one can record continuous broadband near-field signals in phase and amplitude
by near-field microscopy.
The first part is described in the chapters 1 to 4 and the second part in chapter 5. The results
from the pulse compression part can be used as well in future for a new coherent broadband
laser-system for near-field microscopy.

1.0.1 Outline of the thesis

Chapter 1 . . . presents the motivation and fundamentals necessary to understand the suc-
cessive chapter 1-4. We focus especially on the relevant case of self-phase modulation
(SPM), including the influence of group velocity dispersion (GVD). We also discuss the
properties of photonic crystal fibers (PCF) and the effect of self-focusing. Finally, we
present a brief overview about the current status of other pulse compression experiments
at MHz repetition rates.

Chapter 2 . . . introduces the concept of chirped pulse compression. This concept allows us
to increase the energy coupled into the fiber at MHz repetition rates without destroying
it by self-focusing. We demonstrated chirped pulse compression using a 50fs, 500nJ,
5MHz commercial Ti:Sapphire oscillator, compressing it to 16fs with 400nJ, and show-
ing its potential for sub-10fs pulses. We investigated also the group delay dispersion
transfer from the input pulse chirp to the spectrally broadened output pulse, which
surprisingly had to be compensated only partially. This has not been addressed in the
optics community yet.

Chapter 3 . . . describes the characterization of chirped pulse compression for further ap-
plications on a daily basis (long term stability, pulse-to-pulse fluctuation, polarization
ratio and fiber damages). Furthermore, we investigate several physical aspects like
circular polarization with respect to SPM and spectral broadening expansion. In a
proof-of-principle experiment, we pushed spectral broadening and compression into the
few-cycle regime, namely to 6fs with potential for even shorter pulses. We also provide
details on the group dispersion delay curve of our applied chirped mirrors for pulse
compression, and discuss the importance of individual measurements.
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Chapter 4 . . . addresses pulse compression in a different regime, namely with infrared high-
average-power lasers at MHz repetition rates, like thin disk Yb:YAG lasers or Innoslab
amplifiers. We present for the first time the successful spectral broadening in the µJ
regime and demonstrate pulse compression with over 100W of input average power.

Chapter 5 . . . discusses the experiment and results achieved in the field of nano-optics dur-
ing the first part of my time as a graduate student. By combining Fourier-transform
spectroscopy with scattering scanning near-field optical microscopy (s-SNOM), we de-
veloped a technique which allows to record a continuous broadband near-field spectrum
in amplitude and phase in one single measurement run, instead of successively recording
different single frequency wavelengths to a spectrum as currently done. We present near-
field spectra of gold and silicon carbide and approach curves proving the functionality
of our technique. Additionally, recording the novel type of ”near-field interferograms”
opens up a new way to investigate the near-field interaction and sample response.

Chapter 6 . . . summarizes the presented results and conclusions of this thesis.

1.1 Motivation

The generation of few-cycle laser pulses represents a challenging task and is still a topic of
active research. Having 20fs or even shorter pulses is important and desirable for many ap-
plications in the fields of physics, chemistry and biology. Furthermore, various fundamental
experiments, in which the carrier envelope phase plays an essential role, rely on the gen-
eration of high-peak-power few-cycle pulses. For example, the growing field of attosecond
spectroscopy requires isolated attosecond pulses, generated by high harmonic generation with
few-cycle pulses. But just since the end of the nineties, intense few-cycle pulses usable for
a broad range of experiments have been generated by self-phase modulation in a gas filled
hollow core fiber. With this technique, 5fs short pulses with hundreds of µJ can be generated,
but with the drawback of only Hz and kHz repetition rate. For pump-probe experiments this
is very uncomfortable, as high repetition rates provide a better signal-to-noise ratio and less
measurement time. Therefore, efforts have been undertaken to build high-energy, few-cycle
laser systems at MHz repetition rates. One route is the idea of MHz noncollinear optical
parametric amplification (NOPA) which has lead to promising results; but all the different
MHz-NOPA approaches suffer from a certain degree of complexity, making it difficult and
expensive to use for applications. Another route are high energy oscillators (thin disk lasers,
chirped pulse oscillators) or new kinds of amplifiers like fiber, or Innoslab amplifiers. However,
this route suffers from not delivering sub-20fs pulses, but rather between 50fs and 1ps, de-
pending on the laser-system. A pulse compression stage is therefore unavoidable for reaching
sub-20fs. Unfortunately, the hollow-core-fiber or filamentation techniques used in the kHz
regime are not working in the MHz regime due to the smaller energy (only µJ) and the very
high average power of today’s existing laser systems. This forces us to use bulk materials,
e.g. solid core fibers for pulse compression. But solid materials have the disadvantage that
self-focusing can already be reached at low energies destroying the material and therefore dis-
abling the energy scaling. It is therefore important to find a way to overcome the limitation
of self-focusing, opening the few-cycle regime at MHz for experiments. This challenge has
led us to the development, experimental demonstration and characterization of the concept
of chirped pulse compression, overcoming the limitation set by self-focusing. The concept of
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chirped pulse compression presents the most essential part of this thesis. Another important
aspect of our research was addressed to the experimental setup and its applicability for daily
use. Even though pulse compression with solid core fibers has been pursued since the sev-
enties, there was so far no implementation of this technique into existing experiments on a
daily use. Our experimental setup is simple, robust and space-saving. It has already been
integrated into several experiments and can be easily rebuild by other groups. Currently,
FEMTOLASERS Produktions GmbH in Vienna, Austria, is overtaking our developed and
here presented technique of chirped pulse compression.

1.2 Fundamentals

For generating short pulses after an oscillator or amplifier one has to spectrally broaden the
pulses and afterwards to compress them in time. The relevant spectral broadening processes
in our experiments at MHz repetition rate is self-phase modulation in the normal dispersion
regime. In this section we restrict ourselves to the most relevant physical processes concerning
our experiments. Section 1.2.1, introduces first the case of self-phase modulation neglecting
the influence of dispersion. The consequences of dispersion for self-phase modulation are
covered in section 1.2.2 which is an essential aspect of our experiments. In section 1.2.3 we
review the self-focusing process, as this one represents the main limitation concerning energy
coupling into the fiber at MHz. So-called photonic crystal fibers (PCF) are introduced in
section 1.2.4, which we use as waveguide for the spectral broadening process. Finally, section
1.2.5 gives a brief overview of the current status of other pulse compression experiments.
The following discussion is oriented on [1–4], which also contain further detailed information
concerning nonlinear processes and other spectral broadening processes.

1.2.1 Dispersionless self-phase modulation

Self-phase modulation is a third-order nonlinear process of light-matter interaction. It refers
to the phenomena in which an intense laser pulse transiently modifies the refractive index
through the optical Kerr effect and therefore imposes itself a temporal phase shift, leading to
a change of the pulse’s frequency spectrum.

As a consequence of third-order nonlinearity, the refractive index of most optical materials
depends on the intensity propagating through the material (optical Kerr-effect):

n(I) = n0 + n2I, (1.1)

where n0 is the refractive index of the medium in the absence of light and n2 is the nonlin-
ear refractive index [5]. For a sufficiently intense laser pulse, the refractive index will be a
function of time, following the temporal shape of the intensity. This temporarily changing
refractive index will affect the light wavelength in the material and thus produce a shift in
the instantaneous phase of the pulse:

φ(t) = ωot−
2π

λ0
n(I)z, (1.2)

with w0 and λ0 as the vacuum carrier frequency and wavelength of the pulse, and z is the
propagated distance of the pulse in the medium. The time-dependent nonlinear phase shift
results in a frequency shift of the pulse. The instantaneous frequency follows as:
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ω(t) =
dφ(t)

dt
= ω0 −

2π

λ0
z
dn(I)

dt
with

dn(I)

dt
= n2

dI(t)

dt
. (1.3)

Assuming a Gaussian pulse we derive:

ω(t) = ω0 +
4πzn2I0
λ0τ2

te−
t
2

τ2 . (1.4)

The maximal spectral broadening for a Gaussian pulse can be estimated in the following way:

∆ω =
2π

λ0
zn2

I0
τ
. (1.5)

Plotting ω(t) reveals the frequency shift of each part of the pulse whereas the leading (trailing)
edge shifts to the lower (higher) frequencies (Fig.1.1). Note that the very peak of the pulse

Figure 1.1: Pulse undergoes a self-frequency shift due self-phase modulation, picture from [4]

is not shifted. As can clearly be seen, a linear frequency shift (chirp) develops between the
center of the pulse (t=±t/2):

ω(t) = ω0 + αt, (1.6)

where α is the linear chirp coefficient:

α =
dω

dt

∣

∣

∣

0
=

4πzn2I0
λ0τ2

. (1.7)

It is important to notice that the proper chirp for linear pulse compression exists only in the
central region of the pulse, whereas the opposite chirp on the wings of the pulse will lead
to a temporal broadening. The non-linear chirp at the bending points of the instantaneous
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frequency, which generates temporal side-pulses, can be removed by spectral windowing. Self-
phase modulation without dispersion allows a compression of only around 60% of the total
energy [6]. Including dispersion one can find an optimal fiber length which includes over 90%
of the pulse’s energy. This is sometimes called enhanced self-phase modulation or enhanced
frequency chirping and will be discussed in the next section. Fig.1.2 shows a typical self-phase
modulated spectrum. The spectrum is accompanied by a modulation structure covering the

Figure 1.2: Typical self-phase modulated spectrum, simulated using [7]

entire frequency range with the outermost peaks as the most intense ones. The multipeak
structure is an interference effect and has its origin in the time-dependency of the SPM induced
frequency chirp (Fig.1.1). Namely, the same chirp occurs at two values of t, showing that the
pulse has the same instantaneous frequency at two different times. Qualitatively speaking,
these two time points represent two waves of the same frequency but different phases that
can interfere constructively or destructively depending on their relative phase difference. At
the frequency extrema, the phase difference is always zero. These peaks are stronger in power
because a relatively broad range of times contributes to the same instantaneous frequency.
The modulation period is given by

δω ≈
4π

t
. (1.8)

This formula will help to clearly identify self-phase modulation spectra, as sometimes every
spectral modulation is wrongly assigned to self-phase modulation. Counting the number of
peaks M, one can estimate the maximum phase shift by [1]

φmax ≈ (M −
1

2
π). (1.9)

Together with equation

∆ωmax = 0.86∆ω0φmax, (1.10)

one can estimate initial bandwidth or pulse width if the pulses are unchirped. Note that the
spectral bandwidths are defined as the at 1/e. Further information and derivations can be
found in [1, 3], especially about the nonlinear propagation equation which we have left out
here.
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1.2.2 Self-phase modulation including normal dispersion

Using sub-100fs input pulses, one cannot anymore neglect the influence of the material (nor-
mal) dispersion during self-phase modulation. The normal dispersion will significantly change
the pulse properties of the SPM broadened pulse, essential for the successive compression.
Most relevant is the reshaping of the pulse duration into a flat-topped intensity profile after a
certain distance in the medium. Thereby the entire pulse will become nearly positive linearly
chirped, which enables a large fraction of the input energy to be in the compressed pulse. The
reshaping by combined SPM and GVD is sometimes called ”dispersive self-phase modulation”
and the linearization of the chirp over the entire pulse is called ”enhanced frequency chirping”.
Fig.1.3 compares the dispersionless SPM to the case of SPM and GVD combined. Comparing

Figure 1.3: Comparison of SPM without dispersion (left column) and with dispersion (right).
Picture taken from [6].

the two columns we clearly see that if dispersion is included (right column), the pulse du-
ration spreads and develops a rectangular profile with steep leading and trailing edges. As
the new frequencies are primarily generated at the leading and trailing edges, which move
gradually in time, the pulse develops a mostly linear frequency chirp. For maximal energy in
the compressed pulse, an optimal fiber length zopt has to be chosen, depending on the input
laser parameters as well as the fiber’s characteristic. It is also important to know that the
combined interaction of SPM and normal dispersion leads to an enhanced pulse broadening
compared with the pule duration one expected of normal dispersion alone to the pulse [1]. An
uncompressed pulse, leaving a fiber with length zopt, is roughly 3 times longer as if only nor-
mal dispersion would have acted on it [8], independent of the input laser and fiber parameters
(in first approximation). Numerical simulations [8] have found for zopt:
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zopt ≈ 2.5
√

LDLNL. (1.11)

With the dispersion length LD and the nonlinear length LNL defined by

LD = 4 ln(2)
τ2

|β2|
and LNL =

1

γP0
. (1.12)

Note that t0 is the full width at half maximum (FWHM) pulse width and P0 the peak power
of the incident pulse. β2 is the GVD of the fiber value at the given wavelength and γ the
nonlinearity parameter of the fiber:

γ =
n2ω0

cAeff

=
2πn2

λ0Aeff

. (1.13)

As we see, the optimal length depends on the input pulse duration and peak power as well
as on the nonlinearity parameter. Changing one of them will change the optimal length.
Optimum compression ratio is reached at the same fiber length and has been numerically
found as [8]

∆tcompressed

∆tin
≈ 1.6

√

LNL

LD

. (1.14)

Comparing the spectra in Fig.1.3, we notice that the spectrum of SPM and normal dispersion
is smoother and the depth of the modulation is washed out compared with the dispersionless
SPM. This is explained by the relative strength of the contributions from the two time points,
that are now very unbalanced. Hence the modulation depth is reduced. Other effects which
can appear by the combined action of SPM and normal dispersion are described in [1,3], but
with exception of optical wave breaking [9], they are negligible in our measurements. We draw
your attention again that for an efficient pulse compression the optimal fiber length should
be chosen. For a more detailed discussion and mathematical derivations we refer to [3, 6, 8].

1.2.3 Self-focusing

Self-focusing is based on the Kerr effect and occurs in any material which has a positive χ(3).
Thereby, the spatial intensity distribution of the beam generates an increased refractive index
for the inner part compared to the outer part of the beam. This modified refractive index
distribution then acts like a focusing lens. The beam size will be reduced leading to an even
stronger intensity, which will change again the refractive index, increasing the self-focusing
effect. A run-away effect can occur, if the power is larger as the critical power Pcr, given by
the material (for a Gaussian beam):

Pcr =
3.77λ2

0

8πn0n2
. (1.15)

Remarkably, the critical power Pcr is approximately independent of the original beam area.
Self-focusing can result in very high intensities which can lead to a collapse of the beam,
destroying the fiber. This collapse distance z depends on the critical power as well as on the
focus beam radius:
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z =
0.3672π

λ0
r2

√

(
√

P
Pcr

− 0.852)2 − 0.0219

. (1.16)

The self-focusing collapse presents a severe limitation for many fiber applications with ultra-
short pulses. For pulsed laser systems the critical power is determined by the peak power and
not by the average power.

1.2.4 Photonic crystal fibers

Using a waveguide respectively a single mode fiber for self-phase modulation has two main
advantages compared to bulk or gas mediums: First, the waveguide enables a high intensity
over a long interaction length, allowing an efficient spectral broadening. And second, because
of the single mode propagation in the fiber, the chirp is independent of the transverse position
on the output beam (the entire output beam has the same chirp). Therefore, self-phase
modulation experiments with fibers, e.g. step-index fibers, have been started already in the
70’s. However, step-index fibers have some limitations:

1. Step-index single mode fibers for 800nm wavelength have due the cut-off frequency of
the fiber a limited single mode spectral range from ∼630-850nm.

2. Single mode operation is only sufficiently achieved with core diameters smaller then
10µm.

3. Exact fiber mode matching for single mode operation is necessary.

All these limitations mentioned above have been overcome by photonic crystal fibers (PCF),
pioneered by P. St. J. Russell in 1996 [10, 11]. Therefore, in our experiments we decided to
use these PCFs. A photonic crystal fiber is based on a two-dimensional photonic crystal but
infinite in the third dimension, hence forming a fiber. Contrary to a normal step-index fiber,
the waveguide properties of a PCF are not coming from a spatially varying glass composition
but rather from the photonic crystal design which is an arrangement of very tiny and closely
spaced air holes going through the whole length of the fiber. The simplest (and most often
used) type of photonic crystal fiber has a triangular pattern of air holes, with one hole missing
(see Fig. 1.4), i.e. with a solid core surrounded by an array of air holes. The guiding properties

Figure 1.4: Fiber surface of a photonic crystal fiber with a core diameter of 25µm (LMA-25),
self-taken picture.



1.2 Fundamentals 9

of this type of PCF operate on the same principle as the step-index fibers. Respectively, the
core has a higher refractive index as the microstructured cladding. The effective refractive
index contrast between core and cladding can be much higher as in step-index fibers. Another
type of PCFs are so called photonic band-gap fibers, in which the light is confined by a
photonic band-gap created by the photonic crystal. Such a band-gap can confine the light
in a lower index core or even in a hollow core [12].1 However, in our experiments we didn’t
use photonic band-gap fibers; therefore we will not go into further details. PCFs attracted
a lot of attention during the last years as they offer many degrees of freedom in their design
to achieve a variety of peculiar properties. Compared to a step-index fiber, a PCF has the
following advantages:

1. Engineering the dispersion waveguide: depending on the photonic crystal structure the
zero dispersion wavelength can be shifted far into the visible.

2. Endlessly single mode: Over the full spectral range single mode operation is achieved
[11].

3. Single mode operation with large mode area fibers: the photonic crystal structure allows
increasing the core to over 100µm in diameter but still being truly single mode.

4. Exciting the fundamental fiber mode does not require perfect numerical aperture match-
ing.2

For the optic community the first point is very essential, as the zero dispersion wavelength
(ZDW) can be shifted to below the laser wavelength. The laser wavelength is then in the
anomalous dispersion regime of the waveguide which allows the generation of solitons. How-
ever, for our purpose we have to stay always with the spectrum in the normal dispersion
regime to avoid soliton fission, see the next subsection below. To avoid the anomalous dis-
persion regime we have to take so called large mode area photonic crystal fibers (LMA) for
our experiments. As their core diameter is 5µm and larger, the waveguide dispersion can be
neglected. Hence there is no shift of the zero dispersion wavelength which is approximately
the same as the one of the fiber material. Our PCFs consist of quartz with a ZDW at 1.3µm.
Fig.1.5 shows the near-, and far-field of a PCF. As can be clearly seen, the near-, and far-field

Figure 1.5: Near-field (b) and far-field mode (g, in dB scale) of a PCF, picture from [13].

of a PCF exhibits a hexagonal shape which is different from the well-known single mode of a

1Not to be confused with hollow core fibers which are used for pulse compression at kHz repetition rate.
2We are not aware of a publication which mentions this characteristic.
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step-index fiber. The near-field rotates twice by π
6 when transforming into the far-field and

six satellites form around a nearly Gaussian far-field pattern. Therefore, sometimes the single
mode of the PCF is described as the ”fundamental mode of the PCF”. However, if we write
”single mode” we refer here to the fundamental mode of the PCF, as it is commonly done.

PCFs are overcoming the described limitations of step-index fibers and present itself as a
very suitable alternative for our experiments. Today, PCF are commercially available with a
sufficiently good quality and reproducibility.

Supercontinuum generation by soliton fission in photonic crystal fibers

We clearly have to distinguish between supercontinuum generation by soliton fission [14] in
photonic crystal fibers and the one by self-phase modulation [1]. Because, supercontinuum
generation by soliton fission is not suitable for our high-energy pulse compression experiments
due the complicated pulse structure and the very limited amount of energy which can be cou-
pled into the fiber. Soliton fission is generated if the incoming laser wavelength lies in the
anomalous dispersion regime of the waveguide, contrary to self-phase modulation which re-
quires the normal dispersion regime. Using large mode area fibers with a ZDW around 1.3µm
we can avoid any kind of soliton fission.
PCF allows to engineer the zero dispersion wavelength beneath 600nm, enabling Ti:Sapphire
oscillators to generate extremely large supercontinuum spectra by soliton fission. Nowadays,
such supercontinuum are well-known in optics and used for many applications in spectroscopy
and metrology. Unfortunately, due to the very small core diameter (<3µm) necessary for the
ZDW engineering, one cannot couple much energy into such a fiber (maximally few nJs).
Nevertheless, the question arises if such a over octave spanning supercontinuum can be com-
pressed. Using short enough input pulses (<100fs) these spectra are fully coherent. Compres-
sion is theoretically possible but practically very complicated. Fig.1.6 points this clearly out.
The spectrum consists of several solitons with different spectral parts and pulse durations,
distributed over a duration of several picoseconds. Compression of soliton spectra has been
demonstrated by either choosing a correct fiber length (only a few mm) for self-compression
of the soliton [15] or by adding the solitons together [16], which has been currently done with
only 2 solitons, not stable over longer time. A very good review article is presented in [14].

1.2.5 Overview of state-of-the art pulse compression experiments

Depending on the used laser-system and desired output values one can choose between dif-
ferent pulse compression schemes. We briefly present an overview of frequently used pulse
compression techniques and their latest status.

For laser systems with Hz and few kHz repetition rate one uses often gas filled hollow
core fibers (HCF) [17, 18] which can handle up to 1mJ of input energy. Thereby, self-phase
modulation is the dominant spectral broadening process. Using the technique of gradient
gas pressure in HCFs one was able to couple 5mJ [19] into the HCF. New approaches like
cross-phase modulation [20] or hollow planar waveguides [21] with even 8mJ of output energy
are currently under development. HCFs have been shown working up to 100kHz [22,23], and
also with an input energy of only 4µJ [22]. Normally, several tens of µJs are used as minimum
input energy. A good review is given in [24]. Another technique in the same repetition rate
regime is spectral broadening in gases through filamentation [25]. Pulse compression down
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Figure 1.6: Simulated supercontinuum spectrogram projected onto the temporal intensity
and spectrum for input pulses at 835nm of 10kW peak power and 50fs FWHM propagating
in 15cm of PCF. Picture from [14].

to 4fs has been demonstrated [26] but the technique suffers on a small useable transmission
and of a beam break-up into many filamentations at high input energies (>mJ). Recently,
filamentation with chirped input pulses has been published [27]. Thereby, one has surprisingly
found for several special input chirps the phenomena of self-compression [27, 28]. Efforts are
underway to scale this approach into the high mJ input energy regime.3 The hollow core fiber
and filamentation technique cannot currently be scaled to the MHz repetition rate regime,
due too less input energy of the available MHz laser systems and more essential, damage
problems of the materials.

At MHz repetition rate, one so far uses mainly solid core single mode fibers for spectral
broadening through self-phase modulation. During the 70’s and 80’s, fundamental exper-
iments have proven the concept using step-index fibers but it has not found widespread
applications in research. One reason may have been the development of few-cycle oscillators
at the beginning of the 90’s. First in 2003, with the up-coming of photonic crystal fiber,
respectively their large mode area fibers, the potential for high energy pulse compression at
MHz repetition rate has been demonstrated [29]. Thereby, a 800fs pulse has been compressed
down to 33fs with 0.5µJ of output energy at 34MHz repetition rate. Few experiments have
followed but not surpassing the first one [30–33]. During the last years laser systems [34–36]
at MHz repetition rate have been developed with output values above the self-focusing thresh-
old of the fiber’s material. This limits the available energy in a compressed pulse using such
a laser-system but has been overcome through the technique of chirped pulse compression

3private communication, Salamanca optics group
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(see chapter 2). Currently, pulse compression experiments concerning >100W laser systems
and >µJ input energies at 1030nm are underway. Another pulse compression technique is
the white-light generation, amplification and successive compression, respectively the ampli-
fication of a few-cycle laser at MHz repetition rate. Though some experiments [37–39] have
demonstrated promising results, the whole setup suffers on a certain complexity and stability
which currently does not support its application for daily research. Furthermore, only MHz
repetition rates up to 2MHz have been shown.

The commercial availability of high energy laser systems at MHz repetition rate, but with
slightly too long pulses for many desired applications, makes (chirped) pulse compression a
very interesting alternative for short pulse generation.



Chapter 2

Chirped pulse compression

There is an increased interest of the optic community to have laser systems at MHz repetition
rate with short pulses and high energies for daily applications, but even the generation of
sub-15fs laser pulses with hundreds of nJ pulse energy represents a challenging task today.
Nevertheless, a variety of applications like high harmonic generation [40], resonant plasmonic
field enhancement [41], material processing [42], ultrafast spectroscopy, respectively femto-
chemistry, as well as biophysics would strongly profit from the increased signal to noise ra-
tio, total flux, or reduced measurement and processing time. One approach for generating
short and intense pulses at MHz repetition rates is the use of noncollinear optical parametric
amplifiers (NOPAs) with typical achievements at 800nm of 400nJ, 15fs at 1-2MHz [37–39].
Unfortunately these MHz-NOPAs suffer from a certain complexity in size and stability due
several nonlinear conversions to be combined. Duplicating and managing these laser systems
for other groups is currently not that attractive. Alternatively, intense pulses at MHz repe-
tition rates can be produced by long-cavity oscillators [34, 43, 44], fiber- [35, 45], or Innoslab
amplifiers [36], but the pulse duration is so far only around 40fs to 1ps in these systems.
Directly reaching shorter pulse durations seems currently not feasible. An external pulse
compression stage is therefore required.

At MHz repetition rate, successful and efficient pulse compression can be only achieved
using a bulk material for spectral broadening, respectively a solid waveguide. Techniques like
hollow core fibers or filamentations, which are routinely applied at kHz repetition rate, will
not work at MHz because the available input energy is insufficient (at least several µJs are
needed). Also, the high average power at MHz repetition rate can lead to thermal effects
and damages. Currently, the only real option for spectral broadening at MHz repetition rate
is using single-mode fibers. Several experiments during the last years have proved, with dif-
ferent input conditions, that in general this approach works fine [29, 32, 46–48]. However,
all these experiments had quite low input energies, respectively the peak power of the input
laser beam stayed under the self-focusing threshold of the material. Nowadays, laser systems
at MHz exist [34–36, 49] which surpass several times this self-focusing threshold. Therefore,
self-focusing will destroy the front part of the fiber and thereby limits the energy coupled into
the fiber to a fraction of the available one.

