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Kurzfassung
Weißlichterzeugung in Festkörpern ist eine faszinierende Konsequenz der extremen Wechselwirkung zwischen Licht und Materie und führt zur Erzeugung neuer Frequenzen. Die vorteilhaften Eigenschaften der ultrakurzen Eingangsimpulse werden dabei erhalten. Die einfache Handhabung und hohe Robustheit machen Weißlichterzeugung zu einer exzellenten
Quelle für die Erzeugung neuer Frequenzen und zu einem beliebten Werkzeug im Bereich
der Optik. Im Rahmen dieser Arbeit werden die Mechanismen während der Weißlichterzeugung erläutert und neue Erkenntnisse aufgezeigt. Zusätzlich wird die Verwendung in optisch
parametrischen Verstärkern und transienten Spektrometern demonstriert.
Um Festkörper-Weißlichter sinnvoll nutzen zu können, müssen die Mechanismen während
der Erzeugung verstanden und die Eigenschaften der Weißlichter kontrolliert werden können. Eine der zentralen Erkenntnisse dieser Arbeit ist, dass die Wellenlängen nahe der Fundamentalen während des gesamten Prozesses erzeugt werden, wohingegen Wellenlängen am
Rand des Kontinuums nur zu Beginn erzeugt werden. Die verbleibende nichtlineare Propagation im Medium führt dann zu einer zeitlichen Versetzung der einzelnen Farben und zu
einem Wellenlängen abhängigen Bündelprofil.
Mithilfe dieses Wissens ist es möglich, direkt sub-10 fs Weißlichter in Festkörpern zu erzeugen, ohne dass eine Kompression notwendig ist. Die Eingangsimpulse haben dabei Energien
im µJ Bereich und Pulsdauern von 200 fs. Solch kurze Pulse konnten bis jetzt nur durch Filamentation intensivster Impulse mit wenigen Zyklen in Gasen erreicht werden. Des Weiteren werden alle relevanten geometrischen Parameter untersucht und optimiert, um best mögliche Weißlichterzeugung zu garantieren. Dazu werden die Wellenlänge, Energie und Dauer
des Pumpimpulses, sowie das Bündelprofil untersucht. Aufgrund der neu gewonnen Erkenntnisse ist es möglich, Weißlicht mit Impulsdauern über den gesamten Femtosekundenbereich zu erzeugen. Ebenfalls wird die Erzeugung von Weißlichtern mit Wellenlängen von
258 nm bis hin zu 3 µm gezeigt, wodurch eine lückenlose spektrale Abdeckung vom Ultravioletten bis ins Infrarote erreicht werden kann. Alle untersuchten Weißlichter zeigen hervorragende Eigenschaften wie ein glattes Spektrum, hohe Impuls-zu-Impuls Stabilität, ein
ausgezeichnetes Bündelprofil, sowie spektrale und örtliche Kohärenz. Des Weiteren wird das
Phänomen der multiplen Fokussierung und deren Konsequenzen für die Eigenschaften der
Weißlichter studiert. Dadurch wird der Ursprung von Phasenfluktuationen gefunden und diese werden auf ein Minimum reduziert.
Durch die Verwendung von Weißlichtern in parametrischen Verstärkern können Impulse mit
sub-zwei Zyklen und ein enormer Abstimmbereich von 215 nm bis hin zu 10 µm erzeugt
werden. Es wird gezeigt, dass limitierenden Faktoren wie schmalbandige Phasenanpassung,
niedrige Verstärkung, fehlendes Seed-Licht oder kleine Akzeptanzwinkel oder -bandbreiten
kompensiert werden können. Dies führt zu einem bisher unerreichten Abstimmbereich über
vier Oktaven, Quanteneffizienzen von bis zu 40 % und Ausgangsleistungen von bis zu
700 mW. Sichtbare Vorverstärkung, duale Verstärkung, Anpassen der Pumpintensität und
breitbandiges Frequenzmischen von sichtbaren und infraroten Impulsen sind Techniken, um
die erwähnten Einschränkungen zu überwinden. Sowohl die Weißlichterzeugung, als auch
die optisch parametrischen Verstärker funktionieren sehr gut mit verschiedenen Pumplasern
mit Wiederholraten bis zum MHz Regime.
Aufgrund ihrer herausragenden Eigenschaften sind Weißlichter bestens als Problicht in ultraschnellen, transienten Breitbandspektrometern geeignet. Die in dieser Arbeit vorgestellten
Weißlichter ermöglichen es, komplexe Systeme vom Ultravioletten ab 225 nm bis ins Infrarote bis hin zu 1700 nm mit einer Zeitauflösung von 60 fs für den gesamten Bereich zu untersuchen. In Kombination mit den beschrieben Verstärkersystemen kann der Wellenlängenbereich bis 5 µm erweitert werden. Durch die Synchronisierung mit einem zusätzlichen Nanosekunden Oszillator zur primären Laserquelle können Verzögerungszeiten von wenigen
Femtosekunden bis in den Millisekundenbereich realisiert werden. Somit ist es möglich, zur
Aufklärung aller relevanten Prozesse nahezu jeder untersuchten Probe beizutragen.

Short summary
Bulk continuum generation is a fascinating consequence of extreme light-matter interaction
and leads to the generation of new frequencies beside the pump wavelength. The advantageous properties of the ultrashort input pulse are maintained or even improved by this process. The easy handling, the good performance, and the high robustness in the daily operation
favor continuum generation as an excellent source for new frequencies and make it a very
popular tool for experiments in optics and photonics.
In this thesis the mechanisms during bulk filamentation and continuum generation are reviewed and new insights are given. In addition, the use of such continua in optical parametric amplifiers and transient spectrometers is demonstrated.
For the proper use of bulk continua, the generation mechanisms have to be understood and
the properties of the continua should be controllable. Therefore, intense studies on the processes involved in the generation are performed. One of the central new findings in this work
is that wavelengths close to the fundamental are generated over the entire process, whereas
wavelengths close to the cut-off are just generated in the beginning. The remaining nonlinear
propagation in the bulk material leads to temporal shifts and spatial changes of the new frequencies. With this knowledge, it is possible to generate sub-10 fs pulses directly from bulk
continuum generation with superior optical properties and without any need of compression.
The input pulses only have a few µJ’s of pulse energy at most and a long pulse duration of
nearly 200 fs. Up to now, this has only been achieved by filamentation of intense few-cycle
pulses in gases. In addition, all relevant external and geometrical parameters are discussed
and optimized to guarantee best continuum generation. A wide range of input light parameters such as the central wavelength, pulse duration, pump energy, and beam profile are investigated. Based on the new insights gained in this work, continuum generation with nearly
any pulse in the femtosecond regime is achievable. Pulse durations from few femtoseconds
up to above one picosecond and central wavelengths from 266 nm up to 3 µm permit bulk
continuum generation with needed pulse energies of at most a few µJ. All presented continua
show superior properties such as a smooth, gap free spectrum, high pulse-to-pulse stability, a
brilliant beam profile, and a wide spectral and spatial coherence. With this method, previously not directly accessible wavelength ranges can be covered. Furthermore, the phenomenon of multiple focusing and its relation to the continuum properties are studied. By this, the
origin of phase fluctuations is found and they can be reduced to a minimum.
Using these continua as seed in advanced amplifier systems allows the generation of extremely short pulses down to sub-two cycles and an enormous tuning range starting from the
deep ultraviolet at 215 nm to the midinfrared up to 10 µm at highest repetition rates. It is
shown, that limiting factors such as narrowband phase-matching, low gain coefficients, the
absence of seed light, or small acceptance angles and bandwidths can be overcome. This
leads to an unprecedented tuning range over four octaves, quantum efficiencies of up to
40 %, and output powers of up to 700 mW. Visible pre-amplification, dual amplification, the
matching of the pump intensity, and broadband frequency mixing between visible and infrared pulses with different pulse durations are techniques to overcome these limitations. Continuum generation as well as optical parametric amplification work well for various laser
sources and for a wide range of repetition rates up to the MHz regime.
In addition, due to their superior properties, bulk continua are brilliantly suited as probe light
in ultrafast broadband transient spectrometers. The continua presented in this work allow the
investigation of complex molecules from the ultraviolet starting from 225 nm to the infrared
up to 1700 nm with an extremely high time resolution of approximately 60 fs for the entire
range. In combination with the described amplifiers, this wavelength range is even extended
up to 5 µm. By synchronizing an additional nanosecond oscillator to the primary laser
source, delay times from a few femtoseconds up to the millisecond regime can be realized
and this will help to uncover all relevant processes of nearly any investigated system.
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1. Introduction
The invention of the laser over 50 years ago [Maiman60, Zinth11] substantially changed the
daily life in science and industry. The novel light source is used in a large number of applications and opened the door for many groundbreaking studies and experiments. With the
development of shorter and shorter laser pulses the fastest processes in nature could be resolved. Nowadays, even the attosecond regime is reached by the help of nonlinear conversion [Hentschel01, Corkum07, Krausz09]. Basically all transparent material and the very
fastest phenomena in physics, biology, medicine, and chemistry can be investigated. One of
the main challenges is that laser systems have a limited spectral operation range which is
often not easily tunable. For many investigations, the provided laser wavelengths do not fit
the experimental needs. New concepts had to be found to convert the laser light to the desired wavelength without loosing its advantageous properties such as the short pulse duration, the good spatial quality, or the coherence. The key parameter leading to new frequencies is the interaction of light and matter. At intensities in the TW/cm2 regime all transparent
materials show nonlinear effects which can lead to the generation of new frequencies. Such
intensities are quadrillion times higher than the intensity of the sunlight on earth and would
be reached by concentrating the entire sunlight irradiating Germany on one DIN A4 sheet.
For short pulses not only the peak intensity is extremely high, but also the peak power. For
instance during the 150 fs, which is a typical pulse duration for a Ti:sapphire based laser
system, the emitted energy of 1 mJ leads to a peak power of 10 GW. Several atomic power
plants would be necessary to achieve such a peak power. Only the combination of high peak
power and a good focusability allows generating highest intensities which launch nonlinear
processes. Under theses extreme conditions the interaction of light with matter can become
very complex, but still controllable and with a well suited output for many applications.
In the beginning, frequency doubling of laser pulses [Franken61, Giordmaine62,
Maker62] followed by the generation of further harmonics [Maker66, Burnett77] was (and
is) a well established technique to generate light at other frequencies. However, the produced
wavelengths depend on the fundamental light and are still not freely tunable. A further approach which allows the generation of tunable light is optical parametric oscillation [Giordmaine65, Myers95]. In this process, quantum fluctuations are amplified to a macroscopic
power level by the laser light in a nonlinear crystal. The generated parametric superfluorescence can be further amplified and is widely tunable. Unfortunately, it only produces pulses
with wavelengths longer than that of the pump. In addition, it is incompressible and depends
on phase-matching conditions.
A very successful method for generating new frequencies which overcomes all these limitations is continuum generation. If ultrashort pulses propagate in nonlinear transparent media
such as gases [Braun95, Kasparian03, Hauri04, Berge07, Couairon07], liquids [Fork83],
solids [Alfano06, Couairon07, Chin10], or fibers [Ranka00, Russell03, Dudley06] the dynamic interplay of several nonlinear effects leads to octave wide and gap free spectral broadening. Especially, when generating such continua in solids, broadband spectra reaching from
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the ultraviolet (UV) to the infrared can be produced by modest pump energies. In addition,
the process does not depend on phase-matching conditions and the produced light shows
outstanding properties. This favors it as excellent source to seed an amplifier or to be used in
an ultrafast transient spectrometer.
This work focuses on the generation mechanisms and the conditions for bulk continuum
generation and its manifold application possibilities. The phenomenon was first observed by
Alfano in 1970 [Alfano70a, Alfano70b] and is still subject of many investigations. To get an
impression of the potential which such continua have for the generation of new frequencies,
selected continua achieved in this work are shown in Fig 1.1. The pump wavelengths range
from the UV to the infrared and allow a gap free spectral coverage.

Fig. 1.1: Spectrum of continua generated in a 5 mm moving CaF2 plate with various pump wavelengths. The 2100 nm continuum is generated in a 4 mm YVO4 plate. The pump region is blocked
by a dielectric mirror in each case.

All these continua show an excellent beam profile, a high stability, and a gap free spectrum. This renders them as ideal source for many applications. For example, these continua
can be used as seed source in optical parametric amplifiers (OPAs). These OPAs are widely
tunable and can range from the UV to the infrared. Figure 1.2 shows pulses with an extreme
spectral bandwidth achieved in this thesis.

Fig. 1.2: Broadband pulses from various OPAs with few-cycle pulse duration limit.