Here we demonstrate how to overcome this fundamental limitation by using the well-
known technique of chirping the input pulses to decrease the input peak power. This allows
to couple significantly more energy into the fiber and we demonstrate that the additional
energy restores again the same spectral broadening, respectively compressed pulse duration
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as using unchirped input pulses. We call this approach chirped pulse compression. In section
2.1 we introduce in detail the chirped pulse compression approach and we demonstrate it
experimentally in section 2.2 with emphasis on its scalability [50]. In section 2.3 we consider
the influence, respectively transfer, of the input chirp to the pulse after spectral broadening,
with some surprising results. A summary and conclusion is presented in section 2.4.

2.1 The concept of chirped pulse compression

Current laser systems at MHz deliver a peak power that lies above the self-focusing thresh-
old of common optical materials. Therefore the maximally coupled energy into a material,
respectively a fiber, is less than what is available. To overcome this limitation we use the
fact that self-focusing depends to first approximation only on the peak power of the beam,
but not on the focal area. Simply chirping the input beam allows us to couple more energy
into the fiber before the threshold peak power for self-focusing is reached. This concept has
been developed in the 60’s for radar technology and applied since the 80’s for laser pulse
amplification [51] with mostly a negative input chirp. For pulse compression one has to con-
sider additionally two more important points. First, how do we have to chirp our input beam
(positively or negatively) and second, does the additional coupled energy allow to restore the
spectral broadening back to its original spectral bandwidth of the unchirped case as well as to
compress the pulses? Theory tells that this should be indeed the case. Because the spectral
broadening by (pure) self-phase modulation is proportional to I/t, respectively to E/t for a
fixed repetition rate, as well as the self-focusing threshold is given by the peak power which
is proportional to E/t. We recognize that a 5 times longer pulse will allow to couple 5 times
more energy while achieving the same spectral bandwidth. However, the derived conclusion
is based on formulas assuming long Fourier-limited pulses and not heavily chirped pulses.
Furthermore, we do not know if these approximately formulas are still valid concerning our
(extreme) input parameters. Only through the experiment we can find out to what extent
the additional energy can restore the spectral broadening concerning chirped input pulses.
This subject will be handled during the next section. Thereby we found that the additional
energy completely restores the spectral broadening. Concerning the input chirping, our ap-
proach requires positive chirp as negative chirp will result in spectral narrowing. Respectively
if all negative chirp of the input pulse can be compensated by the positive chirp of the fiber’s
material, one achieves a compressed pulse in the fiber which afterwards undergoes spectral
broadening or if the peak power is to high, collapses due self-focusing.

The describe concept of positively chirping the input pulses and restoring the bandwidth
and compressed pulse duration through the additional coupled energy we call chirped pulse
compression and is stated as follows:

”Stretching the input pulse duration through positive chirp will decrease its peak
power under the self-focusing threshold and allows to couple more energy into
the fiber until the threshold is reached again. The maximally additional cou-
pled energy restores the spectral broadening back to its original bandwidth of the
unchirped case as well as we can compress the broaden pulse to the same pulse
duration.”
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2.2 Demonstration of the chirped pulse compression concept

We used a commercial chirped pulse Ti:Sapphire oscillator (Scientific XL, Femtolasers Pro-
duktions GmbH) with an output of 500nJ, 55fs and 5MHz at 800nm central wavelength. The
high intracavity energy requires to operate the oscillator in the positive dispersion regime [34],
hence the pulses are positively chirped at the output coupler. An extracavity prism compres-
sor is already included in the commercial laser-system. Translation of these prisms enables us
to positively or negatively chirp the system’s output pulses. The experimental setup is shown
in Fig.2.1. A Faraday isolator is placed directly after the prism compressor to protect the

Figure 2.1: Experimental setup

laser’s mode-locking from back-reflections from the fiber’s input surface. A tunable attenua-
tion stage follows, consisting of an achromatic half-wave plate and a polarizer. By rotating
the half-wave plate, an adjustable energy range of 0 - 400nJ is thus provided without chang-
ing the chirp. For spectral broadening, we selected a commercial large-mode-area photonic
crystal fiber from NKTPhotonics (LMA-25, Thorlabs) with a mode-field diameter of 20µm,
and a zero-dispersion wavelength of ∼1.3µm. The LMA-25 fiber lies freely in a self-made
V-groove holder which is placed onto a 3-axis translation stage. A fiber length of 30mm was
used [6,8]. For our beam diameter of about 3mm, we selected antireflection-coated aspherical
lenses with f≈50mm for focusing and with f≈20mm for collimation. Optimizing the single-
mode excitation, we used the lever arm placed before the focusing lens. With the extracavity
prism compressor of the laser system we set the input pulses to its desired pulse duration after
the focusing lens before the fiber. Compression of the spectrally broadened pulses is achieved
by using double-angle chirped mirrors [52], which were designed for a bandwidth from 680nm
to 890nm and for -100fs2 per reflection, without compensation of higher-order dispersion (see
3.6.1). We used 24 reflections in combination with several mm of quartz blocks and wedges
for fine tuning. The compressed pulses are characterized by interferometric autocorrelation
(Femtometer, Femtolasers Produktions GmbH). The total setup of spectral broadening and
compression covers a space of only 35 x 65 cm.

The results of the proof-of-principle experiment for chirped pulse compression is presented
in Fig.2.2. The upper row of Fig.2.2 shows the spectral broadening of Fourier-limited pulses
and its compression. We adjusted the input energy to around 75% of the self-focusing thresh-
old, resulting in an input energy of ∼90nJ with 55fs. Figure 2.2a shows the input spectrum
(dotted) and the broadened spectrum (solid); note the linear scale. The transmission effi-
ciency was 87% (∼78nJ after the collimating lens). The spectrum’s Fourier limit was 12.0fs
and the autocorrelation (Fig.2.2b) indicated a pulse duration of 14.5fs. Thereby we had to
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Figure 2.2: Unchirped (a,b) and chirped (c,d) spectral broadening and pulse compression

add 26.9mm of quartz additionally to the chirped mirrors. The lower row of Fig.2.2 shows
the results for a positively chirped input pulse. With the laser system’s prism sequence, we
positively chirped the pulses to a duration of ∼215fs (full width at half maximum of the
intensity). This made it possible to couple in and broaden the full available pulse energy of
∼402nJ without damage. Output pulses with ∼352nJ (average power 1.76W) were measured
directly after the fiber, which corresponds to a transmission of 88%, similar to the unchirped
case. This represents a factor of four more energy as when using Fourier-limited input pulses.
The spectrum (Fig.2.2c) had a Fourier-limit of 14.5fs and the measured pulse duration was
16fs (Fig.2.2d). Only 10mm of quartz, corresponding to 400fs2, had to be added for best
compression.

The similarity of the two spectra and autocorrelations shows that chirped input pulses
provide a comparable broadening and compression, but at higher energies. In both cases,
chirped and Fourier-limited, the dominant process for spectral broadening is self-phase mod-
ulation influenced by group velocity dispersion [1], which is evident from the typical spectral
shapes. Comparing the autocorrelations with the calculated Fourier-limited autocorrelation
of the respective spectra we found a very good agreement. This means that the shown side
maxima of Fig.2.2b and d are an inevitable result of the spectral shape. The positions and
shapes of all side maxima in the range of ±150fs have been reproduced by calculation (see
also 3.1). We attribute the residual deviations to the missing third-order-dispersion correction
of the fiber and quartz material. However, not much more higher-order chirp seems to be
induced by the chirped case as compared to the Fourier-limited case. Using better chirped
mirrors we expect to compress the pulses to their Fourier-limit.1

Fig.2.2 represents a conceptual proof of the concept of chirped pulse compression. In order
to further clarify our concept we investigated its behavior. We measured the achieved output

1In section 3.1we show a nearly Fourier-limited pulse compression of ∼6fs.
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energy using different input pulse durations, when the spectral width of the Fourier-limited
case was maintained. For unchirped pulses, the input peak power was set to around 75% of
the self-focusing threshold, which resulted in a spectrum extending from about 730 - 860nm
(Fourier-limit ∼14fs). For each input chirp value, we increased the input power until a sim-
ilar spectral broadening was reached. At constant broadening (Fourier-limit of ∼14fs), the
achievable output energy (triangles) increased directly with the input pulse duration, shown
in Fig.2.3. The calculated resulting input peak power, plotted in Fig.2.3b, stayed always in

Figure 2.3: Energy scaling

the same range of 75% below the self-focusing threshold for fused silica (dotted line) as set at
the beginning for the unchirped pulses. This observation indicates that self-focusing is cur-
rently, under these input conditions of our laser system, the only limiting process concerning
the input energy. Therefore we believe that our concept of chirped pulse compression can be
further extended into the µJ regime, by using chirped pulse oscillators with a higher input
energy in combination with a stronger chirp. The concept of chirped pulse compression is
general for broadening schemes where self-phase modulation and self-focusing presents the
dominant nonlinear processes. Hence, it should be also applicable to different laser systems
like e.g. Yb:KGW or Yb:YAG based lasers.

For this proof-of-principle experiment the input peak power was always set to around
75% of the self-focusing damage threshold which has resulted in a final pulse duration of
approximately 14fs. Setting the input peak power closer to the threshold, in combination
with lesser chirping, generates a larger spectral broadening, which allows us to reach 10fs
with the full available energy of our laser-system. In Fig.2.4, with an input energy of ∼400nJ,
we adjusted the peak power closely to the damage threshold (open diamond in Fig.2.3b),
achieving a spectral broadening corresponding to 11fs with a transmission of 88% (354nJ) in
a LMA-25 fiber of 29mm fiber length. The input pulse duration was around 155fs which is
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significantly less as the earlier used 215fs. We expect that the sub-10fs regime can be reached

Figure 2.4: Spectral broadening corresponding to 11fs with 350nJ of output energy at 5MHz

at our oscillator’s full energy by using a fiber with a somewhat smaller mode field diameter.
The higher intensity should lead to an increased broadening at constant peak power. At the
very beginning of our measurement series we even achieved spectral broadening for sub-10fs
pulses as the laser’s output pulses were 50fs long instead of 55fs. Fig.2.5 shows the spectrum,
corresponding to a Fourier-limited pulse of 9.0fs with an input energy of 214nJ, respectively
175nJ of output energy, in a LMA-25 fiber of 21mm fiber length. All the shown spectra were

Figure 2.5: Toward sub-10fs pulses: spectral broadening corresponding to a 9.0fs pulse with
175nJ of output energy at 5MHz.

stable for at least one hour. Detailed information to stability and polarization aspects are
presented in chapter 3.

We have demonstrated the concept of chirped pulse compression and shown its scalability
to higher energies respectively into the sub-10fs range using a chirped pulse oscillator. Be-
cause of the setup’s simplicity, the combination of a commercial chirped pulse oscillator with
our simple chirped pulse compression scheme will be a convenient source of shortest pulses
for applications.

2.3 Dispersion transfer in chirped pulse compression

We introduced and demonstrated the concept of chirped pulse compression for high energy
pulses at MHz repetition rate. But an essential aspect we have not yet addressed. Namely,
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how the added input dispersion affects the output dispersion after spectral broadening. We
restrict the following discussion to the group delay dispersion as we were not able to quantify
higher order dispersion.

The importance of this aspect gets clear if one consider that for stretching a pulse from
55fs to 200fs, as done in our experiments, one needs a group delay dispersion (GDD) of
∼2000fs2 which can be easily achieved using glasses or changing the prism compressor of the
laser-system. Compensating a chirp of 2000fs2 is much more difficult especially if the spectral
bandwidth is large because the maximally GDD compensation per reflection on the chirped
mirror decreases with larger bandwidth. In principle one could apply chirped mirrors but
in practice one is forced to use many reflections which would lead quickly to a certain pulse
distortion as the chirped mirrors are not perfect compensating (see section 3.6). A com-
bination of chirped mirrors and prism compressor respectively grism would be necessary to
compensate this amount of GDD which comes additionally to the GDD of the waveguide. The
increase of complexity in the setup would be large, especially for the sub-10fs case. There-
fore it is important to know how the input dispersion adds to the output dispersion after
spectral broadening. Analyzing the chirped pulse compression we surprisingly observed that
the added input dispersion, respectively GDD, has to be compensated only to a fraction of
its original value. We found that this observation cannot be explained only by the increased
spectral bandwidth. However, the observed behavior supports essentially the manageability
and scalability of the concept of chirped pulse compression. We are not aware of any detailed
measurement series published concerning this observation.

In the following subsection, we present first detailed measurements of the dispersion trans-
fer during chirped broadening. First we define a GDD ratio which we introduce for a better un-
derstanding and analyzing of our measurements. After, we present GDD ratio measurements
taken under different experimental conditions, and finally we give a first outlook concerning
possible explanations.

2.3.1 GDD ratio

The GDD transfer has been measured in the way shown in Fig.2.6. With Fourier-limit input

Figure 2.6: Measurement of the GDD ratio, see text for explanation.

pulses, hence 0 fs2 of input GDD, we have to compensate x fs2 after spectral broadening. Using
chirped input pulses with an input GDD of y fs2 and maintaining the spectral bandwidth
(or the input energy) of the Fourier-limit case, we have to compensate now z fs2 for best
pulse compression. The difference a=z -x represents the additional GDD which has to be
compensated in the chirped case. With that we define the GDD ratiog as follow:
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g =
y

a
=

∆ input GDD

∆ output GDD
(2.1)

In the following graphs we name a=∆ output GDD and y=∆ input GDD. Note, that the way
how we measure the output GDD and the definition of the GDD ratio are very convenient
to recognize how much additional GDD has to be compensated in the chirped case, which
is the essential point for using chirped pulse compression in applications. During the next
subsections we investigate the GDD ratio under different experimental situations.

2.3.2 GDD ratio under maintaining the spectral bandwidth

In this first experiment we investigate the GDD ratio when increasing the input chirp but
in parallel maintaining the broaden spectral bandwidth. Thereby, the spectral broadening
and pulse compression using Fourier-limited input pulses serve as the reference point for the
chirped case. Increasing now the input chirp reduces the spectral bandwidth of the output
spectral broadening due a longer input pulse duration. Therefore we have to increase the input
energy to restore back, respectively to maintain, its original broadened spectral bandwidth.
Measuring the additional output GDD as defined above allows us to calculate the GDD ratio.
In Fig.2.7(a) we plotted the measured output chirp in relation to the input chirped. We used
a 15.25mm long LMA-25 fiber. The blue/ red curve corresponds to a chirping with prism/
bk7 blocks. Fig.2.7(b) shows the calculated Fourier-limit of the corresponding spectra, which
is around 12.7fs. Especially for the red curve it stays constant whereas for the very strong
chirping (blue curve) it slightly decreases.2 It is obviously from Fig.2.7(a) that only a fraction

Figure 2.7: (a) output GDD measured by maintaining the spectral bandwidth (b)

2Calculating the Fourier-limit in parallel during the measurement one can avoid such deviations.
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of the input chirp appears in the chirp of the output pulse. The calculated GDD ratio, see
Fig.2.8, shows that only around the 9th part of it has to be compensated and that this ratio
stays constant over the input chirping range. Shown too in Fig.2.8 are two further GDD ratios

Figure 2.8: GDD ratio measured by maintaining the spectral bandwidth, see text for details.

(orange and green) using a 30mm long LMA-25 with a Fourier-limit between 11fs and 12fs.
The comparison between the 15mm and 30mm case is interesting as 30mm is slightly longer
than the optimal fiber length for our pulse compression. Because one could have expected
some saturation effects (see section 3.3) in the spectral broadening which could have shown up
in the GDD transfer. However we notice from Fig.2.8 that the GDD transfer stays constant
as well. Probably we have not yet entered the saturation regime with our input parameters
(see section 3.3). The GDD ratios of the 30mm case is slightly under the 15mm case as we
didn’t got the Sellmeier coefficients for calculating the GDD of one lens (material EC0550)
even contacting several companies. In reality these two curves would be slightly higher.

The presented results are very important for the concept of chirped pulse compression,
where one couples, under maintaining the spectral bandwidth, more energy into the fiber due
chirping the input pulses. Fig.2.8 facilitates strongly now the compression part of our concept.
In addition, the presented results allows to predict the amount of GDD to compensate for.

2.3.3 GDD ratio under constant input energy

In a second experiment we investigated the GDD ratio when the input chirp was increased
but the input energy was kept constant. As in the last experiment, the spectral broadening
and pulse compression of the Fourier-limited input pulses serve as reference point. Increasing
now the input chirp leads to a decrease of the broaden spectral bandwidth as we due not
compensate the longer input pulses with more energy to keep the spectral bandwidth. In
Fig.2.9 we plotted the measured GDD ratio (black line) and compared it directly with the
measurements presented in the last subsection. As fiber we used a 15mm long LMA-25. A
clear decrease of the GDD ratio is observed, contrary to the above presented results. It would
be interesting to see the behavior of the GDD ratio when using even a stronger input chirp.
If it would stay at the measured constant GDD ratio value or falling beneath it.
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Figure 2.9: GDD transfer under maintaining the input energy (black line); other lines from
Fig.2.8 for comparison

2.3.4 Ongoing considerations about the GDD transfer

We are not aware of any publication which mentioned this issue of dispersion transfer, respec-
tively GDD ratio, in detail, either by experiments, theory or simulations. Our preliminary
measurements show some trends but for a satisfactory explanation we would require more
experimental data. Thereby, one important experiment is the GDD compensation when in-
creasing the input energy (and therewith the spectral broadening) for Fourier limited input
pulses and chirped ones. Our measurements are presented in Fig.2.3.4, with (a) the Fourier
limited case and (b) the chirped case, twice using a 2.9cm long LMA-25 fiber with a transmis-
sion of approximately 87%. Note that the pulse durations is the measured one and not the
calculated Fourier-limit. As clearly seen in both cases, the GDD amount to be compensated

stays constant when the input energy, and therefore the spectral bandwidth, is increased.
Furthermore, it is interesting that the amount of GDD to compensate was approximately the



2.4 Conclusions 23

Figure 2.10: Change of GDD compensation if the energy is increased for (a) the Fourier
limited case and (b) the chirped case.

one of the material’s GDD of the fiber (±3%). These measurements have been confirmed too
in [32] using a fiber amplifier at 1030nm wavelength as laser systems.

It is to early and beyond the scope of this subsection to present a satisfactory explanation
of the GDD transfer. Nevertheless, we will discuss an often suggested explanation, namely
that the increased spectral bandwidth is responsible for the GDD transfer. Thereby, one
assumes that the input pulse maintains its pulse duration but will be spectrally broaden.
The chirp will than be spread over this larger spectral bandwidth resulting in a smaller GDD
value to compensate. However, this model does not fit to the experimental data. According
to this model, a different strong spectral broadening will lead to a different amount of GDD
compensation. But this is in contradiction to the data shown above and in [32]. Furthermore,
in respect to our experimental data this model results in a GDD ratio of 3, but we have
measured a GDD ration between 7 to 10. It is also not clear how this model can explain the
presented data measured in 2.3.3.

Current data do not allowed a final explanation, but there is a tendency that only the
increased spectral bandwidth is not sufficient to explain the GDD transfer, respectively GDD
ratio. Other, not yet clear identified, mechanisms seem to be significant too. Input chirp,
spectral bandwidth and input energy, they all seem to be related to explain the GDD transfer.

2.4 Conclusions

With the introduced concept of chirped pulse compression we demonstrated successfully how
to overcome the self-focusing threshold, by maintaining spectral broadening and compressed
pulse duration with significantly more output energy. Increasing the input energy we found no
indications of other effects that could limit chirped pulse compression. Therefore, we believe
that our concept can be scaled into the µJ range when using improved chirped pulse oscillators
[44]. Furthermore, reaching the sub-10fs regime by optimizing all parameters should be very
feasible. Thereby, the pulse compression is supported through the surprising observation that
only a small fraction of the input chirp has to be compensated in the output. This enables us
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to chirp the input pulses extremely without significantly changing the compression setup. Our
concept should be applicable to all such pulse compression schemes where self-focusing poses
the current limitation. We expect for example direct benefits for Yb based laser systems [36,49]
or hollow core fiber compression setups [17,18]. With the presented output values for chirped
pulse oscillator we are in the same range as current MHz-NOPAs experiments [37–39], but with
a much less complex setup and better stability. The combination of chirp pulse compression
with a chirped pulse Ti:Sapphire oscillator presents a very interesting alternative for scientists
in ultrafast spectroscopy, high harmonic generation or material processing.



Chapter 3

Characterization and few-cycle
pulse compression

With a proof-of-principle experiment we have demonstrated the concept of chirped pulse
compression. This chapter addresses on the one hand some physically interesting issues and
on the other hand aspects relevant for daily applications in further experiments. We first
explore the possibility to extend the spectral broadening and compression into the few-cycle
regime (section 3.1) as well as investigations about the spectral broadening expansion (section
3.2) and circular polarization (section 3.3). Afterwards, we address the issues of polarization
ratio (section 3.3), stability (section 3.4) and fiber damages (section 3.5) relevant for daily
operation. Section 3.6 is devoted to the group delay dispersion characterization of chirped
mirrors by white-light interferometry, which is essential for successful pulse compression. A
brief summary and conclusion are given in section 3.7.

3.1 Pulse compression to 6fs and beyond

Chirped pulse compression is able to reach 10fs with the full available energy of a chirped
pulse oscillator. Even 9fs spectral broadening has been demonstrated. But for experiments
concerning carrier envelope phase effects, or isolated attosecond pulse generation, it is prefer-
able to have few-cycle pulses. At kHz repetition rate such, pulse durations are routinely
achieved with several hundreds of µJ pulse energy by self-phase modulation in gas filled hol-
low core fibers and input pulse durations of around 25fs [17, 18]. At MHz, experiments have
demonstrated sub-6fs pulse compression in solid core fibers [47,48], even 4fs pulses have been
shown [48]. But in all these experiments the input pulse duration was already very short, 13fs
respectively 9fs, which is currently not accessible directly from a Ti:Sa chirped pulse oscillator.
The compressed pulse energies were not higher than 3nJs and the pulse compression setup
stayed on a proof-of-principle level, even though an application is shown in [53]. In 1988, a
pulse compression from 45fs down to 6fs in fibers on kHz has been shown [46], but with a
central wavelength of 600nm which supports stronger spectral broadening as on 800nm (see
section 1.2). Hence, the first critical question for us is if one can reach the 6fs scale at 800nm
with 55fs long input pulses in one pulse compression stage, or if two fiber and compression
stages are necessary. And secondly, how much output energy will be available, respectively is
sufficient for further applications.

In our experiment we used a commercial LMA-5 fiber from (www.nktphotonics.com) with
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a mode field diameter (MDF) of 4.2µm and a zero dispersion wavelength at 1.2µm. The
smaller MDF generates a higher intensity compared with the LMA-25 earlier used, which re-
sults in a larger spectral broadening. The fiber is not polarization maintaining and is loosely
placed in a V-groove of the fiber holder. After the fiber, the compression is done by home-
made complementary double chirped mirrors (see 3.6), quartz plates and quartz wedges for
fine tuning. The chirped mirrors are designed for an angle of incidence of 7◦ and a bandwidth
from 550nm to 1200nm with -30fs2 per reflection. Third order dispersion compensation is
included in the design. The pulse duration was measured by interferometric autocorrelation
with a commercial 5fs autocorrelator from Femtolasers Produktions GmbH.
In a first proof-of principle experiment we used a 1.95cm long LMA-5 with 30nJ of input
energy and 55fs input pulse duration. Fig.3.1 shows the achieved spectral broadening (a)
and compression (b). With a transmission of 60% corresponding to 18nJ we compressed the
pulses to 6.1fs which is close to the spectrum’s calculated Fourier-limit of 5.8fs. For com-

Figure 3.1: (a) 6fs spectral broadening and (b) measured autocorrelation

pression we used 24 reflections on the chirped mirrors and 45mm of quartz as well as 4.5m
of air path (=95fs2 GDD) have to be considered. Measured and calculated autocorrelation
show good agreement, see Fig.3.2. The side maxima are an inevitable result of the spectral
shape. Evident from the typical spectral shape, the dominant process for spectral broadening
is self-phase modulation influenced by group velocity dispersion. Optical wave breaking [9]
appears between 600 and 700nm. The large peak between 700 and 750nm is not yet fully
understood and can also disappear if other conditions are used (see Fig. 2). The transmission
can be probably increased by a more suitable focusing onto the mode field area, which was
not optimized in our case. The spectrum was stable over several hours.

This proof-of-principle experiment demonstrates that it is possible to reach 6fs pulse dura-
tion starting with 55fs input pulses from a commercial chirped-pulse oscillator with a compact
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Figure 3.2: Comparison of the measured and simulated 6fs autocorrelation

setup. We restricted the input energy to only 30nJ to be on the safe side during our mea-
surements. Nevertheless, 15nJ of pulse energy was finally available, which is already 3 times
more than in ref [47] using chirped mirrors (at 1MHz). However, we can still increase the
energy. In Fig.3.3 we present spectral broadening in a 2.7 cm long LMA-5 with an input
energy of 76nJ, resulting in 40nJ of output energy. The Fourier-limit was calculated to 5.3fs.
The spectral broadening shows the same shape as shown in Fig.3.1 which makes compres-
sion straightforward. Focusing the pulses down to a ∼ 3µm diameter spot will result in a

Figure 3.3: Approaching 5fs with 40nJ of output energy

peak intensity of 1014 W
cm2 which would allow high harmonic generation. More energy can be

coupled if one uses the concept of chirped pulse compression [50]. Furthermore, using larger
mode field diameter fibers like LMA-8 or -10, more energy can be coupled into the fiber before
self-focusing starts. The reason is that self-focusing is to a certain degree dependent of the
numerial aperture of the beam. Changing the core diameter or the beam diameter of the input
beam will change the numerical aperture. The spectral broadening will be slightly smaller but
still allows Fourier-limits of 6fs. The optimal combination of core diameter, output energy
and pulse duration has not yet been investigated but also depends on the desired further
application field.
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3.1.1 Near-future applications: Ultrafast spectroscopy at MHz for solar
cells

An interesting application of our 6fs laser system at MHz repetition rate could be ultrafast
pump-probe spectroscopy of photoinduced electron transfer samples, respectively solar-cells.
These kinds of samples require an energy density of only 1µJ/cm2 1. Current setups are
using commercial kHz laser systems with around 30fs pulses [54]. In order to resolve certain
physical processes [55], it would be desirable to have 6fs pulses. Furthermore, to reduce the
measurement time and to increase the signal to noise ratio one would like to have the laser
system operating at MHz repetition rate. From our 500nJ chirped pulse oscillator we can
generate a 6fs probe beam with a sufficient energy density as well as the probe by white
light generation in a YAG crystal, directly from the 55fs long output laser beam. One point
which is not yet clearly answered is the damage threshold of these samples concerning the
average power density. Solar-cells are made for the intensity of the sun, respectively a power
density of 1366 W/m2. Quite often the damage threshold of the solar-cell is at least a factor
10 higher. Working at 5MHz with a focus generating 1µJ/cm2 will result in a power density
slightly above the damage threshold. However, setting down the repetition rate to 1MHz
using a pulse picker and optimizing the focus diameter, respectively decreasing the energy
density one should come below the sample’s damage threshold. Ultrafast spectroscopy with
solar-cells is a very interesting and important research field. Therefore we drew your attention
to the benefits which our laser system with pulse compression offers to this research field.

Other direct applications can be high harmonic generation (HHG) [40], HHG with reso-
nant plasmonic field enhancement [41], material processing and waveguide writting [56], as
high energy seed for succeeding OPCPA schemes, or ultrafast single electron diffraction exper-
iments [57]. The current technique should also be able to compress the chirped pulse oscillator
presented in Ref [58] which works at 70MHz with 62nJ and approximately 30fs pulse duration
to (hopefully) 6fs. If we assume a final transmission of (only) 50% we still would have 30nJ of
useable output energy for further experiments, which is around 6 times more as commercial
oscillators currently generate at the same repetition rate. We believe that the combination of
a commercial oscillator with such a simple pulse compression setup for 6fs makes it attractive
for many research groups.

3.2 Evolution of spectral broadening

Spectral broadening with 55fs input pulses is on the border between pure self-phase-modulated
spectra and beginning influences of other effects [1]. Furthermore the strong peak intensity
will lead to saturation effects which was not yet reached in earlier experiments. Analyzing the
spectral broadening expansion when increasing the input energy should allow us conclusions
about such effects and therefore an optimization of our setup. We are not aware of a published
systematical investigation addressing these points.

In the following experiments we recorded the spectral broadening of a LMA-25 when
increasing the input energy. We used two different fiber lengths, 2.5cm and 4.0cm. For each
length we recorded the spectral broadening for input pulse durations of 110fs respectively
190fs, measured using a GRENOUILLE (Model 8-9 USB; Swamp optics). We have chosen
the chirped case to detect a possible influence of the average power more explicitly. For a

1a higher energy density leads to unwanted effects
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clear visualization of the spectral broadening we plot the analysis curves as shown in Fig.3.4.
The difference between the FWHM points of the broadened spectrum one minus those of
the original one plotted against the input power. In doing so, we differentiate between the
visible part (VIS) and near-infrared (NIR) part. In Fig.3.5 we show the spectral broadening

Figure 3.4: principle

expansion (VIS and NIR) of a 4.0cm long LMA-25 with 110fs long input pulses. Both develop
approximately linear with the same slope but later the VIS part starts saturating. A weak
saturation in the NIR is observed as well. Interestingly, the VIS always shows a bend whereas
the NIR stays clearly linear for longer time. It seems that two different regimes of the spectral
evolution exist. Furthermore, at a higher input power, oscillations appear which are present in
both parts. In all measurements these oscillations never show up in the linear part. Therefore
we do not attribute these oscillations to external reasons (laser) but to a combination of fiber,
saturation and self-phase modulation behavior which is not yet fully understood. The average
power (and with it thermal reasons) can be excluded as the oscillations do not appear at the
same input power when using 190fs input pulses. The shown behavior in Fig.3.5 is typical for
the other experimental conditions as well. Comparing the development when using different
fiber lengths we noted a surprising fact, shown in Fig.3.6. The shorter fiber results in a stronger
spectral broadening concerning the VIS. This behavior is reproducible and was observed for
the 190fs case too. For the NIR part (Fig.3.7, 110fs input pulse duration) we do not observe
such a behavior. Concerning the VIS part this is a quite surprising observation as it is contrary
to the outcome predicted by (simplified) theory. This indicates that one has to use already a
more accurate theoretical description [1]. Searching the effect behind this saturation process
in Fig.3.8, we compare the spectra generated by input pulses of 240nJ and 110fs, using a
LMA-25 fiber length of 2.5cm respectively 4.0cm. The spectra are similar. Comparing the
VIS and NIR part we notice that the NIR does not exhibit a spectral feature seen in the
VIS part (A). The effect behind is called optical wave-breaking (OB) [9] and happens if
frequency-shifted light in the leading and trailing edges of a pulse overtakes unshifted light
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Figure 3.5: Spectral broadening expansion with saturation in the VIS for 110fs long input
pulses in a 4.0cm long LMA-25

Figure 3.6: Comparing the VIS spectral expansion using different fiber lengths with (a) 110fs
and (b) 190fs input pulse duration.
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Figure 3.7: Linear spectral expansion for the NIR part with 110fs input pulse duration

Figure 3.8: Comparison of spectra using different fiber lengths but same input energy

in the pulse tails. Mixing of these overlapping frequency components generates sidelobes
on the pulse spectrum. Normally it appears on both ends simultaneously. Optical wave-
breaking can be described by the nonlinear Schrödinger equation. Comparing the OB of the
different fiber lengths we notice that the OB of the longer fiber is much further advanced
as the one of the shorter fiber. Therefore we assume that the OB process is responsible for
the shorter VIS part. Consequently, the VIS should be larger before OB appears and later
decreasing back. A simulation should confirm this. In Fig.3.9 we simulated the spectral
evolution using a 4.0cm long LMA-25 with 240nJ of input energy and 77fs long input pulses.
The simulation has been done with the program used in [7]. The shown spectra are taken
at different lengths in the fiber, namely after 5, 10, 25 and 40mm. To stress the effect more
clearly, we have chosen input pulse duration of 77fs instead of 110fs. One clearly observes how
the self-phase modulation spectrum decreases as soon as the OB starts. With the simulation
we have identified the process behind our observation. But why it starts to decrease has
not been fully understood. We are not aware of a publication addressing this question even
there are some articles published on OB [59]. We notice that optical wave-breaking stops
respectively decreases the spectral bandwidth generated by the pure self-phase modulation
process. Nevertheless, in total, the spectral broadening still grows due the contribution by
OB which results then again in a shorter Fourier-limit of the pulse. The question is now if
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Figure 3.9: Spectrum simulation using different fiber lengths

we still can compress such a pulse dominated by OB. To avoid long discussions we refer to
section 3.1 where the 6fs spectral broadening is also strongly influenced by OB but we were
able to compress the pulse close to its Fourier-limit.

A detailed analysis of the spectral broadening can help to identify and to understand
many ongoing processes. We have shown only one example of optical wave breaking which
dominates over the self-phase modulation. Another interesting aspect would be to clarify why
we do not yet see OB in the NIR part. This would allow to draw conclusions about the input
pulse shape which strongly influences the spectral broadening [59].

3.3 Comparison of linear and circular polarization

Circular input polarization will change differently the refractive index compared to the linear
case [60]. In an isotropic material, depending upon the nature of the physical mechanism
leading to the nonlinear refractive index, the ratios are given, with ∆n = n2I, by

∆nlinear

∆ncircular
=







4 for molecular orientation
3/2 for nonresonant electronic nonlinearity
1 for electrostriction

. The relevant physical mechanism in our experiment is the nonresonant electronic nonlin-
earity. Therefore, circular input polarization should generate a 33% weaker change in the
refractive index change as compared with linear input polarization. Consequently, one should
be able to couple 33% more energy into the fiber before the material undergoes self-focusing.
Detailed discussions and calculations are presented in [60]. With a 1.9cm long LMA-25 fiber
we increased the coupled energy around 31% using circular input polarization. This is close
to the theoretical limit. However, essential for further use of the beam is the aspect of how
good the circular polarization can be transferred back to the linear polarization after spectral
broadening. To do so, we measured the polarization ratio, after the circular polarization has
been changed back to linear one, using a polarizer and recording the maximal and minimal
transmission. The polarization ratio is then calculated by maximal transmission divided by
minimal transmission. Fig. 3.10 shows the results, including the polarization ratio of the
linear input polarization after the fiber (black curve). The ratios are only measured for the
unchirped case. However, one point for the chirped case with linear input polarization is
presented too. It is obviously that both ratios decrease with higher power but still with a
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Figure 3.10: Linear and circular polarization ratio

ratio of around 65 for circular and 130 for the linear case, good enough for further appli-
cations. At higher average input power we think that the ratio will drop slightly further
but from our experiments we know that it does not do so dramatically. Note that we used
non-polarization-maintaining LMA fibers. The circular ratio probably increases slightly if
λ/4 plates designed for the full spectral bandwidth are used. Recording the spectrum after
the polarizer we observed that all spectral parts have the same polarization. The same fiber
transmission for both cases was achieved.

Using the small core LMA-5, we observed a rotation of the linear output polarization
depending of the azimuthal orientation of the fiber’s photonic structure to the linear input
polarization. No significant influence to the spectral broadening, transmission or polarization
ratio decrease was observed. We didn’t had the time to perform a detailed measurement
with a precision fiber rotation setup. However we found that the maximal shift is around
30◦, which is the half of 60◦ of the angles in the hexagon. The correct input polarization for
the chirped mirrors can be simply set by placing a λ/2 plate in the input beam.2 With an
LMA-25 we have not observed a similar behavior. This can be explained by the fact that for
LMA-25 the mode field area is much closer to a circular, compared with the LMA-5 which
has a hexagon mode-field area.

In summary we have shown that circular input polarization is a suitable method to in-
crease the coupled energy by about 33% and that back-transformation to linear polarization is
possible with a good polarization ration of 65, which is usually enough for further experiments.

3.4 Long term stability and pulse-to-pulse fluctuations

The stability of the laser system presents an essential issue for ultrafast spectroscopy and
time resolved pump-probe experiments. Depending on the experimental conditions, the laser
system has to be stable from seconds to days. Concerning our planned application of chirped

2Due the smaller bandwidth of the input beam it is preferable to place the λ/2 plate there, to assure the
same linear polarization over the full spectral bandwidth.
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pulse compression for ultrafast single electron diffraction at MHz repetition rate, the laser
system has to be stable for at least a day. The diffraction pictures typical exposure times are
in the order of tens of seconds. Therefore, a full time resolved characterization of a sample
requires several hours or even days. Note that the demand on the stability depends on the
sample requirement, as well as of the pump-probe setup. Quantifying the stability of the laser
system we have to measure the long term behavior of the spectral broadening respectively
compressed pulse duration, pulse-to-pulse energy fluctuations and beampointing.
The long term stability we express by recording the Fourier-limit calculated of the spectra
taken every 30 seconds (exposure time 100ms). This is a more representative way as recording
the output power. Because small changes in the spectrum will change the compressed pulse
duration but the changes in the measured output power are to small to detect it. Consequently,
we wouldn’t record any pulse duration changes when the output power is recorded. Therefore
it is more suitable to monitor the spectral broadening, respectively the Fourier-limit. In
Fig.3.11 we measured over one hour the spectral broadening of chirped pulses with an input
energy of 286nJ (1.43W) in a 3 cm long LMA-25 with a transmission of 88%. The LMA-25
was lying freely in the homemade V-groove fiber holder. No kind of cover, fiber stabilization
or input beam alignment system was used. An excellent stability over at least one hour is

Figure 3.11: Long term stability over 1 hour

shown with a Fourier-limit stable at 12.3fs ±0.1fs. We have found that the fiber will show no
degradation, ablation or other kind of damages if the input power is set 10% under the self-
focusing threshold. Furthermore, Fig.3.11 demonstrates the mechanical stability of the fiber
holder, because any drift would have changed the input coupling and therefore the spectral
broadening. The same argument holds for thermal aspects. We will see later in chapter 4.2
that a much higher average power is required for thermal effects.
The spectra were recorded for only 1 hour, but also we didn’t observed a significant spectral
change over hours. For a measurement over one day one should in parallel monitor the
temperature and pulse duration of the laser to identify artifacts through a change of the
laser input pulse duration. Fig.3.12 shows a measurement of the temperature at the laser
case and the SHG power. The change of the SHG power corresponds directly to a change
of the input pulse duration. Not shown is the fundamental power (approximately constant).
Small temperature changes, caused by the air-conditioner, influence the pulse duration of
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Figure 3.12: Temperature stability at the laser case

the chirped pulse oscillator (note that the cavity length is 48m, folded in a Herriott-cell).
Furthermore, day and night time can be clearly distinguished. Such fluctuations will disturb
the laser´s operation. For a correct one day measurement of the spectral broadening one has
to consider these influences as well. Note that in the meantime the temperature stability has
been improved.

Considering the pulse-to-pulse energy fluctuations of the fundamental and the spectral
broadened beam were recorded using a UPD-300-SP (from Alphalas) and a ET-4000F (from
Electro-Optics Technology, Inc.) photodiode. After this, we integrated over the red marked
pulse area in Fig 3.14. The standard derivation (SD) over 1000 shots has been found as 1.48%

Figure 3.13: Photodiode signal

for the laser and 1.25% for the spectral broadening. The SD after the spectral broadening
is comparable with the laser and guaranties a stable pulse train. The observed small dip at
count 400 in the figure does not coincidence with the laser. Probably the coupling has slightly
changed due external influences. Fixing the fiber (currently it is just lying) and a small cover
box against airflow might avoid such dips and improve the pulse-to-pulse fluctuation further.

For the spatial stability we recorded the beampointing with a beamcamera (WincamD-U)
before and after the fiber in the same distance and beam diameter to compare directly. We
took 1200 points, 1 point every second. Fig.3.15 compares the beampointing of the laser (A),
after the fiber (B) and after the glued fiber (instant adhesive) onto the fiber holder (C). All
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Figure 3.14: Pulse-to-pulse fluctuations

given data points corresponds to the centroid of the beam profile. Note that the large lateral
displacement in all cases results from the oscillator due temperature fluctuations which have
deformed the cavity. This problem has been solved in the meantime. It is interesting to see
that the laser beampointing has been maintained to a certain fraction after the fiber. The
small rotation of the beampointing can be explained by a small angle of the output surface
resulting from the cleave, which deflects the beam always a bit. Changes of the transmission
during the measurements were negligible. Analyzing the beampointing one recognizes that

Figure 3.15: Beampointing comparison of the laser (A), after the unfixed fiber (B) and glued
fiber (C)

(A) and (B) are staying in the same range but the glued case (C) is smaller by approximately
a factor 4. We assume that the pulse-to-pulse fluctuations in case (C) will be improved too
as one avoids small external perturbations acting to the input coupling. Note that a beam
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alignment system after the fiber can correct all drifts. Depending on the path length from
the fiber to the sample chamber, such a system will be necessary.

Finally we briefly address the topics of reproducibility and dirt concerning the fiber’s
surfaces. Replacing the fiber through a new one, one may think that the quality of the
surface given through the cleave is a critical point for achieving again the original spectral
broadening and transmission. We found that this is not the case. The fiber surface does
not require any high demands to the cleaving process. Therefore a high reproducibility is
achievable. Note that changing the fiber including alignment can be done in less than 15
minutes. Concerning dirt particles of the air we didn’t protected the fiber surface by a case
or flushed it continuously with cleaned air [47]. In none of our experiments we observed a
damage which we would attribute to dirt particles from the air. Contrarily, the same piece of
fiber has been used for 2, 3 weeks without any kind of notable degradations. We believe that
the fiber can be used for even much longer times.

3.5 Kinds of fiber damages

Even we can operate in a power regime where no damages occur, it is helpful and necessary to
briefly address the topic of damages of the fiber. Self-focusing represents the most frequently
observed damage in our case as simply the input peak power was too high. The transmis-
sion drops dramatically to around 25% of its original value and a bright scattering point is
observed few millimeters away from the input surface. The distance is in agreement with
the self-focusing length. Cutting away this small piece of fiber, we have again a self-phase
modulated spectrum with its original transmission. This shows that only the input region
got damaged by self-focusing. Examining the damaged spot with an optical microscope we
couldn’t see any damages in the waveguide or cladding. Using a differential interference con-
trast modus of an optical microscope one can probably reveal some damages.3

During our chirped pulse compression measurements we have observed that if the input
power is slightly set under the self-focusing threshold (-5%), the fiber sometimes undergoes
self-focusing after a certain time. This can happen in minutes or hours. The mechanism be-
hind is not fully understand but probably it is an interaction of different factors like thermal
properties, jacket removing, cleaving, air-condition, laser pulse duration stability, etc. How-
ever, we didn’t analyzed it in detail as staying around 10% under the self-focusing threshold
will avoid this problem.

A different kind of damage to the fiber surface happens through the use of aceton, which
was long time not recognized. Aceton is used for removing the jacket of the fiber, which can
be also done by mechanical stripping or warming up the fiber with a hairdryer. Normally, the
fiber lies in an aceton bath for not more than five minutes as otherwise the core and cladding
will change their properties (e.g. a more soft stiffness). During this time, the fiber’s cladding
holes act like a capillary and the aceton gets sucked into the holes, sometimes distributed over
the whole fiber length and evaporating only very slowly (staying for days if not used). If we
couple now into the fiber, the aceton tends to come out of the fiber, covering continously the
input and output surface. One can see this as the beamprofil gets blurred out. We noticed
that the transmission is around 2% less if the jacket was removed with aceton, compared to
the mechanical stripping. Furthermore we noticed that the long term behavior of the fiber
seems to be different as well. Working close to the self-focusing threshold the fiber undergoes

3private communication with the Fraunhofer-Institute of Lasertechniques ILT
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faster self-focusing. It is therefore recommended to remove the jacket mechanically.
A frequently asked question concerns the fiber surface quality after the cleave process in

regards to the input damages. Therefore, we inspected the surface with an optical microscope
and noted its transmission in the experiment. We observed that as long as the core is not
covered with flinders from the cleaving process the fiber will work fine. Such a cleave does
not require any special preparation, making it reproducible and feasible for everyone.

Finally, we have to clarify if ablation has to be considered or not. Following [61] we
approximate a damage fluence of 3 J/cm2 for fused silica with 50fs pulses. Calculating the
fluence of a LMA-25 fiber with 500nJ and 50fs we find a fluence around 20 times less than
required for ablation, for a 100nJ pulse it is 100 times less. Concerning the LMA-5, used
in the 6fs experiment we calculated for 100nJ and 50fs a fluence which is only 4 times less.
Hence for 500nJ we are approximately around the damage fluence. In our 6fs experiments we
stayed always under 100nJ of input energy. Therefore we assume that ablation has not yet
appeared.

Chirped pulse compression with µJ input energies should be feasible, concerning the men-
tioned kinds of damages. Other damages like multi-photon absorption will only appear on
much higher input energies.

3.6 GDD characterization of sub-10fs chirped mirrors

Accurate dispersion engineering is an essential part for the generation of sub-15fs pulses.
Thanks to the concept of chirped mirrors the possibilities of the dispersion management for
arbitrarily shaped higher-order dispersion have been increased significantly. In parallel, the
complexity of the compression setup was reduced dramatically. The basic idea of a chirped
mirror is its wavelength dependent penetration depth. To do so, a chirped mirror consists
of dielectric multilayers, structured in the way that the reflections at the index discontinu-
ities add up constructively for the Bragg wavelength. If the optical thickness of the layers
along the mirror structure is varied, then the Bragg wavelength depends on the penetration
depth. Any imperfections of the impedance matching, mainly between the first layers and
the ambient medium (normally air), results in a periodic spectral phase modulation (called
dispersion ripples) which leads to pulse distortion [62]. With the development of so called
double chirped mirrors (DCM) [63], in combination with a broadband antireflection coating,
the pulse distortion has been significantly decreased and enabled numerous applications in
research. Unfortunately, DCM only allow a bandwidth of 300nm in the Ti:sapphire region.
Extending the bandwidth to an optical octave has lead to new concepts like the complemen-
tary DCM [64], and double angle chirped mirrors [52], where one has designed a mirror pair
with cancelling dispersion ripples. Another approach is the concept of Brewster angle chirped
mirrors [65]. Nowadays, the different concepts of chirped mirrors have lead routinely to 5-7fs
oscillators as well as sub-5fs pulses using different pulse compression techniques. Further de-
tails about chirp mirrors and their different concepts are given in [62].

During the manufacturing process the demands to the layer coating accuracy are very
high. Therefore, an efficient dispersion management requires to measure the used chirped
mirrors, to avoid any irregularities in the produced group delay dispersion (GDD) curve of
the chirped mirror. In this section we present our results of the GDD curves of our chirped
mirrors, which have been characterized concerning following points:

• Dispersion ripples of different chirped mirrors concepts
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• Input parameters accuracy (angle of incidence and polarization) for correct handling

To our knowledge no systematical study has been published, even of course GDD measure-
ments of several chirped mirrors were presented in earlier publications. For characterization
we used a white-light interferometer together with a Fourier-transform spectral interferometry
algorithm to analyze the data [66]. We have measured the 10fs double angle chirped mirrors,
used in section 2.2, as well as the 5fs complementary chirped mirrors from section 3.1. These
chirped mirrors have been produced in our group by Dr. Volodymyr Pervak. Furthermore, as
a unique occasion we could measure octave spanning Brewster angle chirped mirrors. In the
following subsections we present our results which have helped and improved already several
other pulse compression experiments.

3.6.1 Double angle chirped mirrors

For the chirped pulse compression and GDD transfer experiments we used so called double
angle chirped mirrors (DACM) [52]. DACM are based on the concept of canceling dispersion
ripples but not having two mirror designs which cancel each other but only one design applied
under two different angles which leads to a shift of the dispersion ripple and therefore cancels
each others. The bandwidth of our DACMs were designed from 680nm to 890nm, supporting
nearly 10fs pulses with p polarization. Per reflection, a GDD of -100fs2 is compensated
but third order dispersion was not included in the design. A general reflectivity of 99.97%
was measured. The angle of incidence is 5◦ respectively 20◦. Fig.3.16 (a) shows the mirror
designs and its net GDD and (b)compares the calculated net GDD with the measured one. As

Figure 3.16: Net GDD of double angle chirped mirrors.

obviously, the canceling is very good for such a large bandwidth and provides small dispersion
ripples with an amplitude of only 10fs2. Such mirrors allow more than 100 reflections before
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significant pulse distortion appears. The angle of incidence accuracy is shown in Fig.3.17
concerning the angle of incidence of 20◦. A clear spectral shift of the GDD curve is observed,

Figure 3.17: GDD angle dependence

depending on the angle of incidence. For a correct setting we found a necessary angle accuracy
of ±0.3◦. This can be still achieved only by hand if there are enough reflections on one mirror
piece, in minimum two reflections. Concerning an angle of incidence of 5◦, no significant
spectral shift of the GDD curve has been observed for ±2◦. The large freedom has been
already noted in earlier experiments. For the input polarization accuracy we found that ±3◦

shows no difference. If s polarization instead of p polarization is used, the GDD curve shifts
for a half period of the GDD ripples.

3.6.2 5fs complementary double chirped mirrors

Complementary double chirped mirrors have been designed for 5fs, p-polarized pulse com-
pression, designed for a bandwidth from 550nm to 1200nm with an angle of incidence of 7◦.
Due to the large bandwidth only a small amount of GDD correction is possible. Therefore
it is necessary to make several reflections on the mirrors which require that the dispersion
ripples should be kept small to avoid pulse distortion. Complementary DCM will fulfill this
requirement. The net compensated GDD is around -30fs2 with dispersion ripple amplitude of
50fs2. Third-order dispersion compensation is already included. For the used fiber length of
1.95cm (resulting in much more GDD as compared with hollow core fibers) we have estimated
the need of around 30 reflections. Fig.3.18 (a) shows the complementary DCM design and
(b) the measured net GDD compared with the design one. Between 680nm to 1000nm the
complementary curves cancel each other resulting in a net GDD curve close to the theory
one. Below 680nm the curves overlaps each other giving rise to huge dispersion ripples. The
reason is not fully clear but probably due a production error. Measuring several DCMs we
made an essential observation. Fig.3.19 (a) shows the measured GDD curves of two different
DCM which have the same GDD design. Therefore we expected to measure the same GDD
curve but as highly visible they are spectrally shifted to each other. A spectral shift in the
reflectivity should been observed too, as the reflectivity is given as well through the dielectric
multilayer structure. In Fig.3.19 (b) we measured the reflectivity and immediately we note
that the reflectivity curves are spectrally shifted. Measuring all mirrors we have observed
for every mirror a different strong spectral shift in the reflectivity, although they have been
manufactured in the same production run. Consequently, the manufactured GDD curves are
all shifted differently to each other. Therefore, no sufficient canceling of the dispersion ripples
is possible when the GDD curves are unknown of each chirped mirrors, leading to huge dis-
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Figure 3.18: Net GDD of 5fs complementary double chirped mirrors.

Figure 3.19: Spectral displacement of the GDD (a) and reflectivity (b) curve.
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persion ripples and strong pulse distortion. For successful pulse compression it is unavoidable
to measure the GDD curve so that one can select the DCMs which will lead to a canceling
of their dispersion ripples. For our 6fs pulse compression experiment we used only measured
and selected chirped mirrors which guarantee proper canceling of the dispersion ripples. The
spectral shift comes probably from the coating process which produces slightly different layer
thicknesses on each mirror.