These pulses have Fourier limits in the few-cycle regime. With the proper approach, they
can be generated even at highest repetition rates with reasonable pulse energy as it will be
shown in the following chapters. The wide tuning range of the input parameter and its high
applicability make continuum generation in solids a highly attractive source for the genera2
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tion of new wavelengths beside the laser fundamental. Furthermore, also ultrafast spectrometers benefit from such continua since a previously not achieved spectral coverage will be
shown. In combination with an extremely wide range of delay times up to the millisecond
regime, this allows unraveling the complete inner life of most investigated samples.
The thesis is structured as followed. In the first part I will describe the new findings in the
generation processes of bulk continua and show the applications of such continua in broadest
OPAs and transient spectrometers. After the short introduction in this chapter 1, which
shows the potential of continuum generation, I will describe the mechanism of continuum
generation and the single steps of bulk filamentation in chapter 2.
In chapter 3 it will be shown that continuum generation works for a wide range of input
parameters. Pulses with durations up to picoseconds and central wavelengths from the UV
up to the infrared will be applied for continuum generation. In addition, the properties of
these continua will be characterized in full detail and results will be presented which reveal
new aspects of the generation process of the new wavelengths. This knowledge will be used
to produce shortest pulses directly from bulk continuum generation with superior spatial
properties.
With the help of these continua and various mixing processes tunable ultrafast optical parametric amplifiers will be built which deliver short and tunable pulses from the deep UV up
to the mid-infrared in chapter 4. The presented concepts enable the operation of ultrafast
amplifiers from the UV to the infrared with previously not observed tuning ranges, pulse
durations, and efficiencies. Starting with two typical laser wavelengths at 775 and 1025 nm,
UV, visible, and infrared pulses will be generated.
Chapter 5 shows that bulk continuum generation can be excellently used as probe light in
pump-probe experiments. A full statistical characterization of the whitelight pulses will also
be given. Broadband transient spectrometers from the deep UV to the midinfrared allow capturing the entire dynamic of the investigated sample and unraveling the complete inner life
of these complexes. Furthermore, beside the extension of the wavelength range, also the extension of the delay time between pump and probe pulses will be presented. In addition, the
extension to the mid-infrared with highest time resolution and multi MHz repetition rates
will be demonstrated. To show the potential of this extended spectrometer, examples will be
presented for every wavelength region and time range. Studies about intermediate states in
malachite green, sensitizing-based formation of benzhydryl cations, cooling processes in
isotopically diluted aqueous lithium nitrate trihydrate, a C-nucleoside with benzophenone as
chromophore, and fluorescence lifetimes of benzothiazole will clearly show the wide range
of applicability for these continua. To conclude this chapter, the temporal resolution will be
discussed in more detail since this is a crucial parameter for uncovering the fastest processes.
In the end of part I a summary of the obtained results will be given, including a conclusion for modern amplifiers and transient spectrometers. As an outlook on upcoming experiments, novel approaches will be shown that discuss the potential and future perspectives of
bulk continuum generation.
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The thesis is cumulative. The main part is the publications reprinted in part II. The first part
summarizes the achieved developments and gained knowledge of the publications. In addition, it gives a guideline for building amplifiers and spectrometers which fit best to the experimental demands. Furthermore, it shows previously not regarded key aspects of bulk continuum generation.
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2. Mechanisms of small-scale filamentation and continuum generation
2.1 The Kerr effect and related processes in continuum generation
During continuum generation many processes interact dynamically. Due to the various material properties and boundary conditions the generation of the new frequencies depends rather
strongly on the chosen medium. To get a view inside the mechanisms of whitelight generation, the participating processes will be described followed by an explanation of their significance for continuum generation. The most important process is the optical Kerr effect
[Buckingham56, Maker64, Ho79]. It describes the dependence of the refractive index n on
the intensity I. The relation is shown in Eq. (1).

n = n0 + n2 ⋅ I

(1)

n0 is the linear and n2 the nonlinear refractive index. If intense linearly polarized laser
light propagates in an isotropic medium, the disturbance of the atomic motions from equilibrium and the distortion of the electron clouds induce temporary birefringence described with
a nonlinear refractive index term. Typical values for gases for n2 are 3 x 10-19 cm2/W for air
[Liu05c] and 6.9 x 10-16 cm2/W for solids as for YAG crystals [Koechner06]. The variation
of the refractive index according to the intensity has several consequences for the beam and
its propagation. For a correct description, the peak intensity of laser pulses has to be known.
It is not as trivial as it seems to be. For details, see part II Appendix A0.
A well known consequence of the Kerr effect is self-focusing [Marburger75, Shen75].
The refractive index becomes larger in areas where the intensity is higher. For a Gaussian
shaped laser pulse, this is the central part. Therefore these parts have a lower phase velocity
which leads to a significant curvature of the phase front and the pulse starts to self-focus.
Figure 2.1 illustrates this.

Fig 2.1: Gaussian beam profile in space and Kerr effect leading to a curvature of the phase front
and self-focusing. This leads to a self focus after the distance zf
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This focusing effect is called a Kerr lens and can be used in lasers for mode-locking [Morgner99]. The self-focusing has to be stronger than the natural divergence of the beam to obtain a substantial decrease of the beam size. Therefore, there is a threshold power Pcrit for
self-focusing [Marburger75, Fibich00] which depends on the wavelength λ and is shown in
Eq. (2).

Pcrit =

3.77 ⋅ λ 2
8π ⋅ n 0 ⋅ n 2

(2)

If the nonlinear medium is long enough, self-focusing can lead to a self-focus which is
reached theoretically after a distance zf [Marburger75]. The formula for zf is given in Eq. (3)
and strongly depends on the input peak power P and the beam radius a.
zf =

0.367 ⋅ 2π / λ ⋅ a 2

(

2

P Pcrit − 0.852 ) − 0.219

(3)

After this distance the beam would collapse to a singularity. However, there are several
mechanisms which counteract the self-collapse such as multi-photon absorption from the
valence to the conduction band [Kosareva11], group velocity dispersion [Chernev92, Rothenberg92b, Ranka96], the saturation of the Kerr effect [Fibich99, Akoezbek00, Couairon03,
Bree11], nonlinear absorption [Vlasov89, Kosmatov91, Dyachenko92, Couairon06a, Dubietis06], nonlocal effects [Bang02], avalanche breakdown [Kennedy95, Noack99, Vogel99],
or vectorial and nonparaxial effects [Fibich01]. Which process is dominant depends on the
material and is controversially discussed [Koleski10, Teleski10, Kosareva11]. For gases, it is
plasma defocusing and the influence of the higher order Kerr terms [Vincotte04, Kosareva11]. In solids, it is supposed to be group velocity dispersion and plasma defocusing
[Chernev92, Rothenberg92b]. How the group velocity dispersion can stop the collapse can
be seen in Eq. (4).
vg =

c
∂n
n−λ⋅
∂λ

=

c

∂ ( n0 + n2 ⋅ I )
n0 + n2 ⋅ I − λ ⋅
∂λ

(4)

This means that the group velocity vg does not only depend on the change of the linear refractive index with the wavelength (δn0/δλ), but also on the change of the nonlinear term
(δn2/δλ) and on the spectrum (δI/δλ).
The balance between self-focusing and the defocusing effects is called filamentation. The
interesting key feature is the non Gaussian pulse propagation without diffraction. This allows
highest intensities exceeding 1013 W/cm² to be conveyed over long distances in strong contrast to the natural Gaussian propagation and maintaining the advantageous properties such
as superior beam quality and the short pulse durations. In addition, there is a unique beam
profile during filamentation. Independently from the input beam profile there is always a
Townes profile obtained [Chiao64, Moll03]. Figure 2.2 compares a Gaussian and a Townes
profile.
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Fig. 2.2: Comparison of a Townes (redesigned from [Moll03]) and a Gaussian profile including
beam profiles.