3.6.3 Brewster angle chirped mirrors (BACM)

Octave spanning antireflection (AR) coatings are challenging to produce. To avoid AR coat-
ings one can design the DCM for an angle of incidence at Brewster’s angle [65]. The Fresnel
reflectivity vanishes for p-polarization which should avoid dispersion ripples. BACMs support
a bandwidth over one optical octave as the variation of the Brewster angle in the visible is very
small over one octave. Using BACM routinely sub 9fs pulses in the visible are achieved. Coin-
cidentally we had the occasion to measure the BACM used for the sub-6fs pulse compression
experiment [67]. The recorded GDD curve under Brewster angle is shown in Fig.3.20. The

Figure 3.20: Measured GDD curve of a sub-6fs Brewster angle chirped mirror.

dispersion ripples with amplitude of 10fs2 are very small and provide an proper pulse com-
pression. However, they do not vanish totally probably due impedance matching inside the
layers. The accuracy of setting the Brewster angle we found as ±0.5◦ which can be achieved
by hand. Changing the input polarization for more than 10◦ we have not observed a signif-
icant difference compared to the p-polarized case. In Fig.3.21 we measured another BACM
made for the same specification as the above mentioned one. As clearly seen the dispersion
ripples towards the near-infrared are much stronger. We believe that the reason lies in the
manufacturing process but we cannot specify it in detail. Therefore one should characterize
the BACM as well before applying; even one does not have to care about selecting the correct
one as with complementary DCMs. Our results support the experimental observation that
not all BACM have resulted in the same good pulse compression.4 The measured BACM
belong to the group of Prof. Dr. Riedle at the Ludwig-Maximilians-Universität, and have
been designed by Dr. Steinmeyer. The GDD measurements and analysis have been done
together with Nils Krebs of the group of Prof. Dr. Riedle.

4private communication, Nils Krebs, Riedle’s group
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Figure 3.21: Different GDD curves of Brewster angle chirped mirrors.

3.6.4 Conclusions

Chirped mirrors are a very essential and powerful tool for dispersion management, demon-
strated in numerous experiments including our ones. But the very high demands on the layer
thickness accuracy for each mirror can be achieved only approximately. This leads to slightly
different layer thicknesses on every mirror, resulting in a spectral shift of the GDD curve.
Consequently, chirped mirrors designed for a configuration of canceling dispersion ripples will
not cancel its dispersion ripples which leads to a strong pulse distortion.We strongly encour-
age to measure the GDD curve of each chirped mirror so that corresponding complementary
pairs can be found and selected for successful pulse compression.

3.7 Summary and conclusions

With a proof-of-principle experiment we demonstrated the generation of 6fs with 15nJ at
5MHz, using only one fiber stage with an LMA-5 and 55fs long input pulses directly from the
oscillator. If the input energy is increased we achieved a spectral broadening corresponding
to a Fourier-limit of 5.3fs with 40nJ of output energy. The transmission has been only around
60% but can be probably increased by a suitable beam matching onto the mode field diameter.
Scaling up the energy should be feasible using the concept of chirped pulse compression, or
the optimization of different core diameter respectively numerical aperture.

Excellent long term and pulse-to-pulse stability (RMS ∼1.3%) has been measured for the
concept of chirped pulse compression in combination with our chirped oscillator. The fiber
was not protected nor fixed on the holder. We believe that protections like a fiber case, fiber
fixing or a fiber alignment system will further improve the stability. However, even without
protections it is more than sufficient for further experiments.

Unproblematic operation has been found if the input power is set 10% under the self-
focusing threshold of around 2.6MW. In none of our experiments, ablation or other type of
direct damage to the input surface was observed. Neither dust has been a problem. Removing
the jacket of the fiber should be done mechanically and not by aceton as this will cover the
fiber surfaces and decreasing the damage threshold.

The polarization ratio after spectral broadening was found to be stable with >1/100
for linear polarization. Respectively ∼1/60 if circular input polarization and transforming
back to linear one after spectral broadening is used. For circular input polarization we have
coupled ∼31% more energy into the fiber compared to linear polarization, which is close to
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the theoretical limit of 33%. The azimuthal orientation of the fiber’s photonic structure was
investigated and found to be insignificant for the output values.

With white-light interferometry we recorded the GDD curve of different chirped mirror
concepts. Thereby, we noted that the GDD curve for each chirped mirror shifts spectrally
to the others which is very inconvenient for complementary designs where the GDD curve
should cancel each other. Reaching short pulses, the GDD curve of the chirped mirrors have
to be measured so that one can select the correct cancelling chirped mirror pair.

In conclusion, thanks to a good long term, pulse-to pulse stability and polarization ratio,
the simple and compact concept of chirped pulse compression together with a chirped pulse
oscillator presents a valuable alternative for the generation of short pulses at MHz repetition
rate. Direct applications can be high harmonic generation [40], resonant plasmonic field
enhancement [41], material processing [56] or ultrafast spectroscopy [54, 55]. In this chapter
we have demonstrated that the concept of chirped pulse compression in combination with a
chirped pulse Ti:sapphire oscillator is ready for applications.



Chapter 4

High average power and µJ pulse
compression at MHz repetition rate

During the last years, the optics community has attentively pursuit the development of Yb
doped femtosecond laser and amplifier concepts at MHz repetition rate which resulted in
several µJs laser-system at MHz [35, 36, 49]. Although attractive for many applications like
coherent XUV generation [40, 68], material processing respectively micromachining [69], op-
tical parametric amplification [70] and others [49, 71], due the material bandwidth the pulse
duration stayed between 300fs and 1ps which represents a clear drawback for a variety of
experiments which desire sub-30fs or 5fs [40]. Combining pulse compression with the current
Yb MHz laser systems would present a powerful tool for ultrafast optic research.
In 2003, a 800fs Yb:YAG thin disk laser has been compressed using a large mode area fiber to
33fs with an output energy of 0.5µJ at 34 MHz [29]. Though this was a promising beginning
no further development has been done to combine pulse compression with Yb laser systems
for daily applications. Only two more experiments at MHz have been published [31,32] with
comparable output energies [32]. Pulse compression with an input energy respectively output
energy clearly above 1µJ at MHz has not been shown yet. It is unclear how self-phase mod-
ulation in fibers at such energies respectively average power will behave. Questions like the
influence and consequences of thermal properties and, or the appearance of other nonlinear
effects aren’t yet answered. Yb baser laser systems have made great progress since 2003 and
it is essential to clarify if pulse compression still can handle the achieved output parameters
of these laser systems.
In this chapter we go a step further compared to 2003 and present spectral broadening
and compression with input energies higher than 1µJ and with average powers over 100Ws.
Thereby we gained essential knowledge on which other current pulse compression experiments
are based.1 However, a detailed measurement series was not yet possible therefore we restrain
us in this chapter on presenting the fundamental observations we have found.
In section 4.1 we present the spectral broadening and compression results using our home-
made Yb:YAG thin disk lasers and in section 4.2 we show our measurements of >100W pulse
compression with the Innoslab amplifier. Different issues like polarization ratio, transmission
or thermal behavior are discussed in section 4.3. A summary and conclusions are presented
in section 4.4. With our experiments we have demonstrated the practicability of pulse com-
pression with energies over 1µJ and average power over 100W.

1Experiments of Lauryna Lötscher (MPQ) and Peter Russbüldt (ILT)
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4.1 Pulse compression using a 1ps Yb:YAG thin disk laser

Pulse compression of a Yb:YAG thin disk laser at MHz repetition rate has been demonstrated
in 2003 through the group of Prof. Dr. Keller at ETHZ [29]. Using a large mode are fiber
(LMA) for spectral broadening, a Yb:YAG thin disk laser has been compressed from 800fs
down to 33fs with an output energy of 0.5µJ at 34 MHz. Although the results attracted the
community, only a few experiments have followed [30–33]. In 2007 the group of Prof. Tünner-
mann presented a pulse compression experiment using a Yb:KGW amplifier [32]. However,
the input energy stayed under 1µJ. First in 2009 a publication with an input energy of 4µJ
appeared, using an 80µm core diameter LMA but at 200 kHz repetition rate [33] and thereby
neglecting possible thermal influence or other effects which can occur at MHz. In this section
we focus on spectral broadening with input energies above 1µJ and how large one can achieve
spectral broadening using a 1ps Yb:YAG thin disk laser at MHz repetition rate. As stated
in the introduction we didn’t performed a detailed measurement series but nevertheless we
gained first essential insights for pulse compression experiments with high input energies and
average power.

We used a homemade Yb:YAG thin disk laser at 1030nm, 11MHz, 1ps and 5.5µJ (60W)
output energy. After the oscillator, a tunable attenuation (half-wave plate and a thin film
polarizer) and an isolator for 50W (Electro-Optics Technology, Inc.) has been placed before
we coupled into a large mode area photonic crystal fibers using a plano-convex, antireflection
coated lens. A lever-arm is placed before the focusing lens. The final available energy for
experiments was around 4.5µJ. The fiber holder is made out of aluminium, is nearly as long
as the fiber respectively 10cm or 15cm, and contains a V-groove for the fiber. It is placed
onto a 3-axis positioner (Thorlabs, MBT616). Note, the fiber is not cooled. The spectrum
is recorded with a high resolution spectrometer from Oceanoptics (HR400) having a resolu-
tion of 0.01nm. We collected the light scattered by a white paper because regularly used
black beam blockers absorb the spectral parts of the broaden spectrum differently strong.
Pulse compression is done using double chirped mirrors ranging from 980nm to 1100nm for
p polarization with -500fs2 per reflection, see Fig.4.1, with an angle of incidence of 5◦. No

Figure 4.1: GDD and Reflectivity design curve

complementary design is used and third-order dispersion compensation is not included. Note,
the chirped mirrors were not yet available during the measurement series concerning >µJ
spectral broadening. We used different LMAs ranging from core diameters of 12.5, 15, 20, 25
and 35µm, all available from Thorlabs. For >1µJ spectral broadening we applied only 25 and
35µm.
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Before we discuss the >µJs experiments we briefly demonstrate pulse compression with
sub-µJ input energies. Fig.4.2 show the spectral broadening in a 65mm long piece of LMA-15
(15µm core diameter) with an input energy of 545nJ (6W), a transmission of 75% (410nJ
output) and a spectral broadening corresponding to ∼75fs. For compression we used 12 re-

Figure 4.2: Proof-of-principle pulse compression of 0.5µJ to ∼100fs

flections on the chirped mirrors. With a GRENOUILLE (Swampoptics, Model 8-9-USB) we
recorded the trace (right picture of Fig.4.2). The raw data trace is shown. The main part
in the middle is compressed to around 100fs (no scale in the picture). The achieved spec-
tral broadening and compression is not as large as in the paper of 2003 due a three times
shorter fiber length. A certain amount of energy is left too in a pre or after-pulse, probably
coming from the uncompensated third-order dispersion. The trace is not yet optimized but
as proof-of principle experiment it is obviously that the pulse can be compressed. In section
4.2 further autocorrelation traces using the Innoslab amplifier are shown. We should note
here that GRENOUILLE traces (or better generally FROG and SPIDER traces) of such high
power pulse compression in solid core fiber has not yet been published. Calculating the op-
timal fiber length [8] for the parameters above we found a length of 114cm which is much
longer as our used 6.5cm. Therefore, following section 1.2.2 respectively [6] the linear chirp
for compression does not cover the full pulse width, probably only to around 60%. The other
part leads to a background and, or enhanced pre and after pulses as shown in [6]. It would be
interesting and important to know how much energy is now really compressed in the pulse.
A simulation is therefore necessary as well. Using a 114cm long fiber is not suitable as on the
one hand the compression of the huge amount of GDD and third order dispersion is difficult
(not suitable with chirped mirrors) and on the other hand other unwanted nonlinear effects
can appear due the long fiber length. The optimal fiber length should be considered more as
a hint than as a fixed number, as it is based on assumptions whose validity is not always fully
given for our input values.

Increasing the energy, we coupled 2.2µJ (24W) into a 15.8cm long LMA-35 with a trans-
mission of 68% (1.5µJ), see Fig.4.3 (a). The spectrum still shows clear the self-phase modu-
lation pattern and corresponds to a Fourier limit of 30fs. Looking at a larger spectral range
(Fig.4.3 (b)) we detect new generated spectral parts between 825 and 870nm. Increasing the
energy further one increases mainly these new spectral parts. This could be a first limitation
of the pulse compression scheme in combination with Yb based laser systems at MHz. In
section 4.3 we discuss in detail this new frequency generation. With our tunable attenuation
we could increase the input energy up to slightly over 4µJ (>40W) using a LMA-35 fiber.
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Figure 4.3: Spectral broadening for 2.2µJ of input energy (a) and generation of new frequencies
(b)

Unfortunately, later it has been observed that the used isolator starts generating a thermal
lens after 25W, even specified for 50W. As the thermal lens distorts the coupling into the
fiber, more energy can escape into the cladding leading to unwanted effects like the cladding
modes, see 4.3.2. Therefore, we had to pay attention with the interpretation of the obtained
spectra with an input energy larger as 2.5µJ. We decided to leave these spectra away. Cou-
pling 4µJs (40W) into the fiber 2 was possible only with a LMA-35. Increasing the energy
resulted in a damage of the input piece of the fiber, probably by self-focusing. Thereby, parts
of the first few millimeters of the fiber were blow up. From our measurement with the >100W
average power Innoslab amplifier (next section) we know that the blow up is not caused by
the average power, respectively intensity.

Starting with a 1ps long input pulse the maximally achieved spectral broadening always
had corresponded to a Fourier-limit between 25 - 30fs [29, 32]. But it would be interesting
to know if longer fibers as the normally used 15cm ones will increase the spectral bandwidth
significantly. In Fig.4.4 we have increased the fiber length of a LMA-25 dramatically to 43cm.
Using an input energy of 0.96µJ (10.8W) we achieved a spectral broadening corresponding
to a Fourier-limit of 19.0fs with an output energy of 0.43µJ. For comparison the spectrum
of Fig.4.3 is added. Note, due the larger bandwidth the spectrum is taken with a HR2000
Oceanoptics Spectrometer which is not able to resolve the modulation structure. Looking
at the beamprofil we see that it is not the fundamental mode however, this is an alignment
issue as we were able to achieve proper fundamental mode too, but with a slightly smaller

2respectively focusing onto the mode field diameter on the fiber surface
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spectrum.3 The transmission was measured to be only 44%. The spectral attenuation of the

Figure 4.4: Spectral broadening and beamprofil after a 43cm long LMA-25 fiber

LMA-25 is only ∼5dBm per km in this spectral range and therefore not strong enough to
explain the low transmission. The measurements so far have shown that reaching sub-30fs
is not that trivial starting with a 1ps Yb:YAG thin disk laser. But if shorter input pulses
would be available, the sub-20fs region could be accessed. Fig.4.5 shows spectral broadening
using a commercial YB:KGW lasersystem (Jenlas D2.fs of Jenoptik) at 1025nm with 350fs
input pulses, 1µJ (100mW) at 10kHz and a 10cm long LMA-25 fiber. The measurements have
been done in the Group of Prof. Dr. Riedle at Ludwig-Maximilians-Universität München.
The spectrum supports sub-20fs pulses. But the generation of new frequency components

Figure 4.5: Sub-20fs with input pulse duration of 350fs

not due SPM is observed again. If a Yb:YAG thin disk laser could be compressed first to
300-500fs one probably could reach with a second pulse compression the sub-15fs area with
nearly the full energy. The first spectral broadening could be done in a crystal or glass, and
after compression with chirped mirrors. This setup wouldn’t require any alignment and could
be very compact. However, we have found that our Yb:YAG thin disk laser has slightly to
less energy for testing this approach. The new generation of high energy lasers and amplifiers
at MHz repetition rate will overcome this point.

The presented results do not claim to cover the full topic in detail as no systematical
study has been done. In summary we have seen that 1ps pulses can be compressed but input

3We observed the tendency that a 01 mode at 1030nm will lead to a slightly larger spectral broadening as
through the fundamental one
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energies above 1µJ can lead to new frequencies not generated by self-phase modulation. This
could be a limitation for larger spectral broadening and the available energy compressed in
the pulse. Furthermore we noticed a lower transmission compared using Ti:sapphire laser
systems at 800nm. From our and other experiments we know that it is hard to reach sub-25fs
pulses starting with 1ps. Using very long fibers and optimizing the core diameter one should
be able to reach sub-20fs. However, using 300fs pulses which are available from YB:KGW
lasers, sub-20fs should be reached much easier. Therefore, an interesting approach would be
to make a first pulse compression of the 1ps pulses through bulk or gases to 300fs and then
with fibers a second pulse compression down to sub-20fs. As the bulk or gas approach does
not require any alignment or complex optics, this could be as well an interesting opportunity
for high energy lasers [72].

4.2 100W pulse compression experiments with an Innoslab
amplifier

The femtosecond Innoslab amplifier concept is a very powerful one and has generated up to
400W at 1030nm with 650fs at 76MHz repetition rate [36]. In the meantime it is commercial
available (www.amphos.de) too. Combining two such amplifiers have demonstrated >800W
output average power [36]. But for a variety of applications shorter pulses would be more
suitable, like high harmonic generation [40] or material processing4. A pulse compression
setup using solid core fibers is unavoidable for generating shorter pulses. But the high average
power will rise the question how the thermal influence will act onto the fiber and self-phase
modulation process, respectively compression. No experience with over 100W laser systems
exists and only rarely with 50W Yb:YAG [29] thin disk lasers and fiber amplifiers [32]. In this
section we present first spectral broadening and compression experiments beyond the 100W
scale.

For the experiments we used an Innoslab amplifier with 650fs long output pulses and
maximally 400W of average power at 76MHz repetition rate, provided by the Fraunhofer-
Institute of Lasertechnique ILT in Aachen, Germany. The Innoslab amplifier was seeded by a
Yb:KGW oscillator at 1029.5nm with 1.5W, 300fs at 76MHz from ”High Q Laser Innovation
GmbH”. Because of the fiber’s input surface back reflection we have to place an optical
isolator (Jenoptik, I-FS-1-P100-1030) after the Innoslab amplifier. Current best free space
optical isolators are only working up to 200W without generating a thermal lens. Note that
the Innoslab amplifier is working in both beam directions. Therefore it is very important to
suppress the back reflection of the fiber. A 10.7cm long LMA-35 piece was placed unfixed in
the not cooled fiber holder without any protection against dirt particles. For compression we
used the same chirped mirrors presented in the last section with -500fs2 per reflection from
980nm to 1100nm, and quartz plates for fine tuning. Fig.4.6 shows spectral broadening of
128W input power (1.68µJ) with a Fourier limit of 33fs and an output power of 82W (1.08µJ)
corresponding to transmission of 64%. The spectral broadening evolves as the spectrum
generated with a Yb:YAG thin disk laser and shows the same characteristic of a high peak at
the fundamental wavelength (see section 4.3) and the typical self-phase modulation pattern.
The interferometric autocorrelation (Femtochrome Research Inc., Model FR-103PD) indicates
a pulse duration of ∼35fs (FWHM) and demonstrated the successful pulse compression of
these high average power pulses. However, in the autocorrelation the first strong wiggles

4sub-100fs is desired, private communication with the Fraunhofer-Institute of Lasertechniques ILT
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Figure 4.6: Spectral broadening and pulse compression of >100W input average power

appears from a not yet optimal compression. Therefore the pulse is still chirped and will
be slightly longer as the measured 35fs. The other wiggles shown in the autocorrelation are
coming from the spectral shape and are inevitable.

Increasing the input power we observed a decrease of the spectral bandwidth and in
parallel an increase of the power around the fundamental wavelength, see Fig.4.7. We think

Figure 4.7: Spectral narrowing due thermal influences, no cooling.

that this decrease is a consequence of the thermal influence onto the fiber. Because all lenses
are made of quartz, showing no thermal lens and the isolator first starts lensing after 200W.
Cooling the input part of the fiber as done at ILT restores the spectral bandwidth again.
It is not yet clear how the thermal influence acts on the fiber but probably it disturbs the
coupling and therefore the wave guiding in the fiber leading too an increased scattering into
the cladding part which heats in addition the fiber, changing again the material properties
and leading to a different wave-guiding. Thermal influence in our experiments occurred at
around 100W but had first a significant influence after 150W. Probably a better coupling will
increase thermal threshold as less light gets scattered into the cladding. However, cooling the
fiber allows stable operation with around 150W, even 200W, of input power and over 100W
of output power.5 Finally we point out one more thing, namely mode filtering. The amplified
beam after the Innoslab has a measured M2 of around 1.5. It is well-known that a single mode
fiber acts as a mode filter too. We have measured the M2 after the spectral broadening and

5according to the group at ILT
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have found an improved M2
x of 1.23 and M2

y 1.18 for the beam. Later experiments showed
even a M2

y of 1.05. This is a welcome effect improving the whole laser setup. Note, an input
beam M2<1.8 is necessary to couple into the fiber. The current limitation for high average
power is the thermal lens of the isolator which disable efficient coupling into the fiber as the
M2 of the beam increases. The constructing of even more powerful isolators is on the way
but challenging. In conclusion we have demonstrated that pulse compression down to 35fs
with >100W input average power can be done and is stable enough for further applications
as shown by the experiments at the Fraunhofer-Institute of Lasertechniques ILT. Problems
through a thermal influence arise but can be handled by cooling the fiber. The limiting factor
for increasing the input power is currently the thermal lens generated by the isolator which
disable efficient coupling into the fiber.

4.3 Characteristics

During the fist section we presented successful high average power and µJ pulse compression
down to 35fs. But contrary to the pulse compression at 800nm with the Ti:Sapphire laser,
we noted a couple of differences at 1030nm which we have not yet emphasized in detail. In
this section we discuss the most important differences which are the fiber’s transmission, so
called cladding modes, polarization ratio decay and the thermal influence.

4.3.1 Transmission

In the Ti:Sapphire pulse compression experiments at 800nm we observed an average transmis-
sion of around 88% at any input energies, thereby we used a maximally 5cm long LMA-25 fiber.
Using a 1030nm laser-system, transmissions of only around 60% have been published [29]. In
our own experiments we achieved a transmission between 70% and 80% at the beginning,
using a 15cm long LMA-25 and LMA-35. The transmission decreased at higher energy to
around 70% - 60%. Surprisingly, there is one publication which has reported a high transmis-
sion of 90% [32]. Contrary to all the other experiments they used only a 6cm long LMA fiber
with a mode field diameter of 30µm. In our experiment with a 6cm long LMA-25 we achieved
a transmission of 78% at an input energy of 1.8µJ. This value can be probably increased
if a telescope for optimal mode-matching onto the fiber is used, as well as if no aceton for
removing of the jacket will be taken. We noted the tendency that the transmission decreases
using longer fibers as well as from an increased input energy. Note that we can exclude the
average power as main reason due the different repetition rates of our used laser systems. A
detailed measurement series should be done to confirm these tendencies. The reason of the
lower transmission is not yet fully understand. One suggestion is that the fundamental fiber
mode of the LMAs is not so strong bound anymore at 1030nm as at 800nm and therefore leaks
stronger into the cladding, triggering other processes as well as cladding modes [13]. This
would explain the fiber length and the input energy dependence. Using smaller core diameter
LMAs which should exhibit a stronger bounding of the fundamental mode, an identification
of the underlying process should be possible. Scattering losses in the fiber, as a possible
reason, can be excluded. Because the LMA-25 and LMA-35 show the same transmission but
the LMA-35 has already an attenuation of >100dB/km but the LMA-25 has only 5dB/km
(www.nktphotonics.com). The transmission optimization of pulses at 1030nm in LMAs is an
important aspect for further applications. For increasing on the one hand the final compressed
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energy in the pulse but also to avoid and to delay nonlinear effects caused by the leaked light
into the cladding, which will limit spectral broadening.

4.3.2 Cladding modes

As cladding modes [13,73] we term modes which are not guided in the core but by its cladding
structure. Such modes have a larger divergence and are centered like a ring around the core
beam. Furthermore they do not experience self-phase modulation. In Fig.4.8 we see two
spectra with different input energies but as highly visible a peak has raised strongly around
the fundamental wavelength. The measurements were done with the Innoslab amplifier setup
and fiber properties. Same behavior has been observed with the Yb:YAG thin disk laser. Using

Figure 4.8: Cladding modes at higher input energies around the fundamental wavelength

an iris we could decrease the peak by maintaining the spectral bandwidth. We concluded that
the peak originates from the cladding modes. A high coupling efficiency of the beam into the
fiber delays the appearance of cladding modes. It is helpful to monitor the near-field profile
of the fiber output for optimizing the coupling efficiency. However, cladding modes will be
generated after a certain input energy. We found an input energy of ∼1µJ for a 15cm long
LMA-25 fiber with a transmission of ∼65% as threshold for generating cladding modes in
our setup. This explains why other pulse compression experiments [29, 30, 32] have not yet
reported about cladding modes as they stayed beneath 1µJ. Using shorter fibers showed that
this threshold is increased. Fig.4.9 shows the spectral broadening in a 6cm long LMA-25 fiber
with an input energy of 1.8µJ and a transmission of 78%. Note the small middle peak is an
interference effect of the self-phase modulation [3]. We observed the tendency that as soon
cladding modes appear, the additional energy if increased will mainly be transferred into
the cladding modes. Consequently, the spectral bandwidth does not significantly increase
anymore as well as the energy which experience self-phase modulation (see Fig.4.8). The
contribution of the cladding modes concerning the thermal influence and to nonlinear effects
is not yet investigated. Probably a short fiber piece is more suitable for spectral broadening
with an input energy of several µJ.

4.3.3 Generation of new frequencies not due self-phase modulation

We observed the generation of new spectral components spectrally separated from the self-
phase modulated spectrum. Fig.4.10 shows new spectral components, in dB scale, generated
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Figure 4.9: Less cladding modes appear in a shorter fiber piece (6cm LMA-25, 1.8µJ input
energy, 78% transmission).

in a LMA-25. Following ref [74, 75] probably degenerate four-wave-mixing (DFWM) in the
fiber is the reason. The experiments at ILT have shown similar spectral features, explaining
it with DFWM.6 More measurements and plotting a phase matching diagram would be nec-
essary to confirm this assumption. However, this new spectral features slow down the original
spectral broadening and the available compressed energy in the pulse. It is an interesting
question if the SPM and the DFWM spectral parts can be compressed together without a
too complex setup. Interestingly but expectable, the cladding modes are not present in the

Figure 4.10: Possible degenerate four-wave-mixing in a LMA-25 with (a) 350fs and (b) 1ps
input pulses.

6private communication with ILT



4.3 Characteristics 55

DFWM spectra as they are at least locally separated from the SPM spectrum. Furthermore,
DFWM seems to ”copy” the total broaden spectrum. Before we continue we should ask us
why we do not observe DFWM in our spectra obtained in the Ti:Sapphire experiments. The
answer is probably that due the much shorter input pulse duration the different spectral parts
in the fiber are already temporally and locally separated when the bandwidth is large enough
for DFWM for phase matching. With a 1 ps pulse duration this distance is much longer,
∼15cm in our case.

The generation of new spectral parts in the fiber through another process, not SPM or
DFWM, is shown in Fig. 4.11. In this figure the jacket of the LMA-25 was not removed but
the same spectral components have been observed as when using LMAs with removed jackets,
at very high input energies. Recording the beamprofil we observed that the new frequencies

Figure 4.11: Possible Cherenkov radiation generated in the jacket?

are defined as a ring around the core, whereas different wavelengths had a different radius.
As further in the visible spectrum as larger the radius was. We also think to have observed
a tendency that the new generated frequency scales with the fiber length. A possible physi-
cal nonlinear process could be Cherenkov radiation, generated in the cladding or jacket [76].
Unfortunately, more data would be necessary to verify this assumption.

The unwanted generation of new spectral components not due self-phase modulation de-
creases the energy in the compressed pulse as well as slows down the generated spectral
bandwidth through SPM.

4.3.4 Polarization ratio decay

With the Yb:YAG thin disk laser and a 15cm long LMA-25 fiber piece we observed a strong
polarization ratio decay after the spectral broadening when the input energy is increased. This
stands in a clear contrast to the Ti:Sapphire results where the polarization ratio stayed over
1:100. Note that in all our measurements, with the Yb:YAG and Ti:Sapphire laser we have
used non polarization maintaining LMAs. Fig.4.12 summarizes the measured polarization
ratios using the Yb:YAG thin disk laser. Due the limited spectral bandwidth of our polarizer
we could measure only until 1µJ. At an input energy of 1µJ we measured a polarization ratio of
only 1:5. The same measurement was repeated with a regenerative thin disk amplifier at 3kHz,
1030nm center wavelength and an input pulse duration of ∼1.5ps. Fig.4.13 presents shows
the polarization ratio obtained again after the spectral broadening in an undoped 100µm
core diameter ROD-PCF (www.nktphotonics) of 10cm length. Obviously, the polarization
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Figure 4.12: Polarization ratio using a thin disk Yb:YAG laser at 11MHz

Figure 4.13: Polarization ratio using a regenerate thin disk amplifier (1030nm) at 3kHz.

ratio does not show the strong decay. These measurements were done together with Lauryna
Lötscher and will be presented in detail in her thesis. Furthermore, the experiments performed
at the ILT with the Innoslab ampflifier at 76MHz indicate that the polarization ratio is
maintained as well. Without a comparison of these three laser systems it is difficult to see
a tendency and the reason behind it. Currently it seems that the decay only appears when
using the Yb:YAG thin disk laser. To improve the polarization ratio one could use polarization
maintaining LMAs. Also a detailed measurement series should be done investigating if the
ratio depends on the fiber length and, or the core diameter. Furthermore, one should clarify
if this decay is a general problem of 1030nm laser systems or restricted to our Yb:YAG thin
disk laser respectively the corresponding laser concept.

4.3.5 Thermal behavior

When working with a beam of several Watts of average power or more, one has to consider
the thermal properties of the optical components in the beam path. Thermal lenses can be
created through the material, increasing the M2 of the beam which degrades the coupling into
the fiber. Therefore one has to select lenses of a suitable material like quartz. Furthermore,
a special optical isolator from Jenoptik has been bought, working until 200W without a
significant thermal lens. Currently this is state of the art of free space optical isolators.
Being sure that our spectrum is not influenced through thermal lens of an optical element,
we observed three different regimes of thermal influence to the self-phase modulation process
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in the fiber. Until 50W we do not see significant changes indicating that there is no thermal
influence. From 50W until 150W we noticed that if the beam is blocked and unblocked again
that it will take 1-3 seconds until the same spectral bandwidth is achieved as before. This is
a strong indication for a thermal effect. Note that the same spectral bandwidth is reached
quickly but the spectral form changes during 1-3 seconds. Over 150W we observe a decrease
of the broaden spectrum and an increasing of the cladding modes (see Fig.4.14) as already
reported in the last section. For the measurement, a 10.7cm long LMA-35 has been used with
different input average power of 130W, 170W and 200W. Note, the fiber material is quartz
as well. Cooling the fiber surfaces, performed at ILT, has prevented the decrease in the

Figure 4.14: Spectral decrease of the broaden spectrum at different input powers.

broaden spectrum. Working with the Yb:YAG thin disk laser at 40W input average power we
have noticed that the temperature of the fiber holder (made of aluminium) is only negligible
increasing (can be touched by hand without any problem). This indicates in general a good
wave-guiding in the core (and cladding of the cladding modes). However, a small misalignment
of the input coupling increases the temperature of the fiber holder extremely. Touching by
hand is not possible anymore.

The thermal influence to self-phase modulation is currently not the limiting factor of high
average power pulse compression. Although we see their consequences, we can correct it
by cooling the fiber. The power limitation is currently given by the thermal properties of
the optical isolator which exhibits a to strong thermal lens above 200W of average power,
disenabling the coupling into the fiber.

4.4 Summary and conclusions

We presented pulse compression experiments with a Yb:YAG thin disk laser at 11MHz and
an Innoslab amplifier at 76MHz, both with a center wavelength of 1030nm. The Innoslab
amplifier was compressed down from 650fs to 35fs with an output power of 82W (1.08µJ).
The transmission was always around 60-70% which is clearly lower compared to the exper-
iments at 800nm. We performed first experiments with input energies above 1µJ in LMA
fibers as well as input average powers up to 200W. Thereby we observed the generation of
so called cladding modes which slow down the spectral broadening as more energy is coupled
into the fiber. The threshold for this cladding modes has been found slightly above 1µJ for
a 10 - 15cm long LMA-25 fiber. Using shorter fiber the threshold seems to be higher, as
well as through a better mode-field matching onto the fiber. Cladding modes are limiting
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the spectral bandwidth as well as the available energy in the compressed pulse. Another
spectral bandwidth limitation is the generation of new frequencies probably by degenerated
four wave mixing (DFWM). DFWM can be delayed to a certain extend by choosing suitable
fiber parameters. It is an interesting question if the SPM and the DFWM spectral parts can
be compressed together without a too complex setup.

Concerning the Yb:YAG thin disk laser we discovered a dramatic polarization ratio de-
cay after spectral broadening to only ∼1:5 at 1µJ. This decay is in clear contrast to the
Ti:Sapphire experiments. Polarization maintaining fibers will probably help to slow down
this decay. However, it seems that this decay is restricted only to the Yb:YAG thin disk
oscillator as such a strong decay has not been observed with the Innoslab amplifier or with a
regenerative thin disk amplifier. For future applications it is important to clarify this point.

We have shown that high average power does not influence essentially the spectral broad-
ening up to 100W and that with cooling the fiber one can operate pulse compression up to
200W of input power. Operating with even higher input average power is probably possible
but the limiting factor is currently the thermal lens of the optical isolator, rising at 200W. To
clearly distinguish average power (thermal) and energy effects one should perform an identical
measurement series at kHz and MHz repetition rate.

Pushing our spectral broadening and compression experiments beyond the µJ and >100W
regime we have gained first essential knowledge on the way toward µJ pulse compression at
MHz repetition rate. We identified challenges and their possible solutions and have already
built new setups, integrated in existing experiments.



Chapter 5

Nanoscale mid-infrared near-field
spectroscopy

About the first half of my time was spent in the field of nano-optics. We combined Fourier-
transform spectroscopy with a scattering scanning near-field optical microscope (s-SNOM)
and demonstrated continuous near-field spectra simultaneously in amplitude and phase of
gold and silicon carbide samples. True near-field character has been proven for the first time
with near-field approach curves. The very weak mid-infrared broadband power has made it
impossible to characterize the setup in detail or to record a full data set, as we were forced
to work at the edge of the noise level. Currently, thanks to a new, more powerful infrared
broadband laser system [77] and an improved detection setup, the microscope is successfully
used to address physical questions. First results were published [78, 79], demonstrating the
potential for the field of nanoscience.

Section 5.1 presents a brief overview and introduction about our work and research field.
Section 5.2 describes the developed experimental setup and in section 5.3 we present and
discuss first results. In section 5.4 an outlook is given and section 5.5 closes with a short
summary and conclusions. Because of several reasons we omitted the results of the short work
period performed in frequency-comb spectroscopy. We reference to the two published papers
[80, 81] raising from this work, one of them [80] even awarded as ”Best of 2008” publication
in the optics and imaging section of ”New Journal of Physics” (see appendix B).

5.1 Introduction

Nanoscience will pave the way to promising future developments and applications [82]. But
handling nanoscale phenomena necessitates suitable microscopy tools to access critical dimen-
sions for analysis and control. Well known techniques are transmission electron and scanning
electron microscopy as well as the family based on the scanning probe microscopy which pro-
vide analysis for many research topics. Unfortunately, none of them can access directly the
chemical recognition at the nanoscale <30nm, which is today highly desirable. Scattering
scanning near-field optical microscopy [82], s-SNOM, has demonstrated to extend the range
sufficiently down to 7nm, from the visible [83] to the terahertz range [84,85]; routinely, 20nm
resolution is achieved.

S-SNOM is based on an atomic force microscope (AFM) with conventional metal-coated
probing tips (cantilevers) in tapping mode. A monochromatic laser beam is focused onto
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the the cantilever tip apex, generating a nano-focus at the apex. This small and confined
light source is used to locally probe the sample. Because of an optical near-field interaction
between the tip-apex and the sample, the backscattered light contains also information about
the local optical properties (e.g. refractive index) of the surface, see Fig.5.1. To distinguish

Figure 5.1: s-SNOM principle, picture from www2.neaspec.com

the relevant near-field information from the unwanted background scattering, different sim-
ple techniques exist [86, 87], like the higher-order demodulation of the near-field signal with
respect to the cantilever frequency. The background signal is thereby not demodulated and
therefore suppressed. The corresponding order is called n1, n2 and so on. In the mid-infrared
region (λ ∼ 10µm) one has to use at least n2 for revealing near-field signals. The achieved
optical resolution is only determined by the tip apex radius (in general 20nm), hence yielding
the same optical resolution from the visible to the terahertz. Optical imaging is performed by
detecting the backscattered light interferometrically (optical amplitude and phase images are
acquired simultaneously) by the probing tip while scanning the sample surface topography.
Note that s-SNOM is based on well-known and proven techniques and that no further special
requirements are necessary, i.e. sample labeling. Several experiments in a variety of differ-
ent fields from conductivity/ doping mapping in semiconductor nanostructures [83,88,89], i.e.
transistors, single particle material recognition [90], plasmonics [91,92] and nanoantennas [93],
to single virus analysis [94] and Mott transition in Vanadiumdioxid [95] have demonstrated
the potential of s-SNOM for nanoscience. However, one drawback in all these experiments
remained: the insufficient process of recording a spectrum. Due to the lack of suitable broad-
band laser sources in the visible and especially in the infrared region, only tunable monochro-
matic lasers have been applied, resulting in two main consequences for s-SNOM. The first is
that recording the near-field spectra can be done only by comparing many recorded images
with sequentially altered frequencies of the same probe position. This very time-consuming
procedure supports unwanted artifacts like sample drifts, changing imaging conditions by
cantilever tip erosion or contamination as well as small beam alignment changes. The second
consequence is that only a narrow spectral ranges can be accessed by tunable monochromatic
laser systems. Hence, many interesting samples can be explored only insufficiently, if at all,
in the relevant spectral range with the near-field resonance. A first approach has been done
in 2006 using multiheterodyne detection with frequency combs [96] but has suffered from a
large complexity and could never identify true near-field signals. To sum up, s-SNOM lacks
the essential feature of a true spectroscopic tool.1

Here we show that using a broadband mid-infrared laser source the combination of Fourier-

1Very recently, broadband near-field spectra using a thermal emitter have been published [97]. This exper-
iment was based to a certain degree (technique) on the here presented results.
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transform infrared spectroscopy (FTIR) with a scattering near-field optical microscope will
overcome these limitations. Amplitude and phase spectra of gold (Au) and silicon carbide
(SiC) in the mid-infrared are presented, as well as approach curves proving the near-field
character. Adaption of our simple technique to visible and near-infrared can easily be done.
In conclusion, our near-field microscope is able to record complete spectra in amplitude and
phase at each scanning pixel thereby opening the route for true nanoscale spectroscopy.

5.2 Experimental setup

The experiment was based on a broadband mid-infrared laser-system, a commercial s-SNOM
(NEAsnom, www2.neaspec.com) and a dispersive Michelson interferometer. Thereby, the s-
SNOM is placed in the sample arm and the reference arm length is continuously varied for
recording an interferogram and subsequent Fourier-transformation, see Fig.5.2 The broadband

Figure 5.2: Schematic setup of the combined FTIR with s-SNOM, from [78]

mid-infrared is generated as described in [98], using a broadband Ti:Sapphire femtosecond
laser and focusing the beam into a GaSe crystal so that the outer spectral parts fulfill the phase
matching for degenerate difference frequency generation in the mid-infrared. Our commercial
12fs Ti:Sapphire oscillator (Femtolasers Produktions GmbH) is centered at 800nm with an av-
erage power of 440mW at 125MHz. With an aspheric 18mm lens we focus into a 200µm thick
GaSe crystal. Depending on the phase matching we generate broadband mid-infrared with
a FWHM of around 2µm, tunable from 7µm to 13µm (detector cut-off wavelength) with an
average power of around 10µW, see Fig.5.3. A parabolic mirror behind the GaSe collects and
collimates the mid-infrared beam, which is congruent to the residual input beam. Therefore,
the residual input beam can be used to align the mid-infrared beam onto the tip-apex. But
care should be taken not to damage the tip-apex through the high intensity of the residual
beam. After the alignment, the residual input beam is blocked through a NaCl crystal, which
also absorbs around 20% of our mid-infrared beam.

In the sample arm, the mid-infrared beam is focused by a silver parabolic off-axis mirror
onto the tip apex of a commercial Si-coated cantilever (CSC37; MikroMasch), operating in
the tapping mode with a frequency of ∼30kHz. The backscattered light is collected by the
same silver parabolic mirror and superimposed with the mid-infrared beam of the reference
arm on the ZnSe beamsplitter. The signal was recorded by a mercury cadmium telluride
(MCT) detector. A detailed description of s-SNOM is presented in ref [99]. A conventional
FTIR achieves very high resolution by moving the end mirror of the reference arm over a
long distance. In our case, due to the weak signal we have to average our spectra hence the
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Figure 5.3: Tunable broadband mid-infrared spectrum, from [96]

spectrum should be recorded quickly. Therefore moving the end mirror over large distances,
which takes several seconds or even minutes, is not a suitable solution as the imaging con-
ditions may change. On the other hand, moving the mirror over a small distance will not
give the required spectral resolution. The solution is a design shown in Fig.5.4. The beam
is reflected several times between two mirrors in the reference arm, one of them is movable
by a long range piezo. Due to several reflections on the movable mirror the optical path L

Figure 5.4: Increasing the optical resolution by keeping small moving distances.

is increased while keeping the moving displacement of the mirror small. This enables a high
resolution with a fast recording time. Note that the beam position moves on the end mirror
of the reference arm but not at the beamsplitter when passed back through the reference arm.
Therefore, the reference beam and the sample beam will always overlap. The optical path
length L is given by L = 2(2n) x

cos(α) with α as incident angle, n: number of reflections on

the moved mirror, x: moving distance of the mirror. This is an additional factor of 2n 1
cos(α)

compared to the conventional optical path length x in an FTIR. The reference arm length
of about 25cm is found to be stable enough for the measurement (in the climatized labora-
tory). The interferograms were recorded with an oscilloscope (Wavesurfer 422,lecroy.com).
The resolution is theoretically given by the number of reflections and the translation dis-
tance of the mirror, but currently limited through nonlinearity in the mirror translation stage
(P-628, pi.ws). This can be overcome (as shown in [78]) by off-line resampling according
to the frequency calibration interferograms taken with a CO2 laser beam, or by calibrating
the translation stage movement with a capacitive sensor (already included in the translation
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stage). In the following measurements we haven’t fixed this issue yet.
For recording an approach curve, necessary for proving true near-field character, the mov-

ing mirror is placed in the white-light position (all wavelengths interfere constructively) of the
interferometer. This position can be found easily by monitoring the interferogram and de-
creasing the moving distance of the mirror until the interferogram shows only the white-light
position (max. signal strength).

5.3 Results and discussions

Recording a continuous near-field spectrum in one single measurement represents the next log-
ical step forward concerning s-SNOM. The possibility of recording an interferogram presents
an additional new source of analyzing the near-field tip-sample interaction. This is a unique
feature currently only provided by our technique. In the following, we present first contin-
uous near-field spectra in amplitude and phase taken on silicon carbide and gold samples.
Approach curves confirm their near-field character. Finally, we discuss the interferograms
and show their potential for further research.

5.3.1 Silicon carbide and gold near-field spectra in amplitude and phase

Near-field spectra in amplitude and phase of silicon carbide (SiC) and gold (Au) are presented
in Fig.5.5 for the demodulation order of n1 and n2. The n1 demodulated spectra, called s1,

Figure 5.5: Continuous near-field spectra in amplitude and phase for SiC (a,b) and Au (c,d)

are dominated by the background as expected. Therefore the spectrum is similar to the so-
called ”illumination spectrum” [100] which is the backscattered light of the tip and sample
without demodulation. It is interesting that both s1 spectra are similar to each other, which
shouldn’t be as for the Au spectra no SiC Fresnel coefficient has to be multiplied to achieve
the correct ”illumination spectrum”. A reason for the similarity could be the illumination
onto the tip, if directly or over reflection on the sample2 [100]. At n2 the background is

2The Au was coated in strips onto the SiC
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much better suppressed, and we record near-field spectra in amplitude and phase similar as it
has been measured with monochromatic infrared s-SNOM. In the case of Au (d) no spectral
dependence of the near-field interaction is expected. For SiC (b) a sharp peak with a width
of 20cm−1 at 930cm−1 should arise [101], but we observe only the Restrahlenbande. There
are two reasons why we haven’t detected the near-field resonance of SiC. First, the spectral
resolution was probably a bit too bad and second, it is well-known that using a damaged
tip will not show anymore the near-field resonance due contamination of the tip. A tip can
be damaged within a few hours or even during some minutes, depending on the tapping
conditions, cantilever and sample properties3. Nevertheless we have observed first evidence
of the SiC near-field resonance as shown in Fig.5.6 where a peak at the expected wavelength
appears, though the peak is to small probably due missing spectral resolution. In Fig.5.7 we

Figure 5.6: First evidence of the SiC near-field resonance

compare in (a) directly the obtained s2 signals, and in (b) we have divided the s2 SiC signal
through the s2 Au one as well as the Au phase is subtracted from the SiC one. The obtained
curves follows the same shape compared to sequential s-SNOM measurements, supporting
that we are measuring near-field signals [100].

The recorded signals are very weak but nevertheless we have found many indications
that they represent true near-field spectra in amplitude and phase. The final proof for true
near-field spectra is done through so-called approach curves which we present in the next
subsection.

5.3.2 Approach curves

True near-field signals are currently approved through the analysis of so-called approach
curves. Concerning broadband illumination this has not been shown yet. Thereby the sample
is retracted from the tip, continuously recording the signal whereas the moving mirror is kept
stable in the white-light position of the interferometer. As the near-field is confined to the
surface of the probe, one should see an exponential decay of the intensity if the background is
sufficient suppressed. If not, the measured signal (from the background) will periodically rise
and fall again over a larger distance because of an interference effect [83]. Due the weakness
of the broadband signal, approach curves are very difficult to record. The retraction had
to last several seconds for a strong enough signal. Fig.5.8 shows the s1 and s2 near-field
approach curves for SiC. As expected for s1 the background is not suppressed leading to a rise
in the signal strength at a greater distance [83,102]. The s2 should contain already much less

3private communication, Dr. Rainer Hillenbrand, Dr. Andreas Huber
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Figure 5.7: SiC and Au comparison, see text for details

Figure 5.8: Approach curves on SiC for s1 and s2. Background signal is still contained in s1.

background signal which is clearly observed as the signal does not rise anymore like s1. Hence,
the s2 spectrum is dominated by the near-field but not the background signal. It has been
shown with CO2 lasers that for mid-infrared near-field spectra one should record at least the
second demodulated order signal. In Fig.5.9 we compare the s2 approach curves taken on gold
by the broadband illumination (red) and an attenuated CO2 laser (black). The same decay
characteristic is observed which is an additional confirmation that the measured broadband
approach curve results from the near-field. With these approach curves we have proven for
the first time that continuous near-field spectra in amplitude and phase can be recorded.

5.3.3 ”Near-field” interferogram

With our technique we can obtain the sample’s properties not only by the near-field spectra
in amplitude and phase but also through the recorded interferograms. This is a unique
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Figure 5.9: Broadband approach curve on Au compared with an approach curve by a CO2

laser.

feature of our Fourier-transform s-SNOM. The potential of this analysis method has to be
still explored. Following we will show some first aspects gained through the interferogram
analysis. Fig.5.10 presents the interferogram taken at the surface of SiC (a) and 3µm above
(b) at the demodulation order n1. In the approached case (a) a long interference part (A)
is visible which disappears in the retracted case (b) which consists only of background. We
assume that this is the contribution rising from the near-field interaction. Furthermore, as
the approach curves have already shown, a larger background dominates the interferogram.

Figure 5.10: Interferograms (n1) taken on SiC in the (a) approached case and (b) 3µm above
the sample’s surface.

The corresponding spectra are shown in Fig.5.11.
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Figure 5.11: Corresponding spectra of Fig.5.10.

Fig.5.12 shows the subtraction of the approached interferogram minus the retracted one.
Part A is again the near-field contribution and part B very probably still presents a larger
background signal. This can be explained by the way of illumination onto the tip apex-sample
region [100]. Another way of illumination can completely avoid part B [78] and only show
Part A as in [78]. The near-field contribution can be used as well for confirming true near-field
signals, alternatively to approach curves.

Figure 5.12: Resulting interferogram by subtraction of Fig.5.10 (a)-(b). A: near-field contri-
bution, B: residual background

The prolonged response due to the phonon resonance in SiC of part A marks the high quality
factor due the substantial energy stored in the cavity formed by the tip apex and the sample.
This prolonged response is probably the first evidence of free induction decay (FID) in a
classical near-field coupled system, namely a scatter close to a material surface [78]. Differently
materials will have a different long FID as shown in Fig.5.13 Therefore we compared the
interferograms (n1) of SiC and Au. The prolonged response of Au is more ”covered” by the
background which indicates that it is shorter as the one of SiC. This is better emphasized in the
measurements in [78]. But going into the field of FID is beyond the scope of this chapter [78].
In Fig.5.13 we observe another interesting behavior. As we can see, the SiC interferogram
(including the background) precedes the gold one, although these measurements were done in
the same measurement series without changing the illuminating or recording conditions. The
reason is not yet clear but as the background is shifted too one could think about a slightly
different attraction strength between the gold-to-tip-apex and SiC-to-tip-apex system which
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Figure 5.13: Comparison of the SiC and Au interferogram (n1).

would result in a slightly different path length.
On the basis of the interferograms, an additional source of information has been added to
explore material properties and interactions on the nanoscale.

5.4 Outlook

We have demonstrated broadband s-SNOM and shown its potential with respect to nanoscale
spectroscopy. Due to the very weak broadband source we were currently limited to proof-of-
principle measurements and had to average several spectra to decrease the noise. Therefore,
the key question for further applications addresses the mid-infrared broadband power at MHz
repetition rate. Generating mid-infrared broadband spectra by difference frequency genera-
tion in GaSe will be the most promising and simplest way. But using a broadband Ti:Sapphire
femtosecond laser at 800nm will not further improve the situation as the mid-infrared power
of around 10µW is currently already limited by two photon absorption (TPA) in GaSe. To
increase the power, one has to use a laser-system above the TPA region of 1.5µm for GaSe.
During the last years several promising and simple laser systems concerning the mentioned
problem have been published yielding a power up to 100µW [77] in the MIR. Currently, such
a laser-system has replaced our old Ti:Sapphire based one. A totally different approach could
be the use of a supercontinuum spectrum [14] generated in photonic crystal fibers (PCF) as
discussed in chapter 1.2.4. Routinely, such spectra can cover the visible part and, depending
on the fiber and laser source, can go up to 5µm [103]. Such sources could be very interesting
reaching the spectral range around 5µm which is of interest to many vibrational samples.
Probably the simplest approach is replacing the laser-system by a thermal emitter. Recently,
first promising results have been published [97].
With a stronger broadband source, respectively improved detectors, the measurement time
for a pixel will decrease. However, it is questionable if pictures can be recorded like done
with a monochromatic s-SNOM. But this might not be a strong limitation. Most of the
sample’s relevant information does not require a full picture but only some pixels or a lines-
can at the relevant sample positions, e.g. in doped nanowires [89] or field enhancement in
nanogaps [93,104,105]. A last approach which can improve the signal essentially is the shape
of the cantilever tip-apex. A suitable design increases the amount of backscattered light.4

We observed indications of this behavior by damaging the tip on purpose, but we couldn’t

4private communication, Prof. Dr. Thomas Taubner, RWTH Aachen University
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investigate it in detail.
We also want to draw your attention to a possible combination of the s-SNOM with our pulse
compressed chirped pulse oscillator (see 2) for pump-probe spectroscopy.
In the near future, samples with a pronounced spectral near-field characteristic can be in-
vestigated, like e.g. conductivity phenomena or plasmonic resonators phonon resonances for
chemical identification. As soon as a more broadband MIR power is available one can exploit
other topics as well which are currently under investigation with monochromatic s-SNOM.
Many mentioned improvements are already in progress and should allow an efficient operation
of the broadband s-SNOM, making it a truly spectroscopic tool.