In gases, filaments typically have diameters of 100 µm and can even last over several
kilometers [Mechain04, Rodriguez04, Mechain05]. At this point it should be mentioned that
only about 10% of the energy are contained in the filament [Brodeur97, Chin99, Liu05a].
The main part is contained in the surrounding photon reservoir. To understand this surprising
spatial distribution, the initial beam profile has to be regarded. Let’s assume a Gaussian temporal intensity profile. This profile is then cut in thin temporal slices so that every slice has
its own peak power. The central slice has the highest peak power. According to Eq. 3 this
slice will have the shortest self-focal distance. The other slices with a lower peak power will
have longer self-focal distances. Therefore, the impression of a moving focus arises
[Brodeur97]. However, this leads to the effect that at each position in the nonlinear material
only a small part of the beam is actually focused and most of the energy is contained in the
surrounding area – the reservoir. It has been shown that this reservoir is essential for maintaining the filament [Liu05a, Liu05b, Scheller14]. It even allows the self-reconstruction and
healing of an interrupted filament [Dubietis04b, Kolesik04b]. The decrease of the energy
reservoir and the losses due to multi-photon or plasma absorption lead to the end of the filament. In solids, the losses are significantly higher [Dubietis06] due to the higher density.
This allows filamentation distances of only a few millimeters. The longest reported filament
in bulk ranges over 2 cm [Tzortzakis01, Dubietis03].
Another key feature of filamentation is intensity clamping [Becker01, Liu02, Kandidov11]. Since there is an extremely stable equilibrium between self-focusing and defocusing
effects, also the peak intensity is extreme stable and will not exceed a maximum value or
otherwise the defocusing effects dominate. In addition, this leads to self-spatial filtering
[Chin07]. The exact value of the intensity depends on the material properties – mainly on the
nonlinear refractive index and the multi-photon and plasma absorption coefficients and the
group velocity dispersion. Typical values for the clamped intensity in air are 2 – 4 x
13
2
10 W/cm [Kasparian00, Couairon07, Daigle10]. The nonlinear refractive index in solids
is a factor of 1,000 higher, which lead to critical self-focusing powers in the Megawatt re-
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gime instead of in the Gigawatt regime as for gases. However, also the probability for multiphoton absorption is around a factor 1,000 higher [Liu03a]. This leads to the interesting fact
that the clamping intensities in solids and gases are roughly in the same range and on the
13
2
order of 10 W/cm .
A completely different picture arises if the dimensions are considered. Whereas filamentation in gases have a diameter of about 100 µm and can range over several kilometer, filaments in solids only range several millimeters and have diameters of several µm [Yablonovitch72, Tzortzakis01, A18]. The reason for this fact is the high amount of losses in solids
and the low energy which can be contained inside a filament. Whereas filaments in gases can
carry energies up to several mJ inside the filament channel, in solids only energies in the
order of 100 nJ can be contained inside a filament although there are similar clamping intensities. This discrepancy originates from the high nonlinear refractive index in solids.
Whereas in gases a smooth transition from the initially larger input beam profile to the Townes mode with 100 µm diameter is given, the high nonlinear refractive index in solids leads
to strong self-focusing. Unavoidable smallest impurities and defects in the beam profile or
material as well as not round beam profiles [Dubietis04a] lead to many small-scale filaments
side by side [Schroeder04]. To demonstrate this, the propagation of a 1 mJ, 150 fs, 775 nm
laser beam with a 1/e2 intensity radius of 3.5 mm in a 10 cm SF75 glass block is imaged
from the side. The result can be seen in Fig. 2.3.

Fig 2.3: Side view of multi-filamentation. A 775 nm, 150 fs unfocussed laser beam with 1 mJ
pulse energy propagates through a 10 cm long SF57 glass block

Many laterally and vertically displaced filaments are obtained. Each of them has a length
of several millimeters and a diameter of just a few µm. If the initial intensity would already
be on the level of the clamping intensity [Kiran10], the surface would be destroyed and this
permanent damage would hinder filamentation with larger diameter. There are ongoing investigations on the phenomenon of multifilamentation. The interaction of the individual filaments could give an insight in the involved processes [Berge10, Beruge10]. Only input beam
radii in the range of a few tens of µm with powers slightly above the threshold of selffocusing will lead to single filamentation in bulks. Therefore, external focusing is needed for
bulk filamentation [Brodeuer99, A1, A18]. Since the first observations of filamentation in air
[Braun95, Nibbering96], there have been many applications such as waveguides [Davis96,
Watanabe03, Chin05], remote sensing and further analysis of the atmosphere [Rairoux00
Kasparian03, Stelmaszczyk04, Chin05, Kasparian08], the generation of ultrashort pulses
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[Hauri04, Hauri05, Theberge06, Fuji07], or laser induced water condensation [Rohwetter10]
where filamentation is used for experimental studies.
Another nonlinear effect which is a direct consequence of the Kerr effect and appears during filamentation is self-steepening [DeMartini67]. Assuming a Gaussian shape in time, the
front and trailing part of the pulse see a lower refractive and group index and therefore
propagate faster than the center of the pulse. This means that the back of the pulse will catch
up with the center of the pulse and will form a steep slope at the end of the pulse. The front
of the pulse will escape and there will be a long flat rise. Self-steepening appears instantaneously during filamentation [Schroeder06] and can be used for the generation of few cycle
pulses since it dramatically shortens the pulse duration [Hauri04, Hauri05, Couairon06b,
Uryupina10, Bethge11]. This self-shortening is possible in solids as well [Krebs13]. Figure
2.4 illustrates this behavior and shows the deformation of the on-axis temporal intensity profile during self-steepening.

Fig. 2.4: Evolution of the temporal intensity profile of an initial Gaussian pulse in time due to
self-steepening (redesigned from [Rothenberg92a])

A third effect which is also directly connected to the Kerr effect is self-phase-modulation
[Shimizu67, Alfano70b, Stolen78]. Since the phase φ is related to the refractive index, also
the phase of the pulse is influenced by the temporal varying intensity as can be seen in
Eq. (5).

φ = ω 0 t + kz = ω 0 t +

2πL
(n 0 + n 2 I)
λ

(5)

ω0 the central frequency of the pulse, k is the wave vector, z the propagation distance, and
L the length of the nonlinear medium. This relation allows the generation of new colors in
the pulse since a changing phase results in new frequencies. Equation (6) shows the formula
for the new frequencies ω.
2πL
ω = −δ t ϕ = − ω 0 −
δ (n ⋅ I)
λ t 2

(6)
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A change of the temporal intensity profile also changes the phase of the pulses and leads to
the generation of new frequencies. Figure 2.5 illustrates this and shows that the redder frequencies are generated at the front of the pulse and the bluer at the back of the pulse.

Fig. 2.5: Self-phase modulation of a laser pulse with a temporal Gaussian intensity profile. The
redder frequencies are generated at the front of the pulse, the bluer at the back

To get an impression of the strength of this effect, an 800 nm pulse with a duration of
150 fs and a peak intensity of 1.0 TW/cm2 is considered which propagates in a 4 mm thick
YAG plate. According to Eq. (6) the maximum frequency depends on the maximum temporal variation of the intensity as shown in Eq. (7):
2πL
δ (n ⋅ I)
Δω max = − ω 0 −
λ t 2 max
⎛
⎛
TW
t2
⎜
∂ tI = ∂ t 1
⋅ exp ⎜ −
⎜ cm 2
⎜⎜
2
⎜
⎝ ( 150fs 2 ln 2 )
⎝
⎛
t2
=1
⋅ exp ⎜ −
⎜⎜
2
cm 2
⎝ ( 150fs 2 ln 2 )
TW

The extrema of this function are at t = ±150fs

⎞⎞
⎟⎟
⎟⎟ ⎟⎟
⎠⎠

(7)

⎞
−2t
⎟⋅
⎟⎟
2
⎠ ( 150fs 2 ln 2 )
ln 256 = ±63.7fs (calculated from the

zero points of the second derivation) and the maximum intensity change there is
± 9.5 GW/cm²/fs. With the central frequency, the crystal length and the nonlinear refractive
index, the maximum shift of the frequency is 206 THz which corresponds to 70 nm at
800 nm. However, the spectrum of a continuum generated in a 4 mm thick YAG crystal [A1]
covers a significant broader spectral range and is not symmetric. The spectral shape can be
explained if self-steepening is taken into account [Gaeta00]. An asymmetric temporal intensity profile with a steep slope at the back of the pulse is obtained (see Fig. 2.4) which leads
to the typically observed spectrum.
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2.2 Description of continuum generation in bulk material

All the involved processes interact with each other and lead to the generation of new wavelengths. The first significant process is self-focusing. If the initial beam profile is small and
clean enough and the peak power of the pulse exceeds the threshold, self-focusing decreases
the beam size and dramatically increases the intensity of the beam. The group velocity dispersion is delaying the onset of self-focusing [Luther94a], but does not prevent it. The dynamic interplay between these two processes can lead to pulse splitting [Rothenberg92a,
Chernev92, Ranka96, Trippenbach97, Faccio06, Faccio08b]. Self-steepening is already present and shifts the central part towards the back of the pulse. This leads to asymmetric pulsesplitting [Fibich97, Ranka98]. The trailing pulse further undergoes self-steepening and selffocusing until multi-photon absorption from the valence to the conduction band appears and
arrests the collapse at the clamped intensity. This catastrophic collapse is often described as
the formation of an optical shock wave [Gaeta00, Akoezbek01]. The electrons which are
excited from the valence to the conduction band can move nearly freely and be described as
a plasma. They add a negative contribution to the refractive index which is equal to the
nonlinear term and a stable equilibrium between self-focusing and plasma defocusing is
formed. This negative contribution occurs very quickly and according to Eq. (6) new frequencies are generated. Self-phase modulation is enhanced by the fast change of the refractive index due to multi-photon excitation and plasma generation [Bloembergen73, Chin99,
Kandidov03]. New wavelengths are also generated by self-phase modulation enhanced by
self-steepening. Equation (6) shows that the new frequencies are also generated due to a
temporally changing intensity [Gaeta00]. Due to the steep edge at the back of the pulse, the
continuum spectrum develops a plateau on the short wavelength side. At the front of the
pulse, there is a smooth increase in the temporal intensity profile. Therefore, the Stokes side
of the continuum shows an exponential drop-off.
According to the moving focus model, only 10% of the energy is in the central filament.
The remaining 90% are contained in the surrounding photon bath which continuously feeds
the filament. The filament ends if the losses due to multi-photon absorption are too high or if
the reservoir cannot provide enough photons any more to feed the filament. Additional processes which are involved in continuum generation are four-wave mixing [Xing93, Luther04],
Cherenkov radiation, [Golub90], formation of X-waves [Kolesik04a, Couairon06a, Faccio06, Faccio08a, Faccio08b, Majus11a], self-phase modulation in the plasma [Kosareva97],
and Raman processes [Zozulya98, Kardas13]. They contribute to the generation of the new
frequencies, but play a minor role. Typically sub-µJ pulses are needed for bulk continuum
generation. About 1 % of the input energy is converted. This means, only some nJ of light is
generated at new frequencies.
If the input energy is high enough, multiple refocusing occurs. This means that two or
more distinctive light bullets can be observed from the side lining up sequentially along the
propagation axis. It has been shown that this is the result of the complex spatio-temporal
transformation of the radiation due to Kerr self-focusing, ionization and plasma-induced defocusing, material dispersion and diffraction [Kandidov03, Liu03b].
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2.3 Theoretical consideration and simulation of small-scale filamentation