5.5 Summary and conclusions

Current s-SNOM techniques lack on being a true spectroscopic tool. We closed this gap by
combining s-SNOM with dispersive Fourier-transform spectroscopy and presented for the first
time near-field spectra in amplitude and phase of SiC and Au. Recording approach curves
we proved the near-field character as well. This demonstrated the potential of our technique.
Our experimental setup can without any problem be adapted to other spectral ranges, like
the visible or terahertz ones. New laser systems and detectors will reduce the measurement
time, enabling line-scans and small pictures. Furthermore, analyzing the interferograms one
receives additional knowledge of the coupled near-field systems of material surface and tip
apex which is currently not possible with other techniques. Thus, the combination of s-
SNOM with dispersive Fourier-transform spectroscopy presents a powerful tool for nanoscale
spectroscopy.
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Chapter 6

Conclusions

The motivation of this thesis was to do pulse compression with high energy pulses at MHz
repetition rates which can then be used for several experiments like high harmonic generation
or ultrafast spectroscopy to increase the signal-to-noise ratio and reduce measurement time.
With the development and demonstration of the chirped pulse compression concept we have
built such a desired laser system for daily use.

Chirped Pulse Compression ...
With the invented concept of chirped pulse compression we have successfully overcome
the current energy limitations due to self-focusing in fibers, yielding the same results as
in the Fourier-limit case. The concept is not limited to a special laser or certain input
parameters, and should be transferable to other pulse compression schemes using self-
phase modulation (e.g. hollow core fiber compression). Optimizing all parameters of the
setup one can again improve the output values. The measured stability, polarization
ratio and the compact setup makes the combination of our concept with a chirped
pulse oscillator a very interesting alternative to MHz-NOPAs which operate with similar
output values in energy and pulse duration but have a more complex setup and a worse
stability, and are therefore not suitable for many research groups. Our setup is ready
for applications in ultrafast spectroscopy, high harmonic generation, material processing
and much more.

Few-cycle pulse compression ...
We demonstrated a 6fs pulse compressed starting the laser’s 55fs, using only one fiber
stage. Further optimizing the setup’s parameters sub-5fs should be realistic. The combi-
nation of our 6fs beam with a white-light beam, generated in a crystal from the original
55fs beam, presents an interesting alternative for ultrafast spectroscopy at MHz repe-
tition rate e.g. photoinduced electron transfer samples, like solar-cells. Currently such
measurements can only be done with kHz laser systems.

Dispersion transfer ...
We showed that the transfer of the input GDD to the output GDD after spectral broad-
ening by self-phase modulation behaves significantly different than expected and cannot
be explained through the increased spectral bandwidth only. A satisfying explanation
has not been found yet. The special GDD transfer property allows to keep the chirped
pulse compression setup nearly unchanged over a large input chirping range; a clear
advantage. We believe that our measurements will help also to understand other recent
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experiments using chirped input beams, e.g. the rise of self-compression in filamentation
at some certain well-defined input chirp values [27]. The influence of chirp to nonlinear
processes is definitely larger than previously assumed.

High average power pulse compression with 1030nm laser systems ...
Our >100W average power pulse compression experiments at 1030nm have shown that
thermal aspects concerning fibers and self-phase modulation can be controlled and do
not represent the a fundamental limitation. However, the current limit is given through
the thermal lens of the optical isolator which decrease the M2 of the beam so that one
cannot couple into the fiber anymore. In the near future one will therefore be restricted
to around 200W because no better isolators exist. Comparing with the experiments at
800nm we found a couple of differences (transmission, polarization) which require a de-
tailed measurement series. Although pulse compression with 1030nm laser systems can
already be used for further experiments, it has not reached the level of the Ti:Sapphire
experiments yet.

Chirped mirrors ...
Chirped mirrors are a very powerful and essential tool for dispersion management. But
using broadband chirped mirrors which rely on the (necessary) concept of canceling
dispersion ripples one needs to measure their group delay dispersion (GDD) curve as
otherwise one cannot select the canceling chirped mirror pair. Relying on the design
curves clearly is not sufficient Through our measurements we have found that every
chirped mirror has a different spectral shift of its GDD curve compared to the other
chirped mirrors which should have identical properties. As all these mirrors are manufac-
tured in the same run we believe that the reason lies in the coating machine. Probably,
the coating setup does not allow a sufficiently constant layer thickness on each mirror.
Measuring the spectral reflection curve of broadband chirped mirrors one can often make
a first selection which mirrors work well together.

s-SNOM ...
True continuous near-field spectra in amplitude and phase recorded in one single mea-
surement have been demonstrated for the first time by combining Fourier-transform
spectroscopy with a scattering scanning near-field optical microscope. Through our tech-
nique we closed the gap of an insufficient spectral recording by monochromatic s-SNOM
and raised it finally to a true spectroscopic tool. Direct applications in nanoscience
can be any kind of doped semiconductor materials. New, stronger laser systems for
broadband mid-infrared generation will increase the power of the beam enabling the
recording of pictures of the sample instead of the current single pixels or linescans.
Specially designed tip scatters are another possibility to increase the signal. Our ap-
proach opens an additional analysis method by recording the ”near-field” interferograms.
Broadband s-SNOM stands at the beginning of demonstrating its full potential for the
field of nanoscience, but the first steps have been presented in these thesis.
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A. Tünnermann. 131 w 220 fs fiber laser system. Opt. Lett., 30(20):2754–2756, Oct
2005.

[46] R. L. Fork, C. H. Brito Cruz, P. C. Becker, and C. V. Shank. Compression of optical
pulses to six femtoseconds by using cubic phase compensation. Opt. Lett., 12(7):483–
485, 1987.

[47] Andrius Baltuska, Zhiyi Wei, Maxim S. Pshenichnikov, and Douwe A. Wiersma. Optical
pulse compression to 5 fs at a 1-mhz repetition rate. Opt. Lett., 22(2):102–104, 1997.

[48] V.S. Yakovlev, P. Dombi, G. Tempea, C. Lemell, J. Burgdörfer, T. Udem, and
A. Apolonski. Phase-stabilized 4-fs pulses at the full oscillator repetition rate for a
photoemission experiment. Applied Physics B: Lasers and Optics, 76:329–332, 2003.
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Appendix A

Fiber preparation and alignment

This appendix describes the preparation and alignment of large mode area fibers for spectral
broadening and pulse compression. Although, the experimental setup requires a less intensive
maintaining, some procedures like preparing the fiber and alignment have to be done from
time to time. This appendix shall help to avoid mistakes.

Suppliers: There is currently only one company, called NKTphotonics (former crystal-fibre),
which is able to produce photonic crystal large mode area fibers (LMA). Well known
distributors are Thorlabs and Newport. Buying directly from NKTphotonics is possible,
but a minimum length of 10m has to be purchased. Thorlabs offers only LMAs with
core diameters of 12.5, 20, 25 and 35µm and a delivery time of maximally 3 days.
Contrary Newport which has the whole offer except LMA 5 (note: LMA 5 polarization
maintaining is offered) but with a delivery time of 2-3 weeks. The price for all core
diameters is ∼100 euros per meter.

Removing the jacket: Jacket should be removed as scattered light can generate new un-
desired frequencies. Furthermore, at high average power the jacket evaporates probably
due the scattered light from the core. Three different techniques exist, removing by
aceton, by mechanical stripping, or by hot air, for example from a hair-dryer. For larger
core diameters (>15µm) we used the stripping tool, smaller ones with aceton. With
aceton it is more difficult to remove the full jacket length from pieces longer than around
7cm. The long fiber has to be submerged totally by aceton. For small pieces, putting
the fiber in a small bottle of aceton and waiting around 2 minutes is enough. Note,
aceton will get sucked into the holes and later covering the fiber surfaces which reduces
the transmission for ∼2% as well as damaging the fiber earlier. If possible one should
use mechanical stripping or by hot air (hair-dryer).

Cleaving the fiber: The fiber is scratched by a mechanical moved diamond blade from a
commercial cleaver (Photon Kinetics, Inc., Model FK12)for single mode fiber with a
9µm fiber core diameter. However, every core diameter fits to the cleaver. No cleaving
angle is set (induces too much stress onto the fiber). A ”scream” during the diamond
blade cuts the fiber indicates a good cleave. After, with tweezers the fiber is taken out of
the cleaver and rotated by 90◦ so that the scratched zone shows up. Hold now the fiber
with two fingers on the part you will use later and push with two fingers from above to
down the other part of the fiber. The fiber will break, resulting in a nice cleave. No
force or fast speed is needed, a smooth movement is sufficient. No experience is needed
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to make the move. Note, that as long as the core does not show any kind of damages
like, dirt (glass from the cleaving) or slots (which can appear from the holes) the fiber
should work well in the experiment. The fiber can be scratched too by hand using a
diamond blade or marble plate. Doing so, a certain experience is necessary until a good
cleave is achieved.

Experimental setup: Concerning the fiber setup one should consider following aspects:

• The focusing lens is calculated for the mode field diameter of the fiber.

• A lever arm (and two irises) before the focusing lens ensures a correct excitation
of the fundamental fiber mode.

• After the collimating lens, a lever arm and two irises before the chirped mirrors
should be set, to guarantee a correct angle of incidence for the chirped mirrors.
Note, every new fiber piece yields a slightly different output beam direction. This
can be corrected with the lever arm and the irises.

• Focusing and collimating lenses should be aspheric and antireflected ones, and be
placed on translation stages.

• The fiber holder should be mounted onto a 3-axis translation stage (e.g. NanoMax
MAX312/M, Thorlabs) for coupling into the fiber.

Of course, other setups are possible as well. Like having a fixed fiber position but
moving the collimating lens for coupling. However, we recommend our setup as it is
cheaper and more compact. No, clear advantage or disadvantage of the two setups have
been noted.

Alignment of the fiber: A correct pre-alignment of the setup saves you 99% of the time of
the fiber alignment. With some experience the alignment of a new fiber piece is done
within a minute.

Pre-alignment of the setup (has to be done only once): Essential for the mode
excitation is that the wavefront comes perpendicular to the fiber surface. Hence,
care has to be paid when fixing the height of the beamline. Alignment is done as
usual. One fixes the beamline (first lever arm already set) and starts putting the
elements from inside to outside. Means first set the fiber holder, then the focusing
lens, the collimating lens and then the two irises before the focusing lens. The sec-
ond lever arm and irises will be set as last. Mark the fiber holder translation stage
position as well as the one of the lenses (best middle position of each translation
axis) so that you can always return to this position if necessary.

Fiber alignment: Pre-exciting the mode requires that the focus is within 1mm set
to the fiber surface. This accuracy can be easily measured by a ruler. Or by
watching the beamprofil scattered on the fiber holder. If the beam focus is near
the input surface, all light hits the fiber input surface and will be not scattered
by the fiber holder. Put now a white piece of paper behind the collimating lens
and watch the ”beamprofil”. In parallel, record the spectrum by the spectrometer.
Normally, one should see now only ”speckles” in the beamprofil and no broadening
of the spectrum. If you have already some spectral broadening, then optimize on
it. If not, then move the fiber in the middle of the focus. You can do that easily
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by counting the way you moved with the translation screws from one side of the
fiber to the other one (width and height). The beamprofil changes dramatically as
soon you are out of the fiber. Now move your fiber into the middle of the focus.
Watch the beamprofil and spectrum. If you still see no broadening or mode (on
the paper), then move slightly the focusing lens until you see a mode. For small
core fibers (<LMA 8), before you reach the middle, your beam will vanish totally
on the screen. It is a good indication that you are near to the mode coupling. As
soon as you have a pre-excitation of the mode you can optimize it, first with the
help of the spectral broadening. Move the focusing lens and the fiber translation
screws to achieve maximal spectral broadening. Repeat this several times. Now,
the mode looks already quite good but has still some ”speckles” around it. Make a
walk-off with the first leverarm until you see no speckles anymore. The spectrum
should be a bit broader again. Use again the translation screws to be sure you
have maximum broadening.

01 Fiber mode: Even the LMAs are so called endlessly single mode, the 25µm core
LMA shows sometimes some 01 fiber mode behavior. Actually, in many cases you
will first have a 01 mode, especially when working with a laser system at 1030nm.
Note that you have to look exactly to recognize it. Single mode operation is
achieved during the fine adjustment with the leverarm. Note that the spectral
broadening of the 01 mode will be not significantly different compared to the
fundamental mode.

Transmission: the transmission of around 87% for a 800nm beam indicates a good
coupling into the fiber (nice mode assumed). Having smaller transmission mostly
corresponds with some ”speckles” in the beamprofil and comes from either not yet
a good coupling (check focusing length), or from a bad cleave e.g. (very) dirty
fiber surface. In most of the cases it is the coupling. For a 1030 laser system the
transmission is ∼70% (see section 4.3).

Contrary to the widespread opinion of a difficult fiber handling, the preparation and alignment
of a LMA fiber is trivial and does not require any special skill nor effort. A fiber change,
including cleaving and alignment, can be done without problems in less than 15 minutes.
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Wedemonstrate a simple approach for broadening and compression of intense pulses atmegahertz repetition rates by
self-phase modulation in nonlinear photonic crystal fibers. In order to avoid damage by self-focusing, we positively
chirp the input pulses, which allows coupling of significantlymore energy into the fiber, whilemaintaining the same
spectral bandwidth and compression as compared to the Fourier-limited case at lower energy. Using a commercial
long-cavityTi:sapphire oscillatorwith 55 fs, 400nJpulses at 5MHz, we generate 16 fs, 350nJpulses,which is a factor of
4 more energy than possible with unchirped input pulses. Self-phase-modulated spectra supporting 11 fs duration
are also shown with 350nJ pulse energy. Excellent stability is recorded over at least 1 h. © 2011 Optical Society of
America
OCIS codes: 140.7090, 190.4370, 320.1590, 320.5520.

At megahertz repetition rates, the generation of sub-15-fs
laser pulses with hundreds of nanojoules of single-pulse
energy represents a challenging task, but a variety of ap-
plications, such as ultrafast spectroscopy, diffraction
with single electrons [1], high-harmonic generation [2],
resonant plasmonic field enhancement [3], and material
processing [4,5], would profit from the increased signal-
to-noise ratio, total flux, or reduced measurement and
processing time. One approach for generating short and
intense pulses at megahertz repetition rates is the use of
noncollinear optical parametric amplifiers (NOPAs);
the typical achievements at 800 nm are 400 nJ, 15 fs at
1–2MHz [6–8]. Noncollinear optical parametric ampli-
fiers offer some advantages, such as spectral tunability,
but also suffer from a certain complexity as a result of the
several nonlinear conversions to be combined. Alterna-
tively, intense pulses at megahertz repetition rates can
also be produced by long-cavity oscillators [9], fiber am-
plifiers [10,11], or Innoslab amplifiers [12], but the pulse
duration is so far only ∼40 fs to 1 ps in these systems.
Directly reaching shorter durations seems currently

not feasible, and an external pulse compression stage
is therefore required. An efficient way is to couple the
laser beam into a solid single-mode fiber for spectral
broadening by self-phase modulation [13] and subse-
quent chirp compensation [14–18]. However, a central
limitation is the damage caused by self-focusing in the
front part of the fiber. This limits the maximum amount
of single-pulse energy that can be coupled into the fiber.
Self-focusing is mainly caused by peak power but not

by intensity. This should allow prevention of damage by
using the well-known concept of chirping [19]. Making
use of the longer duration of chirped pulses, the peak
power decreases, and we can couple more energy into
the fiber before self-focusing starts (see Fig. 1). Our ap-
proach is based on fibers with normal dispersion, in or-
der to avoid solitonic and Raman processes that can
make the output incompressible. This regime requires
positive chirp, because negative chirp will result in spec-
tral narrowing [20], or broadening only after an inter-
mediate temporal focus somewhere in the middle of
the fiber [21]. The question that remains is whether we

can achieve the same extent of spectral broadening and
compression as compared to conventional, unchirped in-
put pulses. In the following we demonstrate that this is
indeed the case and show that compressed output pulses
of significantly higher energy can be generated as with-
out chirping.

Our femtosecond laser source at 5MHz repetition rate
is a commercial chirped pulse Ti:Sa oscillator (Scientific
XL, Femtolasers GmbH) with an output of 500 nJ and
55 fs at 800 nm central wavelength. The high intracavity
energy requires operation of the oscillator in the positive
dispersion regime [9]; hence, the pulses are positively
chirped at the output coupler. An extracavity prism com-
pressor is therefore included in the commercial laser sys-
tem. Translation of the prisms enables us to positively or
negatively chirp the system’s output pulses.

For the studies reported here, we used a tunable at-
tenuation stage, consisting of an achromatic half-wave
plate and a polarizer. A Faraday isolator is used to pro-
tect the laser’s mode locking from backreflections from
the fiber surface. By rotating the half-wave plate, an ad-
justable energy range of 0–400 nJ is thus provided with-
out changing the chirp. For spectral broadening we
selected a commercial large-mode-area photonic crystal
fiber from NKTPhotonics (LMA-25, Thorlabs) with a
mode field diameter of 20 μm and a zero-dispersion wave-
length of ∼1300 nm. The LMA-25 fiber lies freely in a
self-made V-groove holder that is placed onto a three-
axis translation stage. A fiber length of 30mm was used
[14,15]. For our beam diameter of about 3mm, we
selected antireflection-coated aspherical lenses with f ≈

50mm for focusing (L1) and with f ≈ 20mm for col-
limation (L2). Compression is achieved by using dou-
ble-angle chirped mirrors [22], which were designed

Fig. 1. (Color online) Concept of chirped pulse compression.
A megahertz laser’s output pulses are stretched before entering
a nonlinear fiber (PCF). This avoids self-focusing and provides
significantly improved output energies.
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for a bandwidth from 680 nm to 890 nm and for −100 fs2

per reflection, without compensation of higher-order dis-
persion. We used 24 reflections in combination with sev-
eral millimeters of quartz blocks and wedges for fine
tuning, resulting in a total transmission of >90%. Note
that the output energy values given below are measured
after the collimating lens and are to be reduced by 10%
for the compressed pulses. The compressed pulses are
characterized by interferometric autocorrelation (Femt-
ometer, Femtolasers GmbH). The total setup of spectral
broadening and compression covers a space of only
35 cm × 65 cm.
First, we investigated the broadening of Fourier-

limited pulses (55 fs). The upper row of Fig. 2 shows
the results. We adjusted the input pulse energy close to
the damage threshold, resulting in an energy of ∼90 nJ.
Figure 2(a) shows the input spectrum (dotted) and the
broadened spectrum (solid); note the linear scale. The
transmission efficiency was 87% (∼78 nJ after the colli-
mating lens). The spectrum’s Fourier limit was 12:0 fs,
and the autocorrelation [Fig. 2(b)] indicated a pulse dura-
tion of 14:5 fs.
The lower rowof Fig. 2 shows the results for a stretched

input pulse. With the laser system’s prism sequence, we
positively chirped the pulses to a duration of ∼215 fs
(FWHM of the intensity). This made it possible to couple
in and broaden the full available pulse energy of ∼402 nJ
without damage. Output pulses with ∼352 nJ (average
power 1:76W) were achieved, which corresponds to a
transmission of 88%, similar to the unchirped case. This
represents a factor of 4 more energy as when using Four-
ier-limited input pulses. The spectrum [Fig. 2(c)] had a
Fourier limit of 14:5 fs, and the measured pulse duration
was 16 fs [Fig. 2(d)].
In both cases, chirped and Fourier-limited, the domi-

nant process for spectral broadening is self-phase mod-
ulation influenced by group velocity dispersion [14],
which is evident from the typical spectral shapes. The
two autocorrelations show side maxima that are an inevi-
table result of the spectral shape. The positions and
shapes of all side maxima in the range of �150 fs are
in very good agreement with calculated Fourier-limited
autocorrelations of the respective spectra. We attribute

the residual small deviations to the missing third-
order-dispersion correction of the fiber material. How-
ever, not much more higher-order chirp seems to be
induced by the chirped case as compared to the Fourier-
limited case. The similarity of the two spectra and auto-
correlations shows that chirped input pulses provide a
comparable broadening and compression, but at higher
energies. If, at a given chirp, the input pulse energy is
successively increased, the full spectral width of the
unchirped case can be recovered before the fiber gets
damaged.

Figure 3(a) shows the achieved output energy (trian-
gles) using different input pulse durations when the spec-
tral width of the Fourier-limited case is maintained. For
unchirped pulses, the input peak power was set to
around 75% of the self-focusing threshold, which resulted
in a spectrum extending from about 730 to 860 nm (Four-
ier limit ∼14 fs). For each input chirp value, we increased
the input power until a similar spectral broadening was
reached. At constant broadening (Fourier limit of ∼14 fs),
the achievable output energy (triangles) increased di-
rectly with the input pulse duration. In Fig. 3(b), we
plotted the resulting input peak power (solid diamonds),
which stayed always in the same, safe range below the
self-focusing threshold, computed for fused silica at
800 nm (dotted line) [23]. These two observations

Fig. 2. (Color online) Comparison of (a), (b) unchirped and
(c), (d) chirped broadening and compression.

Fig. 4. Long-term stability of the spectral shape in our chirped
pulse compression approach.

Fig. 3. Relation of input peak power to output energy at con-
stant spectral broadening (see text). The open diamond shows
the parameters for the 11 fs spectrum of Fig. 5.
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indicate that even higher output energies, in the micro-
joule regime, should be feasible with more input energy
in combination with a stronger input chirp.
We demonstrate an excellent stability of our approach

by recording the Fourier limit of a broadened spectrum
(input ∼286 nJ, transmission 88%) every 30 s (see Fig. 4).
The spectral shape and Fourier limit, as well as the out-
put energy, do not fluctuate or drift, although the fiber
was lying freely in the holder. No kind of cover or fiber
stabilization was necessary. The pulse-to-pulse energy
fluctuations of the output were ∼1% (RMS). In none of
our experiments was ablation or other type of direct da-
mage to the input surface observed. We could use the
same piece of fiber over many weeks. Also, the azimuthal
orientation of the fiber’s photonic structure was investi-
gated and found to be insignificant for the output.
In an additional measurement, we adjusted the chirp

quite close to the self-focusing threshold [see open dia-
mond in Fig. 3(b)], in order to see what spectral broad-
ening can be achieved with the full available power of our
laser system. With an input of ∼400 nJ, a chirped duration
of ∼155 fs, and an LMA-25 fiber of 29mm length, the broa-
dened output spectrum supported pulses of 11 fs dura-
tion (see Fig. 5). The output energy was ∼354 nJ, the
transmission 88.5%, and the average power ∼1:77W.
The peak power is ∼30MW. This spectrum was, like be-
fore, stable for at least 1 h. We expect that the sub-10-fs
regime can be reached at our oscillator’s full energy by
using a fiber with a somewhat smaller mode field dia-
meter. The higher intensity should lead to an increased
broadening at constant peak power.
The concept of chirped pulse compression is general

and should also be applicable to other broadening
schemes based on self-phase modulation. For example,
we expect direct advantages when compressing high-
energy pulses from kilohertz lasers in gas-filled hollow-
core fibers. At megahertz repetition rates, chirped pulse
compression is an attractive alternative to megahertz
NOPAs for generating extremely short pulses in the mi-
crojoule, 10 fs regime. Because of its simplicity, the com-

bination of a commercial chirped pulse oscillator with
our simple chirped pulse compression scheme will be
a convenient source of shortest pulses for applications.

We thank F. Krausz for support and inspiring discus-
sions. This work was supported by the Munich-Centre
for Advanced Photonics, the Rudolf-Kaiser-Stiftung,
and the European Research Council.
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Abstract: We demonstrate continuous infrared spectra from 20 nm sample 
spots, by combining dispersive Fourier-transform infrared spectroscopy 
(FTIR) with scattering near-field microscopy (s-SNOM). With the 
“apertureless” tip of a standard AFM cantilever in one arm of a Michelson 
interferometer the spectra arise simultaneously in amplitude and phase. The 
effect of near-field phonon resonance of SiC is used to verify background-
free s-SNOM operation, and to determine the absolute scattering efficiency, 

at 6 cm
−1

 spectral resolution. We further report first evidence of free-
induction decay from a scatterer composed of parts coupled by near-fields. 
This is possible only with broadband illumination. It offers a new, unique 
tool to discriminate against background scattering artifacts. 

©2009 Optical Society of America 

OCIS codes: (160.2710) Inhomogeneous optical media; (180.4243) Near-field microscopy; 
(300.6340) Spectroscopy, infrared; (300.6300) Spectroscopy, Fourier transforms. 
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1. Introduction 

Near-field microscopy by Rayleigh scattering from a tip has the proven potential of tip-limited 
resolution of typically 20 nm. This is independent of the wavelength which can be chosen 
throughout the visible, infrared, THz and even microwave regions [1]. Disturbing 
“background” scattering from parts outside the tip's apex region are routinely suppressed by 
tapping the tip against the sample and demodulating the light signal at the tapping frequency 
or its harmonics. Numerous applications have been established using monochromatic s-
SNOM, for example, the detection of nanosize metallic regions that occur in the insulator-
metal phase transition [2], or the quantitative mapping of free-carrier concentration in 
semiconductor nanodevices [3]. Yet the future impact of s-SNOM requires a spectroscopic 
operation exploiting the infrared and far-infrared vibrational fingerprints. These are routinely 
assessed in research and industry, using FTIR spectrometers for identification and quantifying 
chemical composition. Monochromatic s-SNOM has already succeeded in mapping 
vibrational resonances by repeated s-SNOM imaging at varied frequency, and subsequent 
extraction of spectra [4–8]. This procedure is, however, rather laborious and prone to errors 
from non-reproducibilities of the scan process. For example, the sample might drift, the 
tapping conditions might change, and the tip might erode or pick up debris. 