One of the main challenges of modeling the continuum generation process is the dynamic
interplay of the processes. They do not happen after each other and are strongly intermingled. There are several models to describe the process such as the moving focus model
[Brodeur97], the slowly varying envelope approach [Brabec97] including its breakdown
[Rothenberg92b, Ranka98], the description with solitons [Wise02, Chekalin13, Smetalina13], or X-waves [Kolesik04a, Faccio06, Couairon06a, Faccio08a, Faccio08b]. The most
promising approach to simulate continuum generation is the description with the nonlinear
Schrödinger equation [Vlasov89, Ranka98, Fibich99, Jukna13].
Even seemingly small contributions like the higher order terms of the Kerr effect contribute to the process [Berge04, Kolesik10, Bejot10, Borchers12] and can play an essential role.
All these processes happen on a very fast time scale. Although many investigations focus on
filamentation in gases, there are a couple of studies on continuum generation in liquids and
solids [Brodeur99, Gaeta00, Kandidov03, Ashcom06, Chekalin13, Darginavicius13]. A full
theoretical description including simulating and modeling filamentation and continuum generation is beyond the scope and dimension of this work. However, since this topic can be of
interest for the readership, they are pointed to comprehensive encyclopedias on these topics
[Brabec00, Chin05, Alfano06, Berge07, Couairon07, Kasparian08, Chin10]. This research
field is still heavily investigated [Chekalin13, Darginavicius13, Durand13, Gong13, Kardas13, Jukna13, Majus13, Smetanina13a, Smetanina13b] and there is a vivid discussion
about the role of the single phenomena for the process of filamentation and continuum generation [Kolesik10, Teleski10, Kosareva11, Kardas13]. Therefore, different aspects of filamentation and continuum generation in solids will be analyzed experimentally in the following chapter. In addition, the influence of the input pulse parameter will be studied.
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3.1 Universal features of bulk continuum generation
The goal of this chapter is to find the optimum conditions for continuum generation so that it
can be used in ambitious applications. Therefore, all external parameters and pump pulse
properties are pushed to the extreme and their influence on continuum generation is studied
[A1, A18]. In addition, the generation and propagation of the new frequencies are studied
with the highest possible precision. This allows continuum generation in various media, with
picosecond pulses, and with UV or infrared pump wavelengths. Even few-cycle pulses can
be directly produced. A fascinating observation is that all continua have universal features
independent from the used material. Fig. 3.1 shows a typical bulk continuum generated in a
4 mm YAG plate with a Ti:sapphire laser system (CPA2001, Clark MXR) which delivers
nominal 150 fs pulses at 775 nm at 1 kHz with a pulse energy of 0.9 mJ.

Fig. 3.1: Spectrum of continuum generation in a 4 mm YAG plate and visual appearance [A1].

•

A smooth gap-free plateau on the short wavelength side and a more exponential drop
off on the long wavelength side appear. The region around the fundamental wavelength is highly structured and strongly fluctuating. Only 1% of the total input energy
is converted into new colors. Taking into account that only 10% of the energy is contained in the filament, this corresponds to a conversion efficiency of 10%. Fig. 3.1
shows the spectrum of the filament and the energy reservoir.

•

When increasing the pump energy, the short wavelength side stays rather constant and
no spectral changes are observed. On the long wavelength side an increasing energy
leads to an increased amount of newly generated colors. If the energy exceeds the
threshold for multiple refocusing, the spectral behavior and the visible appearance
change significantly [A1, A9, A18]. For single filamentation, the beam profiles of the
new colors have a high spatial quality (see inset in Fig. 3.1).

•

The interaction of the various nonlinear processes leads to a strongly structured spectrum and high fluctuations in the pump region. On the other side, the new frequencies
show pulse-to-pulse fluctuations in the order of only 1 to 2 % rms.
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3.2 External focusing, material properties, and crystal selection
To find the optimum continuum which is best suited for the specific application, first the
influence of the external conditions needs to be investigated. Therefore, the initial focusing,
the material, and its dimensions are studied. To ensure that all measured values are fairly
comparable, care is taken to obtain absolute spectral energy densities [A1].
To achieve self-focusing and hence continuum generation without destroying the crystal
surface or achieving multiple filamentation, external focusing is needed. This ensures a sufficient small beam diameter and a sufficiently high intensity at the crystal entrance. The
propagation properties for a Gaussian beam (with M2 = 1) are given by the numerical aperture and its wavelength. Therefore, various numerical aperture are investigated. If the numerical aperture is above 0.1, a stable operation of the continuum is critical because optical
breakdown and surface destruction occur. Therefore, the numerical aperture should remain
below this limit. A further decrease leads to an enhanced blue broadening of the continuum
[Ashcom06] and more newly generated light [A1]. In addition, the probability of permanent
damage is reduced [Ashcom06]. However, if the numerical aperture is set below 0.015, the
input beam size is too large at the entrance surface of the crystal. Then, a high pulse energy
is needed to achieve sufficiently strong self-focusing so that a self-focal is reached within the
crystal length and filamentation can start. However, such a high pulse energy leads to multiple filaments and crystal damage. To demonstrate this, a 70 cm lens is used to focus the 775
2
nm pump light onto a 10 mm YAG plate. For the 3.5 mm beam radius (1/e intensity level),
this corresponds to a numerical aperture of 0.005 and a beam waist radius of 60 µm at the
YAG entrance surface. When exceeding the threshold for continuum generation by increasing the energy sufficiently, instantaneously many single filaments are generated side by side.
With a further increased pump energy, electrons are liberated from the surface and permanent damage occurs. This can be seen in the attached video [Video01]. The spectrum of this
continuum is shown in Fig. 3.2 The input energy is 250 µJ. This corresponds to 2 TW/cm2 at
the crystal entrance surface.

Fig. 3.2: Spectrum of continuum generation in a 10 mm YAG plate when focusing 250 µJ of the
775 nm laser light with a 700 mm lens. The right panel shows the beam profile of the 500 nm part
for the multiple generated filaments.

Although the generated spectrum in Fig. 3.2 looks smooth and has a 1,000 times higher
spectral energy density (compare to Fig. 3.1), it is not suitable for most applications. The
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New aspects of bulk continuum generation

filaments are generated side by side. This can be seen by bare eye if the 500 nm part of the
continuum is considered. Each single spot in the graph corresponds to a small single filament. The main challenge with such continua is that the spatial and spectral coherence gets
lost and that the temporal and spatial structure is distorted. A focal length of 8 to 10 cm turns
out to be best to achieve the highest amount of new frequencies. For the used laser beam,
this corresponds to a numerical aperture of approximately 0.04.
Another approach for a proper pre-focusing is the use of Bessel beams which are generated
by focusing with axicons. Bessel beams have the advantageous property that the beam stays
short in time and space over a long distance [Bowlan09]. To demonstrate the spatial robustness of Bessel beams, the beam profiles for different positions behind a 2.0° axicon are
shown as inset in Fig. 3.3. The central part of the beam has a diameter of 10 µm FWHM for
a nearly 20 cm distance. The idea behind filamentation with Bessel beams is that the beam
propagation is already close to the filamentary beam propagation. Especially, an enhanced
energy reservoir is generated which feeds the filament continuously. Thereby, a propagation
distance of the filament can be achieved which is a magnitude longer than typical [Scheller14]. However, this is only realized with an additional background pulse. When only using
one pulse, no significant differences are obtained compared to continuum generation with
Gaussian input beams. Figure 3.3 shows the spectrum of a continuum generated in a 10 mm
YAG plate when focusing the laser light with a 2.0° axicon and a 10 cm lens.

Fig. 3.3: Spectrum of continuum generation in a 10 mm YAG plate when focusing the laser light
with a 2.0° axicon (red) and a 10 cm lens (green). The inset shows the spatial profile of the pump
in dependence on the distance behind the axicon.

Except the higher amount of energy needed for continuum generation, no significant differences between the continua are found. There are several studies about filamentation in
solids with Bessel beams [Dubietis07, Clerici10, Majus13] which support the obtained observations. The reason why the Bessel beam does not improve the situation in solids is the
robustness of filamentation against external influences. Once the filament has been formed,
the influence of additional light is suppressed by the dynamic interplay of the filament and
the energy reservoir. In conclusion, the best continuum generation is obtained, if lenses with
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a fairly short focal length are used to focus the laser light. The numerical aperture should be
in the range between 0.015 and 0.1.
Beside the focusing geometry, surprisingly, also the crystal length is essential for the amount
of generated continuum light. An increased crystal length allows the formation of the full
filament and leads to increased continuum generation [A1]. To prove this, a continuum is
generated in a YAG wedge. By laterally moving the wedge, the crystal length is varied and
the continuum generation is characterized for different material thicknesses. The apex angle
of the wedge is so small (2.0°) that the tilted exit surface does not effect the continuum generation. The front surface is kept perpendicularly to the input beam and the front surface of
the wedge is placed in the focus of the beam. The 500, 600, and 700 nm part of the continuum (selected with interference filers) are focused on a photo diode and the amount of generated light is measured [A1]. The setup is shown in Fig. 3.4, too.

Fig. 3.4: 500, 600, and 700 nm part of a YAG continuum for a varying crystal thickness.

In the first 300 µm of the filament, self-phase modulation enhanced by self-steepening is
dominant and all colors are generated. Then, self-phase modulation enhanced by multiphoton excitation becomes relevant and leads to the generation of new light during the entire
filamentation process for wavelengths close to the pump. This means that the 500 nm part
has fully built up after the first 300 µm, whereas the 700 nm part continuously increases over
the entire filament. At 600 nm a mixture of both cases is present. There, only a continuous
rise within the first 800 µm is observed. To get a better impression of the discussed influences, Fig. 3.5 shows the continuum spectra for various crystal thicknesses.
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Fig. 3.5: Spectra of continua generated in a YAG wedge for various effective crystal lengths

Studies on the influence of the crystal length have been performed by moving the focusing lens in front of the crystal [Brodeur99]. Since in these experiments the movement of the
lens also changes the starting position for filamentation, the position of the lens cannot be
transferred to the crystal thickness. Experiments, in which fused silica wedges are used for
continuum generation were also performed [Smetanina12b, Smetanina13a], but for other
research goals. In conclusion, it has been shown for the first time that the shorter wavelengths are generated only at the beginning of the filament, whereas wavelengths close to the
pump are produced during the entire filamentation. This complex temporal structure of the
new colors should be kept in mind when the compressibility of such continua is studied.
Another key feature is the selection of the nonlinear medium. It is essential for the spectral range, which should be covered by the continuum, and for the available pump energy.
The short wavelength continuum cut-off is mainly determined by the bandgap of the material
and the necessary pump energy by the linear and nonlinear refractive index [Brodeur98, A1].
Therefore, a large number of crystals have been tested to find the optimum medium for each
purpose. Figure 3.6 shows the spectrum and the power threshold for various materials in
dependence on the linear and nonlinear refractive index.

Fig. 3.6: Critical power and spectrum for continuum generation in various media in dependence
on the refractive indices. The color of the squares indicates the material.
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Beside the now well known materials for continuum generation such as calcium fluoride
(CaF2), sapphire (Al2O3), or YAG, there are plenty of other well-suited materials for continuum generation. For example, there are:
•

Further fluorides (lanthan fluoride (LaF3), lithium lutetium fluoride (LiLuF4), yttrium lithium fluoride),

•

Sesquioxide crystals (yttrium oxide (Y2O3), lutetium oxide (Lu2O3))

•

Vanadate crystals (gadolinium vanadate (GdVO4), yttrium vanadate (YVO4))

•

Garnet crystals (gadolinium gallium garnet (GGG))

•

Tungstate crystals (potassium gadolinium tungstate (KGW))

•

Aluminum oxides (scandium aluminum oxide (ScAl12O19), lanthan magnesium
aluminum oxide (LaMgAl11O19, LMA))

This means that for nearly any available pump energy, a suited material can be found for
continuum generation.
•

If UV light is needed, as in many transient spectrometers, CaF2 is a well-suited
choice.

•

If visible light is needed, as for most OPAs, sapphire or YAG should be chosen.

•

At high repetition rate on the other side, where only modest pulse energies are
available, GdVO4, YVO4, or KGW are recommended due to the low threshold.

The search for suited materials was only performed among laser host materials because
they show a superior crystalline quality, a high damage threshold, and good thermal properties. However, nearly any transparent medium can be used for continuum generation which
shows the uniqueness of this process. When looking for the proper material, the following
relations were derived:
•

The lower the linear refractive index, the lower the nonlinear refractive index, the
higher the bandgap.

•

The higher the bandgap, the shorter the transmission cut-off, the shorter the continuum cut-off, the higher the energy threshold for continuum generation [A1], and the
shorter the maximum pulse duration allowing continuum generation [A18].

With these relations in mind, nearly always a suited material can be found for proper continuum generation.
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3.3 Influence of the pump wavelength on bulk continuum generation
Beside the adequate choice of the focusing geometry, material, and crystal thickness, also the
correct parameters for the pump pulses are essential for proper continuum generation. Therefore, all relevant pump pulse parameter are studied in this thesis. At first, the central wavelength of the pump pulses is regarded. Often, bulk continua are generated with Ti:sapphire
lasers, but also with the upcoming Ytterbium based lasers systems. One of the main attractive features of bulk continuum generation is that the short wavelength cut-off stays nearly
constant when generating the continua with pump wavelengths longer than the typically used
800 nm Ti:sapphire wavelength [A1]. This can be utilized to obtain octave-spanning continua. Figure 3.7 (b) shows continua generated with pump wavelengths from 1.1 to 1.6 µm in
a 4 mm YAG plate and a continuum generated with a pump wavelength of 2.1 µm in a
10 mm sapphire plate.

Fig. 3.7: Spectrum of a continuum generated in (a) a 5 mm CaF2 plate with UV pump pulses and
(b) in a 4 mm YAG plate and a 10 mm sapphire plate (2.1 µm) with various infrared pump pulses.