2. Design of broadband s-SNOM 

Our present experiment uses spectrally broadband illumination of a novel, commercial s-
SNOM (NeaSNOM, neaspec.com), for recording a spectrum at each pixel while scanning 
(Fig. 1). 

 

Fig. 1. Sketch of spectroscopic near-field microscope where the back-scattering probe tip 
represents one end mirror of a dispersive Michelson interferometer. A mirror in the reference 
arm is mechanically translated to record an interferogram which is then Fourier-transformed to 
determine both amplitude and phase spectra. 

Interferometric operation is achieved by a dispersive Michelson configuration, resembling 
the earlier homodyne [5], multi-heterodyne [9], and pseudo-heterodyne setups [10]. The 
reference arm's length is continuously varied and an interferogram is recorded for subsequent 
Fourier-transformation (FT). We use a coherent beam with a broad spectrum resulting from 
difference-frequency generation in a 200 µm thick GaSe crystal (ATOM, eletot.tsu.ru), of 10-
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fs Ti:S laser pulses at 125 MHz repetition and 500 mW quasi-c.w. power. The crystal is 
oriented to generate the band between 9 and 12 µm at 5 µW quasi-c.w. power. The back-
scattered infrared beam is partially reflected at the beam splitter, a 2 mm thick uncoated ZnSe 
plate, and focused on a HgCdTe detector (KLD-0.25-J1, kolmar.com). The signal is amplified 
by 60 db (HVA-10M-60-B, femto.de) and processed in a lock-in amplifier (EG&G5302, 
princetonappliedresearch.com). The s-SNOM's focusing mirror has about 20 mm effective 
focal length and accepts a collimated beam in a 15 mm aperture. The incident beam is at about 
30° inclination to the horizontal sample surface and is vertically polarized. The sample is 
scanned while the commercial cantilevered Pt-coated tip (PPP-NCHPt-20, nanosensors.com) 
is fixed and oscillates at 310 kHz. An integrated microscope provides a top view of the 
sample, the cantilever, the AFM laser spot, and the illuminating spot which helps in the 
alignment of both the AFM and s-SNOM operations. 

The recording of interferograms is done with an oscilloscope (Wavesurfer 422, 

lecroy.com). This also performs on-line FT for previewing spectra at 20 cm
−1

 resolution, as 
limited by nonlinearity in the mirror translation stage (P-628, pi.ws). We overcome this 
constraint by off-line resampling according to frequent calibration interferograms taken with a 
CO2 laser beam, set at about 100 µW by a step attenuator (102, lasnix.com). With our choice 

of 1.7 mm long interferograms taken in 2 s the resolution becomes 6 cm
−1

. The interferometer 
arm length of about 25 cm is found sufficiently short to keep, in the thermostatted laboratory, 
thermal drifts small enough that the phase calibration stays valid over hours. 

2. SiC near-field phonon resonance 

In view of the rather low power from our broadband source the s-SNOM is initially aligned 
with the CO2 laser beam. The reference mirror position for positive interference of all 
frequencies (white light position, WLP) is approximately set with the help of a ruler (the 
optical path length inside the NeaSNOM is 2 x 17 cm). The power efficiency of 
backscattering from the tip is found to be of the order of 0.25%, which corresponds to a 
detector signal level of about 5% of the input signal (Fig. 2). The latter is experimentally 
determined by an auxiliary probe arm with a full mirror. 
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Fig. 2. Mid-infrared spectra obtained by s-SNOM of an Au sample (a) and a SiC sample (b). 
Amplitude spectra (lower part) are shown for the input beam (in), the directly backscattered 
beam (s0), and its demodulated components at the nth harmonics (sn). The corresponding phase 
spectra (upper part) are shown in the same colours. The WLP was chosen such that the phase is 
nearly constant for the n = 1 phase spectrum of Au. The tapping amplitude was set to 100 nm. 

Similar as in earlier reports [9,11,12], the modulated amplitudes of backscattering are 
found to decrease with n, here roughly by a factor 5 per harmonic order. With the non-
resonant Au sample the spectral shapes are similar to that of the input spectrum, except for the 
direct scattered one, s0; its distortion resembles that found earlier with a different tip shape, 
and may indicate antenna resonance [13]. The phase spectra are flat and unshifted within 20° 
which means the locus of backscattering remains within ± 140 nm constant for all spectral 
elements. Approach curves (not shown) are regularly taken, with the interferometer kept 
fixed, to ascertain that the n = 2, 3 responses are dominated by near-field interaction. 

Figure 2b displays the spectra obtained with a SiC sample which possesses a well-studied 
near-field phonon resonance in the mid infrared [4,9,13–17]. As expected for this resonance, 
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the amplitude spectra for n = 2, 3 exhibit a ca. 60 cm
−1

 wide peak (FWHM) at ca. 920 cm
−1

 

exceeding the value of Au. The n = 0, 1 spectra, in contrast, appear flat up to about 980 cm
−1

 
where the amplitude markedly decreases. This is expected for the far-field response due to 
Fresnel reflection in the Reststrahlen region of SiC, as illustrated in Fig. 2 of ref [4]. The 
phase spectra exhibit a monotonic increase in the Reststrahlen region. This increase is 
enhanced in the near-field interaction. Our general conclusion is that spectroscopic s-SNOM 
generates meaningful amplitude and phase spectra. Specifically, the near-field interaction 
dominates the spectra from demodulation order n = 2 up, given the tip geometry and tapping 
paramters as used here. 

3. Background-free detection at first harmonic 

The results (Fig. 3) of a second measurement series with a different tip from the same batch 
indicate, in the n = 1 spectrum, the presence of substantial background scattering; this could 
come from a non-perfect alignment of the focus to the tip or may reflect an antenna property 
of the tip. We present this series because it illustrates a new way to recognize background 
contamination, by inspecting pulse-type interferograms obtainable only with broadband 
illumination. In Fig. 3b the centrally plotted interferogram of the input (black, scaled /100) 
lasts for a time span A. It can be understood as the autocorrelation of a ca. 3-cycle input pulse. 
Nearly congruent with it are interferograms of the two samples measured at 3 µm retraction 
from contact (dotted red and green). Since such a retraction must fully suppress the near-field 
interaction [1,11], the dotted spectra (Fig. 3a) designate pure background scattering. We 
assume such background spectra should prevail nearly unaltered also at contact. This is 
confirmed by comparison with the n = 1 interferogram of Au. It starts out congruently in 
shape with the input, but then continues ringing for a time span B. The difference of both 
interferograms, on and off contact, is approximately identical in shape with that of the n = 2 
interferogram. The latter represents the pure near-field response, as concluded above from 
approach curves, and as also can be seen by comparing the n = 2 spectrum of Fig. 3a with Fig. 
2b and previous reports [9,16]. 
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Fig. 3. Mid-infrared s-SNOM spectra (a) and corresponding interferograms (b) obtained with 
an Au (red, yellow) and a SiC sample (green, blue). Background scattering is present in the n = 
1 but not in the n = 2 cases. The interferograms (offset for clarity) exhibit three distinguishable 
features, (A) background scattering signature congruent with input, (B) near-field response of 
Au, (C) near-field response of SiC. The tapping amplitude was set to 65 nm. 

We thus suggest that the near-field response can be approximately determined even from 
background-contaminated n = 1 interferograms, during time span B, owing to the fact that the 
background and the near-field features appear essentially time-separated. Since the signal 
level for n = 1 is about 5x larger than for n = 2, the choice of using n = 1 interferograms 
instead of n = 2 interferograms has a decisive advantage for performing the initial s-SNOM 
setup because it requires a 25x shorter measuring time for the same S/N ratio. Note that, in 
contrast, the spectral curves (red, full and dotted, in Fig. 3a) would give no hint of the 
presence of a background. Our observation is corroborated by the interferograms taken with 
the SiC sample (Fig. 3b). In these, the ringing lasts for a prolonged time span C. Furthermore, 
it starts with a substantial phase shift compared to the background feature, which leads to a 
minimum in the s1 envelope. Both features are related to the phonon resonance of SiC. The 
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relatively long ringing marks the high quality factor owing to substantial energy stored in the 
cavity formed by the tip apex and the sample. 

4. Free-induction decay 

A prolonged response (ringing) is well known as free-induction decay (FID) in many other 
fields of coherent spectroscopy mainly of quantum systems such as spin or 
vibrational/electronic two-level systems. What we observe here is the first evidence of FID in 
a classical near-field coupled system, namely a scatterer close to a material surface. While 
implications and analogies with quantum systems are beyond the scope of this letter, we 
emphasize the FID's interesting practical application for s-SNOM adjustment and operation as 
already explained. We add another aspect, which may be of high interest in future studies. The 
interferogram could detect retardation generated by internal delay within a complex scatterer 
caused, for example, by surface plasmon propagation as considered in refs [18,19]. Intra-
scatterer retardation as small as 10° could be detected, which at 1 µm wavelength would 
correspond to a propagation time as short as 83 as. 

5. Influence of tapping amplitude 

To probe the influence of the tapping amplitude on both background and near-field signals we 
performed a systematic variation and display the result in Fig. 4. 

 

Fig. 4. Experimental, spectrally averaged s-SNOM amplitude of SiC (squares), of SiC retracted 
3 µm away from contact (dots), and of the difference (triangles) vs tapping amplitude. 
Connecting curves and the straight line are guides to the eye only. 

A linear behaviour is found for the pure background signal (dots at n = 1), as to be 
expected, whereas the other curves show a saturated behaviour obviously due to the near-field 
parts. In the n = 1 case, for example, at 20 nm the near-field part obtained by subtracting the 
off-contact from the on-contact interferograms (triangles) equals that of the background 
(dots), but at 50 nm tapping amplitude it amounts to only 50%. This trend is in accord with 
earlier estimations [20,21]. These predict a slowed increase of the near-field amplitude once 
the tapping amplitude exceeds the size of the near field, which is of the order of the tip radius, 
typically 20 nm in our study. 

6. Proximity effect 

As a final illustration of broadband s-SNOM spectra we demonstrate the influence of a nearby 
scattering object, the edge of an Au film, which is situated towards the focusing mirror. From 
former studies of plasmon-resonant scatterers [22–24] or edge scatterers [25] we expect to 
obtain an increased scattering caused by the additional illumination of the tip due to the 
proximal scatterer. The results show that such an enhancement indeed occurs, amounting to 
factors between 2 and 4, and that the spectral signatures stay largely unaffected (Fig. 5). 
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Fig. 5. Mid-infrared spectra obtained by s-SNOM on SiC, 100 µm (full) and 100 nm away 

(dotted) from a 25 nm high Au film, normalized to the input spectrum. Colour code as in Fig. 
2: s0 blue, s1 green, s2 red. The amplitudes are scaled by the factors indicated. The dotted phase 

spectra are offset for carity. The tapping amplitude was set to 70 nm. 

7. Conclusion 

The spectra shown in this work were acquired by averaging 10 to 100 interferograms, each 
lasting 2 s. A boost of the present beam power of 5 µW by at least an order of magnitude 
would eliminate the need of averaging, and ease the way to spectroscopic near-field images. 
Altogether, we have shown a robust setup and procedure which uses a broadband light source 
for illumination and for obtaining local spectra. Our setup requires less installation cost and 
less computational effort than the former coherent dual frequency-comb system [9]. The 
present method can readily be used with other types of light sources such as synchrotrons and 
in other frequency ranges such as, for example, covered by a white light continuum beam. 
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Abstract. We determine infrared transmission amplitude and phase spectra of
metamaterial samples at well-defined incidence and polarization with a vector
(‘asymmetric’) frequency-comb Fourier-transform spectrometer (c-FTS) that
uses no moving elements. The metamaterials are free-standing metallic hole
arrays; we study their resonances in the 7–13 µm and 100–1000 µm wavelength
regions due both to interaction with bulk waves (Wood anomaly) and with
leaky surface plasmon polaritons (near-unity transmittance, coupling features
and dispersion). Such complex-valued transmission and reflection spectra could
be used to compute a metamaterial’s complex dielectric function directly, as well
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1. Introduction

Metamaterials are artificially structured materials designed for specific electromagnetic
properties; they were known as ‘artificial dielectrics’ in early microwave electronics.
Metamaterials with a negative refractive index n, suggested by Mandelshtam (1950) and
Veselago (1968), have in the past been experimentally demonstrated for microwaves (Smith
et al 2000) up to THz frequencies (Yen et al 2004). Much activity is presently devoted to their
realization for infrared and visible radiation (Dolling et al 2006).

A negative n requires both electric permittivity ε < 0 and magnetic permeability µ < 0.
The basic design of a negative-index metamaterial is to incorporate subwavelength-sized
elements exhibiting either electric or magnetic resonance, and to arrange both types in a
regular lattice with a subwavelength-size period. A microscopic optical characterization of
such elements is possible by scattering-type scanning near-field microscopy (s-SNOM); this
method has already enabled mapping of the electric near-field distribution surrounding resonant
structures at sub-micrometer resolution (Hillenbrand and Keilmann 2001, Hillenbrand et al

2003, Jia et al 2008, Valk and Planken 2002, Yu et al 2007, Zentgraf et al 2008).
The optics application of a metamaterial depends, however, crucially on its far-field effects

which relate to its spatially averaged optical properties, its electric permittivity and its magnetic
permeability. Far-field optical methods can usually determine two observables simultaneously,
for example transmittance and reflectance, or amplitude and phase in interferometry, or psi

and delta in ellipsometry. The measurement of these two quantities then enables determination
of two optical constants, usually ε1 = Re(ε) and ε2 = Im(ε), at each wavelength. Since
metamaterials have at least four independent optical constants (the real and the imaginary parts
of both ε and µ) their complete characterization requires more measurements, for example, at
two different angles of incidence α which, of course, require a well-defined collimated beam.
Higher complexity arises with metamaterials containing low-symmetry elements such as split
rings which induce bianisotropy, requiring more measurements for the determination of their
additional, magneto-optical permittivity properties (Padilla et al 2006).

In the near-infrared, broadband interferometric techniques have been used to measure
negative-index metamaterials (Dolling et al 2006, Zhang et al 2005). An ideal instrument
for far-infrared characterization is a pulsed-laser-based broadband THz spectrometer, allowing
vector spectra with a collimated beam (Adelberger and Cheung 1985, Mittleman 2003).
It uses a sampling detector for tracing out the electric field oscillation of the THz pulse
with a mechanical delay stage, and has been extended to even mid-infrared frequencies
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Figure 1. Optical layout of vector THz spectrometer using the ASOPS technique.
To record complex THz amplitude and phase spectra, a trigger pulse is derived to
mark the temporal overlap of the pulse trains from both lasers, generated here by
cross correlating (CC) two sample beams split off the laser beams in a BBO
crystal.

(Kübler et al 2005) yet metamaterials have been studied with this technique only in the far
infrared (Azad et al 2008, Gomez Rivas et al 2003, Winnewisser et al 1999).

We suggest here metamaterial characterization by two recently introduced, coherent mid-
infrared and THz spectrometers which contain no moving parts. Their laser-like beam can be
well collimated, they measure vector information, and the absence of mechanical motion allows
high-speed acquisition. The spectrometers’ common, basic principle is the use of two pulsed
laser beams with slightly different repetition frequencies, fr and fr + 1 (van der Weide and
Keilmann 1998).

2. Far-infrared experiment

In a first configuration for THz vector spectrometry, one laser generates a THz beam
(magenta in figure 1), whereas the other is used for asynchronuous electro-optic sampling
of the THz pulse shape (ASOPS) (Bartels et al 2006, 2007, Yasui et al 2005, Yasui
et al 2006). Such an ‘asymmetric’ THz spectrometer has recently illuminated a scattering-
type scanning THz near-field microscope (von Ribbeck et al 2008). Here, we show that
it can characterize metamaterials in a short time, which could be useful in studies of
dynamic metamaterials (Chen et al 2008, Driscoll et al 2008). Our setup uses two 5W-
laser-pumped Ti : S oscillators (FemtoSource Compact Pro, Femtolasers) emitting 10 fs
pulses at 800 ± 50 nm wavelength, and fr = 125.11 MHz. The first beam is focused with
a 100 cm focal length lens onto a GaAs emitter (Tera-SED, Gigaoptics) biased at 10 V,
to produce a 0.3–3 THz beam. This is collimated by a paraboloidal mirror with 25 mm
effective focal length, and fully reflected by an ITO-coated glass slide (TS-GSHR, Bioscience
Tools) which transmits the second Ti : S laser beam. Both are focused with a paraboloidal
mirror with 25 mm effective focal length onto a 1 mm thick ZnTe crystal. The THz beam
travels 25 cm in total. The sampling beam is split by a polarizing cube, and the signal
of a differential detector (2107, New Focus) is recorded on a scope (WaveSurfer 422,
LeCroy). In order to retrieve the phase information, ASOPS transients are recorded together
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Figure 2. THz spectroscopy at normal incidence of a t = 1 mm thick brass
plate with a nominally square array of d = 204 µm dia. holes (inset: electron
micrograph); (a) transients (averaged over 50 repeats, acquired within 1.4 s)
with (red) and without (black) sample; (b) amplitude and phase spectra without
sample, obtained by Fourier transforming the black transient in (a), showing
signatures due to atmospheric absorption in the 25 cm long THz beam path
(magenta in figure 1); (c) complex transmission spectrum of holey brass
plate showing superluminal phase velocity and strong attenuation in the cutoff
region (<0.86 THz), as well as high transmittance in the resonance region
(0.9–1.1 THz); diffraction at the sample sets in at c/g = 1.22 THz; (d) polar
plot of the complex transmission spectrum (c), with the frequency as parameter
(amplitude in linear scale, from 0 to 0.8).

with trigger pulses. These are obtained as before (Brehm et al 2006, Schliesser et al 2005) by
a BBO cross-correlator (CC in figure 1), which in this experiment is driven by two beams split
off from the periphery of each laser beam by mirrors with sharp edges.

A piezoelectric transducer in one of the Ti : S lasers allows us to precisely set the offset
frequency 1, as before (Keilmann et al 2005, Schliesser et al 2005). We use 1 = 375.3 Hz
in order that the time dilatation factor becomes fr/1 = 333 333, such that a 1 THz oscillation
appears down-sampled as a 1 THz/333 333 = 3 MHz oscillation. Transient pulses accordingly
repeat at 1 = 375.3 Hz rate, but much higher repetition rates could be obtained by setting
a higher 1, or by manipulating one of the lasers (Keilmann et al 2005, Schliesser et al

2005). We record the transients for 20 µs to obtain spectra at (333 333/20 µs) = 0.017 THz
resolution, and perform on-line averaging of 35 transients s−1, as limited by our oscilloscope,
before Fourier transformation. The THz spectra (figure 2(b)) exhibit absorption lines from
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the laboratory atmosphere. The phase is seen to decrease when an absorption resonance is
approached from the low-frequency side, due to the increased refractive index, in accord with the
sign convention of exp(2π i( f t − x/λ)) for a wave propagating in the x-direction. The molecular
lines cancel out completely when transmission spectra are calculated as ratios of spectra with
and without sample (figure 2(c)), illustrating the excellent repeatability and resolution of the
spectrometer.

3. Far-infrared results

We study a metallic metamaterial consisting of a square array of cylindrical holes drilled at
a nominal period of g = 246 µm into a t = 1 mm thick brass plate. The sample exhibits a
broadband of high transmission (enhanced by ≈20% over the areal fraction of the holes) near
1 THz, and this is accompanied by a monotonic phase change (figure 2(c)) which leads to an
approximately circular trajectory in the complex transmission plane (figure 2(d)). Note this
band is in the sub-diffractive frequency region f < c/g, well below the Wood anomaly given
by the Rayleigh condition (Rayleigh 1907) fwood = c/g = 1.22 THz that marks the onset of
scattering into free-space diffraction orders. We assign this band to the leaky-wave resonance of
a periodically corrugated or perforated metallic slab, here at frequency fres ≈ 1 THz = 0.82 c/g.
This resonance has first been analyzed and explained in the remarkable, pioneering work (Ulrich
1974) to arise from the interaction of the beam with modified Zenneck waves (Zenneck 1907)
propagating in the plane of the guiding slab. Ulrich demonstrated in (Ulrich 1974), both in
theory and experiment, that the periodic corrugations generate photonic Bloch waves and also
a photonic band structure, and thereby he initiated no less than the physics of photonic crystals.
In particular, he derived that on one hand there exist truly trapped or guided modes he named s1

which are completely confined by the slab without any coupling to external radiation (like the
‘spoof plasmons’ on a corrugated metal surface of a later derivation (Pendry et al 2004) that,
unfortunately, did not refer to Ulrich’s work). Further he demonstrated that the slab also supports
leaky modes—named ‘guided resonances’ in a related study (Fan and Joannopoulos 2002) and
in a review (Garcia de Abajo 2007) of ‘enhanced’ optical transmission of hole arrays that
unfortunately, also do not reference to (Ulrich 1974). These are directly connected to external
radiation by the grating-coupling mechanism since the in-plane wavevector needs only to be
conserved up to a reciprocal lattice vector. A leaky surface wave thus consists of two coupled
parts, an evanescent surface wave and a free-space beam, as has been discussed in context with
thermal emission from a metamaterial (Chan et al 2006, Laroche et al 2006). In our experiment
the external beam is at normal incidence, and therefore, it has no electric field component normal
to the slab: it cannot excite the lowest leaky mode (a1), which is asymmetric in respect to the
slab plane (Ulrich 1974). Efficient coupling occurs, however, to the next higher leaky mode
(s2), which is symmetric, and this coupling is so strong that a rather broad resonance results
at fres < c/g; its peak transmittance reaches 100% for the case of a perfect conductor (Ulrich
1974). A detailed experimental test of Ulrich’s analytical model of leaky-wave coupling and of
other theoretical developments reviewed in (Garcia de Abajo 2007) could be achieved in future
by quantitative vector spectra (figures 2(c) and (d)). For this purpose higher-quality periodic
structures are needed since the one used has evident irregularities.

The complex transmission spectrum (figure 2) gives further insight into wave propagation
in and along the holes themselves because these are longer than a typical free-space wavelength,
and have a large aspect ratio of depth t to diameter, of t/d ≈ 5. Hollow metal waveguide
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transport can thus be separated from the free-space-to-hole and hole-to-free-space couplings
via surface waves at both surfaces (Keilmann 1981). A prominent property of hollow metal
waveguides is their cutoff effect. It occurs below the cutoff frequency which for a perfectly
conducting metal is fcut = 0.586 c/d. In fact, we observe (figures 2(c) and (d)) that the
transmission amplitude reduces sharply below fcut = 0.86 THz derived from d = 204 µm in
our sample. Interestingly, the phase of transmission stays advanced throughout the cutoff region
f 6 fcut at about 9 rad compared to free space. While an advance of the order of 1 rad can be
expected from the combined input and output couplings, as known from thin metal mesh where
the holes do not contribute a waveguide propagation (see the results of figures 4 and 5, and
of Winnewisser et al (2000)), the main effect of about 8 rad advancement can be attributed to
superluminal propagation along the holes. Thus we derive the phase velocity in the waveguides
to be vph = c(1 + 8c/(2π f t)) = 14 c in the cutoff frequency region. Theoretically the phase
velocity in perfectly conducting waveguides is infinite at and below fcut, but this presents
no contradiction; rather, a reduced velocity is to be expected from absorption and roughness
scattering at the guide walls (Keilmann 1981) and could well serve to determine these hard-to-
access quantities with high sensitivity. Note that the vector THz spectrometer (figure 1) could
easily be adapted to measure also complex reflection spectra.

4. Mid-infrared experiment

In a second configuration of frequency-comb Fourier-transform spectrometer (c-FTS) for
infrared vector spectrometry, we generate two infrared beams which we superimpose. To
understand the basic principle, consider the frequency domain. Both infrared beams have
harmonic frequency-comb spectra, regular sequences of modes with frequencies n f r and
n( fr + 1), respectively, caused by the regular pulse repetition and the process of frequency
difference generation (Schliesser et al 2005). The offset 1 is chosen small enough that a
low-frequency beating occurs only between the elements of both combs that have identical
harmonic number n, at beat frequencies n1. Then the beat spectrum uniquely replicates the
infrared spectrum at the time-dilatation factor fr/1 (Keilmann et al 2004, Schliesser et al 2005,
van der Weide and Keilmann 1998) chosen here with 1 = 25.02 Hz to be 500 000, such that a
30 THz mid-infrared oscillation appears down-scaled as a 30 THz/500 000 = 6 MHz oscillation.
Here we demonstrate the capability of mid-infrared c-FTS to acquire amplitude and phase
transmission spectra. Our setup (figure 3) is a simpler version of our earlier arrangement for
demonstrating the acquisition of amplitude and phase spectra of back-scattering from the tip of
a scattering-type, ‘apertureless’ near-field microscope (s-SNOM) (Brehm et al 2006).

The Ti : S lasers and the trigger arrangement are identical to the THz experiment of
figure 1. The infrared beams are generated by focusing the laser beams onto 200 µm thick
GaSe crystals oriented between 50◦ and 65◦, for the difference-frequency generation of 9 THz
wide spectra in the 20–40 THz range, equivalent to 8–15 µm wavelength. In contrast with
former setups, (Brehm et al 2006, Keilmann et al 2004, Schliesser et al 2005) the beams are
not superimposed on a dielectric beam combiner. Instead, we use wavefront combination by
a mirror with a sharp edge (Ganz et al 2008) to avoid a dielectric plate and the associated
problems of multiple reflections and dielectric dispersion. This choice should be especially
useful for extending the instrument to super-decade-wide infrared spectra (Kübler et al 2005).
The infrared beams are refocused at 95 cm, by Au-coated paraboloidal mirrors with 25 mm
effective focal length. The resulting 1–2 mm diameter spot allows us to measure small-size
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Figure 3. Optical layout of vector mid-IR spectrometer with no moving
part. Two mid-infrared frequency-comb beams are generated by difference
frequency generation in GaSe and adjusted for parallel propagation. Interference
occurs on an HgCdTe infrared detector and results in self-scanned, repetitive
inteferograms. With the sample in one of the beams, transmission spectra are
recorded in amplitude and phase simultaneously.

samples at well-defined incidence angles, as the beam convergence angle is only about 0.8◦ full
width at half maximum (FWHM). For initial alignment we temporarily place a 2 mm diameter
HgCdTe detector just after the combining mirror, to maximize the signal of each beam.
The beams are adjusted for parallel propagation at about 2 mm center-to-center distance, by
translating and orienting the mirror which has a sharp edge, and they are focused after 105 cm
by an f = 25 mm Ge lens onto a 200 µm diameter HgCdTe detector (KMPV11, Kolmar). The
signal is preamplified at 30 MHz bandwidth and recorded on an oscilloscope (WaveSurfer 422,
LeCroy). Transient interferograms appear at a rate of 25.02 Hz and are recorded for 6.1 µs,
giving a spectral resolution of ( fr/1)/6.1 µs = 0.8 THz equivalent to 2.7 cm−1. For averaging
over typically 1000 transients in 40 s we stabilize 1 by sending the cross-correlator trigger
signal to a lock-in amplifier (Stanford Research 510) which is externally referenced at 25.02 Hz,
and by applying the X output at 100 ms time constant to the piezoelectric transducer. This simple
arrangement allows a hold range of ±0.7 V equivalent to ±1 Hz, sufficient to stabilize against
thermal drifts over several minutes. To understand the infrared comb-FT spectrometer’s vector
capability, especially for measuring phase spectra, consider the field amplitude

E(t) =

∑N

n=M
En cos (2π n fr t + ϕn),

of one beam, and

E ′(t) =

∑N

n=M
E ′

n cos
(

2π n ( fr + 1) t + ϕ′

n

)

of the other, where a choice of M ≈ 160 000 and N ≈ 320 000 would span the range from
M fr = 20 THz to N f r = 40 THz, equivalent to 667 cm−1 to 1334 cm−1. The detector signal

U (t) ∝ (E(t) + E ′(t))
2 contains, apart from two dc terms, several series of interference terms.

Choosing 1 < fr/2N ≈ 195 Hz assures that only one series,
∑N

n=M
En E ′

n cos
(

2π n1t + ϕ′

n − ϕn

)

,
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Figure 4. Complex transmission spectrum of 2 µm thick Au foil with rounded
rectangular holes arranged at periods g = 8 µm and 6.6 µm, respectively, for the
directions parallel and perpendicular to the ellipses; inset: electron micrograph
of sample, with electric field orientation indicated by arrow (as likewise in the
following figures).

lies in the frequency range < fr/2 and can be selected using a low-pass filter at < fr/2 ≈ 63 MHz.
This signal’s radio-wave spectrum is the direct replica of the mid-IR spectrum. In particular, its
phase spectrum is identical to the infrared phase spectrum.

5. Mid-infrared results

Metamaterials of periodically perforated metal sheets are chosen to demonstrate the capabilities
of c-FTS vector spectroscopy in the mid infrared. Near unity transmittance is observed with the
metamaterial structure in figure 4, due to the s2 leaky-wave resonance mentioned above, (Ulrich
1974) here at fres ≈ 975 cm−1

= 0.78 c/g which is again considerably lower than the onset
of diffraction at fWood = c/g = 1250 cm−1. Note that at resonance the transmission is sixfold
enhanced over the area fraction occupied by the holes of only about 17%. This means that the
average infrared intensity in the holes is more than sixfold enhanced over the incident (and
likewise the transmitted) far-field intensity. The phase advances continuously from about zero
as the resonance is traversed from the high-frequency side. Since the holes have a rather small
depth t/λ ≈ 0.2, we can expect that waveguiding effects in the holes are of minor importance
to the transmission; both the amplitude and the phase spectra are dominated by the coupling
effects of free-space waves into and out of the hole array. Here, we note that a special kind
of a transmittance resonance has been theoretically described (Garcia-Vidal et al 2005) and
measured (Lee et al 2006, 2007, Ruan and Qiu 2006) for a single hole shaped and oriented
similarly as in figure 4; it occurs at fs ≈ c/2L , where L is the width of the hole; thus for a
single hole with L ≈ 5 µm as in our sample one would expect fs ≈ 1000 cm−1.

In figure 5, we show results of measuring a more open metamaterial with square symmetry.
The spectrometer’s range was set to cover both the resonant-transmission and Wood anomaly
regions. At normal incidence, the onset of diffraction leaves a marked signature at fWood =

c/g = 1250 cm−1 (dashed vertical line). It is well known that the Wood anomaly is expressed
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Figure 5. Complex transmission spectra (a) of a t = 1 µm thick Au foil with
square holes of 3.5 mm width arranged at period g = 8 µm, taken at varied
incidence angles α (p-polarization); diffraction at the sample sets in at c/g =

1250 cm−1; (b) complex polar plot of amplitude and phase data from (a) for three
angles, with the marked points separated by 0.5 THz (amplitude in linear scale,
from 0 to 1).

in a stepwise decrease of the (zeroth order) transmittance when power is carried away into four
first-order diffracted beams emanating at grazing angles. What our spectrometer reveals is that
this onset of diffraction also induces a characteristic dip structure in the transmission phase
spectrum. At non-normal incidence, both these amplitude and phase signatures tune pairwise
according to the expected relation fWood = (1 ± sin α)−1 c/g.

The transmission resonance due to the s2 leaky-wave interaction (figure 5(a)) reaches near-
unity amplitude at fres ≈ 1050 cm−1

= 0.84 c/g. In addition, but only at non-normal incidence,
the transmission spectrum shows the onset of a marked amplitude dip at about 1040 cm−1

and a marked phase signature. Already at 4◦ the dip reaches down to 50% transmission
amplitude, equivalent to a transmitted power of only 25%. This sharp resonance with a
Q-value of f/1 f (FWHM) ≈ 50 originates from the excitation of an a1 leaky wave which has
its field oriented normally (Ulrich 1974) hence its excitation must vanish at normal incidence.
Since this a1 resonance (high-Q) occurs within the broad band of the s2 resonance (low-Q),
the resulting transmission line shape expresses the interference of two interactions (‘direct and
indirect pathways’ in (Fan and Joannopoulos 2002)), and therefore it is in this respect analogous
to Fano’s analysis (Fano 1961) of a sharp transition interfering with a continuum (Ulrich 1974).
Our measurement is capable of supplying the complete information on this coupling resonance
including the phase signature. For an illustration we plot three of the spectra of figure 5(a) in
a polar diagram where the transmission amplitude and phase are the coordinates (figure 5(b)).
The spectra in the coupling resonance region describe approximately circular trajectories which
are traversed clockwise with rising frequency. Relative to such a1 coupling features, the Wood
anomaly appears as a smaller effect that describes an arc also traversed clockwise.

In the coupling dip, the missing power is converted via the a1 surface wave (whose
wavelength λSPP matches the condition 1/λSPP = 1/g − (sin α)/λ) both into metal absorption
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Figure 6. Dispersion of the a1 leaky wave (black dots) determined from
the positions of the coupling dip minima in figure 5(a); open triangles mark
the Wood anomaly; the corresponding angle of incidence can be read from the
inserted scale. Also shown is the light line (full), and its back-folded continuation
(dashed) beyond the Brillouin zone edge. Also shown is the dispersion (red
squares) of the leaky wave determined for the sample of figure 7.

and into a reflected beam. Extracting the resonances’ spectral positions, taken at the dip minima,
allows us to construct the dispersion relation of the excited a1 leaky wave (figure 6; the
open triangles taken at the amplitude minima represent the Wood anomaly; they exhibit linear
dispersion because it represents first-order diffraction into a free-space wave).

The a1 leaky surface wave on the sample in figure 5 asymptotically approaches, at 0◦,
a frequency of about 1040 cm−1 and a phase velocity of 1040/1250 = 0.83 c; the coupling
to external radiation vanishes. Caution is advised in interpreting the observed Q ≈ 50 to be
solely governed by nonradiative damping of the a1 evanescent wave part, by absorption in the
metal (Ulrich 1974). Rather, the resonance can be inhomogeneously broadened by residual
wrinkle of the stretched foil; an additional mechanism is contributed by the mere width of
our probing beam: when we assume 1 mm width, the transit time of the surface wave is
T = 1 mm/0.83 c which induces a homogeneous broadening of 1/T = 8.3 cm−1.

The sample in figure 7 has the same periodicity and exhibits a similar light transmission
resonance due to the s2 leaky-wave interaction, at fres ≈ 1000 cm−1

= 0.8 c/g. Yet in contrast,
the asymptotic frequency and phase velocity of its a1 mode are both considerably reduced
to about 930 cm−1 and 930/1250 = 0.76 c, respectively. It takes higher incidence angles α to
observe a red-shifting of the dip which merges with the Wood feature above about 15◦. In the
polar plot in figure 7(b) the Wood and a1 coupling features can be distinguished in the 10◦ and
14◦ trajectories, the latter as rather weak loops, but no longer at 22◦ where they form a strong
combination signature. The overall transmission is retarded in this sample by about 1 rad, and
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Figure 7. Complex transmission spectra (a) of a t = 8µm thick Au foil with
4 µm wide and 500 µm long slits arranged at period g = 8 µm, taken at varied
incidence angles α (p-polarization); (b) complex polar plot of amplitude and
phase data from (a) for four angles, with the marked points separated by 0.5 THz
(amplitude in linear scale, from 0 to 1).

even more at oblique incidence. This might be caused by a Fabry–Perot resonance in the deep
slits, but not by a reduced phase velocity which should equal c for a TEM mode in a parallel-
plate waveguide (Jackson 1975, Mendis and Grischkowsky 2001).

6. Outlook for metamaterials

The metamaterials investigated here do not contain deeply subwavelength structure elements
that possess localized electric and magnetic resonances as needed to induce a negative refractive
index. Yet we expect that it will be with such samples that vector c-FTS can serve with its
quantitative measurement capabilities, given the ease demonstrated here of taking amplitude
and phase spectra at well-controlled directions of both beam propagation and electric field. To
retrieve effective-medium dielectric and magnetic functions from vectorial spectra, appropriate
Fresnel-type analytic expressions have been given (Chen et al 2004, Smith et al 2002). A
sensitive quantity is the slab thickness applicable to the case of single-layer metamaterials
such as holey metal films. In practice, this thickness has been assumed equal to the in-plane
unit-cell period (Driscoll et al 2007, Padilla et al 2007). Two-layer structures have allowed
a better-defined determination, in two cases with an out-of-plane period which was about
an order of magnitude smaller than the in-plane period (Dolling et al 2006, Zhang et al

2005). Experimentally retrieved optical constants of 1–4 layer metamaterials have recently
been reported (Azad et al 2008). Quite generally the probing wavelength should greatly
exceed the period of the metamaterial elements (this requirement, however, might have to
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be relaxed to obtain a strong magnetic response (Rockstuhl et al 2007)). Otherwise optical
probing does not deal with the effective dielectric and magnetic responses alone. Rather, a
rich set of surface and bulk excitations, such as the a1 leaky-wave and Wood interactions in
the above examples, contributes characteristic signatures. These depend on incidence angle
and beam width, and need to be understood and corrected for to avoid artefacts in the
electric permittivity and magnetic permeability functions. Note these quantities might even be
intrinsically non-local because inter-element coupling causes them to depend on momentum,
not just frequency (Garcia de Abajo and Saenz 2005, Koschny et al 2005).

In conclusion, we have demonstrated amplitude and phase spectra by a vector comb-
based spectrometer. It has enabled us to present complex-valued transmission spectra of metal
hole arrays and identify phenomena such as leaky-wave interaction and cutoff-waveguide
propagation. The method can characterize the optical properties of metamaterials more
completely than previously possible, and may help to resolve issues such as the origin of
negative refraction or the non-locality of dielectric and magnetic responses.
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Abstract

We demonstrate a Fourier-transform infrared (FTIR) spectrometer without moving parts based on frequency-combs where the inter-
ference of two coherent frequency-comb beams occurs via wavefront combination, thereby eliminating the need of a dielectric combiner.
This enables dispersionless operation over eventually the complete THz-to-visible spectrum in a single instrument. Furthermore we dem-
onstrate the use of a single GaSe crystal for generating both beams, in an implementation for the 22–36 THz mid-infrared range. Spu-
rious cross-modulation effects and a way to eliminate them are experimentally demonstrated. The compact comb-FTIR can be equally
well applied for spectroscopic microscopy as for long-path standoff chemical monitoring.
� 2008 Elsevier B.V. All rights reserved.

Fourier-transform spectrometers (FTS) without moving
part based on frequency-combs were first described for the
THz range, [1–3] then for the mid-infrared [4–7]. Their
principle was also proposed in Ref. [8]. They overcome
the necessity of a mechanical delay stage that is commonly
employed in FTS and also in THz sampling systems.
Instead, a self-scanning principle is used which operates
purely in the time domain and therefore enables unlimited
retardation and spectral resolution [9,10]. The spectrometer
is based on superimposing two coherent frequency-comb
beams. The coherent nature of the resulting ‘‘dual” spec-
trometer beam allows a long measurement path which is
useful for environmental and standoff investigations. It
also enables diffraction-limited focusing for microscopic
and also near-field-nanoscopic imaging [7]. For reading
out the spectral information either a power detector peri-
odically records interferograms, or an electro-optic sam-
pling system periodically records waveforms [11–13]. In
both cases the spectrum is obtained by subsequent Fourier
transformation. The direct-detector case can be viewed as a
multi-heterodyne receiver system [4]. Its periodic interfero-
grams arise as the superposition of a large number of beat
oscillations, each of which results from a pairwise cross-

comb mixing. As outlined earlier [4,5], the beams’ mode
frequencies need to form harmonic series nfr and nfr+D,
with base frequencies fr and fr+D for comb 1 and comb 2,
respectively, in order that also the beat frequencies nD form
a harmonic series of base frequency D. Then this beat fre-
quency comb constitutes a faithful low-frequency replica
of the THz or mid-infrared beam spectra, and the interfer-
ograms appear at rate D.

Our compact comb-FTIR (Fig. 1) combines two visible
beams, at 800 ± 50 nm wavelength, from Ti:S oscillators
(FemtoSource Compact Pro, Femtolasers) into a parallel
bundle, by using a flat mirror with a sharp edge. Both
lasers are mode-locked to give 10 fs pulses which repeat
at the rate fr = 125.11 MHz. The beams have 2 mm diam-
eter and are set to 2 mm center-to-center distance. After
34 cm the beams are focused with a common f = 18 mm
lens onto a common 200 lm GaSe crystal for difference fre-
quency generation (DFG). Note this arrangement is not
only simpler than previously, [4,5] but it furthermore pro-
vides equal incidence parameters for both beams. This
ensures the mid-infrared beams co-propagate and are fully
matched in respect to spectrum, polarization and collima-
tion, all of which are prerequisites for maximum modula-
tion of the interferograms. The visible laser beams are
polarized horizontal, and the GaSe plane of incidence is
rotated by 45�. The crystal is oriented at 52� incidence from
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the normal for difference-frequency generation covering the
20–40 THz range, equiv. to 8–15 lm wavelength.

After recollimation by a gold-coated paraboloid mirror
with 25 mm effective focal length the near-visible beams co-
propagate in approximately 3 mm distance. The mid-infra-
red beams have approx. 15 lW power [5]. They have
approximately 13 mm diameter (FWHM) due to diffractive
spreading inside and beyond the GaSe crystal, and thus
overlap and interfere sufficiently for considerable partial
interference (‘‘diffracting” interferometer [14]). Note the
method of wavefront recombination has since long been
used in interferometric infrared spectrometers [15]. After
a distance of 23 cm we place an a.r. coated, f = 25 mm
Ge lens to focus the mid-infrared beams on a 200 lm
diameter HgCdTe detector (KMPV11, Kolmar). The signal
is preamplified with 30 MHz bandwidth and recorded by a
scope (wavesurfer 422, LeCroy). As in earlier experiments
[5,7] we use a piezoelectric transducer in one of the Ti:S
lasers to precisely set its pulse repetition frequency. In the
present case we choose as before [5] an offset frequency
of D = 83.47 Hz in order that a beat frequency b =
20 MHz replicates the mid-infrared frequency bfr/D =
30 THz (equiv. to 10 lm wavelength).

Transient interferograms or beat pulses are readily
observed to appear at D = 83.47 Hz rate, but the storage
and computational limits of the oscilloscope limit the rate
of averaging to 19 spectra/s. Although the beat pulses
appear with a signal-to-noise ratio of about 15 which suf-
fices for internal triggering, we operate with an external
trigger signal obtained as in our former study [7] by a
BBO cross-correlator. For this purpose we split off two
beams from the periphery of each of the oscillator output
beams, again by metallized mirrors with a sharp edge
(not shown in Fig. 1). Apart from providing a trigger for
averaging we use this signal, as before, [7] also for actively
stabilizing D to better than ±0.1 Hz. For this we apply the
signal to a lock-in amplifier together with an 83.47 Hz
external reference signal, and feed the X output directly
to the piezotranslator of one of the lasers to compensate
a slow thermal drift.

Fig. 2 shows a beat pulse or interferogram, together with
its Fourier spectrum computed from a 6.1 ls long time win-
dow using Hamming apodization. The frequency axis has

been scaled by the factor fr/D = 1,500,000, in order to con-
vert from the 0–33.3 MHz beat scale to the 0–50 THz
mid-infrared scale. The instrumental resolution is thus
1,500,000/6.1 ls = 0.25 THz [4]. The obtained spectrum
(black) has a form as expected for the range 23–
40 THz.[5] However, below this range the spectrum exhib-
its a smooth background of unexpected beat components,
to be discussed below. The spectral form stays largely unaf-
fected when D is set to 25 Hz (broken curve in Fig. 2b).
When placing a test sample in form of a 50 lm sheet of
polystyrene in the collimated mid-infrared beam we
observe that the spectrum reduces and develops character-
istic absorption dips (Fig. 3). The intensity and spectral
location of the dips correspond to the transmittance spec-
trum of the same sample taken by a conventional FTIR
spectrometer (dotted).

The extra or background beats are not assignable to
infrared modes below 20 THz because the detector cuts
off at 20 THz. We rather assign them to modes in the
20–40 THz range whose frequencies are not harmonics of
fr and fr+D. Non-harmonic mid-infrared frequencies can
only arise from DFG across both laser beams (see Appen-
dix A). They can be suppressed, first of all, by avoiding the
spatial overlap of the visible laser beams in the GaSe crys-
tal. We tested this experimentally by adjusting the beams
slightly non-parallel, using the mirror in Fig. 1. A drastic
change is seen. The extra beats quickly disappear whereas

Fig. 2. Interferograms (a, 1000 avg.) and infrared spectra (b) from

compact comb-FTIR. D was set to 83.47 Hz, equiv. to a frequency scaling

factor of 1,500,000 (full curves), and to 25 Hz equiv. to 5,000,000,

respectively (dotted). Note that the signal level increases in reciprocal

proportion to D, as mathematical consequence of having kept the same

time window duration. Signals below 20 THz are caused by unwanted

cross-comb beating. This effect can be suppressed slightly (blue) or nearly

completely (red) by adjusting the visible beams slightly (<1�) non-parallel

(see text) (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.).

Fig. 1. Compact mid-IR coherent-comb spectrometer (comb-FTIR). The

visible beams of two independent Ti:S lasers are aligned for close, parallel

co-propagation and focused on a single GaSe crystal. The generated mid-

infrared beams are collimated and transmitted through a sample to the

detector. On-line Fourier transformation of the signal produces a

continuous sequence of mid-infrared spectra, without involving any

moving part.
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the form of the beat spectrum in the 20–40 THz region per-
sists. An example is shown in Fig. 2b where the red curve1

corresponds to an angle of 0.4� between both beams, from
which we calculate that the foci are separated by 125 lm. A
drawback of this alignment is that the collimated mid-
infrared beams are no longer exactly parallel. This means
that interference stripes across their cross-sectional overlap
region diminish the interferogram amplitude. Yet the
observed signal reduction in the 20–40 THz region (red vs
black in Fig. 2b) seems quite acceptable, especially when
we realize that a sizable reduction probably stems from
the suppression of background beats which are expected
also in this frequency region (Appendix A). A smaller angle
of 0.2� or 0.1� would theoretically fully suffice to suppress
background in a future, refined setup where the visible
beams are spatially filtered to approach TEM00 mode dis-
tribution, and therefore, the nominal beam widths are no
larger than about 12 lm (FWHM) in the crystal. A second
way to eliminate non-harmonic modes is offered by phase
matching [14]. While phase matching determines that
DFG within each beam results in a forward-centered
mid-infrared cone (approximately 80� FWHM in our
setup), the cross-beam mid-infrared modes emerge in a
cone that is directed about 80� off-axis, and thus could be
partially eliminated by a suitable beam stop. While not
explicitly mentioned this mechanism could have provided
nearly artifact-free spectra in a recent spectral analysis
using mechanical delay [16].

In summary, we have demonstrated a compact comb-
FTS which uses a single nonlinear crystal. Alignment of
this comb-FTS requires a mere single-mirror adjustment
of the visible beams. These can serve to pilot the mid-infra-
red beams even over large distance. A compact comb-FTS
can be as broad banded as allowed by constraints of the
nonlinear crystal or the detector because it avoids the
dielectric beam combiner used in most classical FTIR
and comb-FTS instruments. The particular advantages

are that no broad-band transmitting material needs to be
designated and processed, no compensation of induced dis-
persion has to be implemented, and no worries arise of how
to suppress optical effects due to the second dielectric sur-
face, especially multiple reflections both for the interferom-
eter and the pilot beams. The essential part of the
spectrometer—a nonlinear crystal between two lenses—
could be placed remotely from the lasers and also from
the detector. It could be placed next to a hard-to-access
object, for example, near a plasma vessel or inside a cryo-
stat. The visible input beams could be guided in glass fibers.
Also, the lasers could be conveniently packaged in a com-
pact, pre-aligned emitter module. This could be used with
an independent, compact receiver module for remote detec-
tion and imaging. Applications in environmental monitor-
ing, in standoff chemical recognition, and in tele-detection
of chemicals are suggested.
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Appendix A

A.1. Cross-comb frequencies

To find all frequency components of the beat spectrum
of our experiment we write for the field amplitudes E1

and E2 of both visible beams [17]

E1ðtÞ ¼
XL

k¼K

E1;k cosð2pðf1;0 þ kfrÞt þ u1;kÞ

E2ðtÞ ¼
XL

k¼K

E2;k cosð2pðf2;0 þ kðfr þ DÞÞt þ u2;kÞ

where k is a large (�106–107) integer designating the mode
number of each frequency comb component with ampli-
tude E1,k and E2,k, and phase u1,k and u2,k, respectively.
Note the existence of a non-zero carrier-envelope offset
(ceo) frequency, f1,0 and f2,0 (both <fr) in both comb spec-
tra. It is just these terms which can give rise to background
beats.

As long as two mid-infrared beams arise from separate
difference-frequency generators as in Refs. [1–7,9], the
result is two mid-infrared combs, with n � 105–106,

E1ðtÞ ¼
XN

n¼M

E1;n cosð2pnfrt þ u1;nÞ

E2ðtÞ ¼
XN

n¼M

E2;n cosð2pnðfr þ DÞt þ u2;nÞ

which are harmonic combs because the ceo frequencies
cancel out exactly. When superimposing these beams in a
FTS without moving part, the desired harmonic beat comb
arises

Fig. 3. Infrared spectra (1000 avg.) from compact comb-FTIR (parallel

beams) with (PS) and without (empty) a 50 lm polystyrene sample. The

absorption features compare well with the transmittance obtained in

conventional FTIR (dotted), and show that cross-comb beating does not

compromise the main features but rather contributes a smooth

background.

1 For interpretation to color in Fig. 2, the reader is referred to the web

version of this article.
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EbðtÞ /
XN

n¼M

E1;nE2;n cosð2pnDt þ u1;n � u2;nÞ:

When however both visible beams are superimposed in a
single difference-frequency generator extra infrared modes
are generated in addition

E3ðtÞ /
XL

k0¼K

XL

k¼K

E2;kE1;k0 cosð2pðf2;0 þ kðfr þ DÞt þ u2;kÞ

� 2pðf1;0 þ k0frÞt þ u1;k0Þ

E4ðtÞ /
XL

k0¼K

XL

k¼K

E1;kE2;k0 cosð2pðf1;0 þ kðfrÞt þ u1;kÞ

� 2pðf2;0 þ k0ðfr þ DÞÞt þ u2;k0Þ

with cross-comb frequencies

f2;0 � f1;0 þ ðk � k0Þfr � k0D

f1;0 � f2;0 þ ðk � k0Þfr � kD

where N < k � k0 < M. These are offset from the harmonic
comb frequencies nfr by

f1;0 � f2;0 � kD

f2;0 � f1;0 � kD:

In the practical example of our experiment the range of
visible modes extends between 750 and 850 nm (FWHM),
equiv. to 353 and 400 THz, so K � 2,800,000 and L �
3,200,000. The mid-infrared region 20–40 THz corresponds
to N � 160,000 and M � 320,000. Thus two combs of extra
beats stretch over (K�L)D � 400,000 � 83.4 Hz = 33 MHz
wide bands centered at the difference in ceo frequencies.
The latter is unknown and may not stay constant with time.
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