It can be seen that for continuum generation with infrared pump pulses the cut-off is always close to 500 nm. This means the main criteria for the blue extension of continua generated with wavelengths longer than 800 nm are the material properties and not the pump
wavelength. The dominating generation mechanism is self-phase modulation enhanced by
multi-photon excitation because it strongly depends on the material properties and therefore
can lead to an independent continuum cut-off. Self-phase modulation enhanced by selfsteepening also contributes to the new frequencies, but will not lead to such an immense blue
broadening.
This changes, if continua with short wavelengths are generated. Then, the continuum cutoff strongly shifts with the pump wavelength as can be seen in Fig. 3.7 (a). It shows continuum generation in a 5 mm CaF2 plate with pump wavelengths below 800 nm. These continua allow the generation of broadband UV light down to 225 nm which can otherwise only
be achieved with great effort and by complex mixing schemes. The reason for the different
behavior of the continuum cut-off compared to the long wavelength continua is the generation mechanism. For these short pump wavelength, self-phase modulation enhanced by self-
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steepening has a larger broadening effect than self-phase modulation enhanced by multiphoton excitation. Therefore, the continuum cut-off shifts with the wavelength. The main
challenge with short wavelength pumped continua is the visual impression. The 800 and
1000 nm pumped continua have the advantageous property that the fundamental region is
barely observable although 99% of the energy is contained in this spectral range. However,
the newly generated light is clearly visible by bare eye. This is different for continua pumped
by shorter wavelengths. The 99% contained in the fundamental region dominate the visual
impression and the newly generated wavelengths are only visible after spectral selection,
which makes the daily operation more demanding. The advantageous properties of continua
pumped by short and long wavelengths will be utilized in chapter 5. There, these continua
are used as stable probe light in ultrafast transient spectrometers.
Another point which should be mentioned is the energy threshold for continuum generation. Since self-focusing is the first important process, the threshold for continuum generation coincides with that for self-focusing. Therefore, it scales quadratically with the wavelength. In addition, the achievable minimum beam radius has to be taken into account. The
2
beam waist radius depends besides the numerical aperture and the M also on the wavelength and increases linearly with it. This means that the intensity in the focus decreases
quadratically for longer wavelengths, if the same focusing is used.
From all these studies, it can be concluded that bulk continuum generation is possible
with nearly any pump wavelength from the UV to the infrared without loosing the advantageous features. This is extremely helpful if additional frequencies at the current wavelength
regime are needed or other pump lasers as Ti:sapphire based systems are available. Especially when using the newly evolving Yb based laser systems, continuum generation is a
very attractive source to produce new frequencies. Based on our work [A1, A2, A3, A4, A5,
A9, A10, A11, A15, A21] and recommendation, continuum generation with Yb based systems has become practicable and is used for many purposes [Emons10, Schulz11, Harth12,
Riedel13, Liebel14, Nillon14]. There are further studies which investigate and utilize bulk
continuum generation with pump wavelengths beyond the typical laser wavelengths
[Riedle00, Baltuska02a, Nagura02, Ziolek04, Saliminia05, Saeki07, Faccio08b, Muecke09a,
Bethge10, Etzold12, Silva12a, Smetanina12b, Darginavicius13, Liao13, Smetanina13a, A6,
A7, A13, A18, A19]. These continua are used in broadband amplifiers, carrier envelope
phase measurements, or transient spectrometers, mainly to extend the spectral range. By this
method, for example, the UV probe range of the our ultrafast transient spectrometer
[Megerle09] could be significantly extended from 280 nm down to 225 nm [A7, A8, A19].
In addition, it has been shown for the first time that the continuum cut-off depends on the
pump wavelength. For infrared pump pulses, a constant continuum cut-off is observed. For
visible or UV pump pulses, it strongly shifts with the pump wavelength.
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3.4 Influence of the pump energy on bulk continuum generation
An important parameter influencing continuum generation is the pump pulse energy. When
increasing the pump energy, the short wavelength side stays nearly constant and minor spectral changes are observed. On the long wavelength side, an increased energy leads to a
higher amount of newly generated colors [Gaeta00, A1]. This is valid until about twice the
threshold for self-focusing is reached. Then, multiple refocusing occurs [Liu03b, Dharmadhikari09, A9, A18]. Further filaments are generated on the same pathway as the first
filament. This strongly influences the spectral and spatial properties of the continuum. To
demonstrate this, for the first time the spectrum, the beam profile, and the side view of continuum generation in a 6 mm YAG plate are simultaneously recorded and displayed. The
side view is possible without any further modifications of the crystal because a part of the
recombination luminescence spectrum is in the visible [Hayes80, Muerk95, Babin05]. Figure 3.8 shows the spectrum after a Calflex-X filter that blocks the 800 nm pump region, the
beam profile, and the visible appearance of multiple refocusing in a 6 mm YAG plate. The
numbers indicate how many filaments are present. In addition, a video synchronously showing spectrum, beam profile and side view of the crystal for an increasing pump energy is
attached to this work [Video02].

Fig. 3.8: Spectrum, beam profile, and side view for various input energies during continuum generation in a 6 mm YAG plate showing multiple refocusing.

When continuum generation starts, first a weak broadening due to self-phase modulation
is observed. Once a single filament has been formed, no difference between 160 or 300 nJ
input energy is observed except of the rise of the conical emission [Luther94b, Nibbering96,
Kosareva97, Faccio06, A1] and an increasing infrared continuum (not shown) [A1]. If the
pump energy exceeds twice the threshold for continuum generation, a second filament appears. A clear interference structure in the spectrum can be observed. The period of this
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structure originates from the interference between the two temporary delayed filaments on
the detector. With additionally arising filaments, the spectrum is fluctuating strongly and
shows no clear structure. The beam profile on the other side, shows an interference pattern in
the conical emission for multiple refocusing, whereas in the central part no substructures can
be observed. For even higher pump energies, a beam break up occurs. The interference pattern for the conical emission is due to the fact that the single filaments diverge from the same
small area. The side view can be used to characterize the dimensions of the filament channel
[A18]. To achieve the best image quality and highest spatial resolution, a reflex camera
(EOS 60D; Canon) and a five time enlarging objective (MP-E 65mm f/2.8 1-5x Macro
Photo, Canon) is used. The focus is optimized with a linear micrometer translation stage and
a computer is used to control the camera. A micro objective (micro objective 200 in 2 mm;
Qioptiq Inc.) is utilized as scale and a resolution of 0.85 µm per pixel can be estimated. This
is in good agreement with the calculated resolution from the pixel size and the enlargement
factor (4.3 µm pixel size and 5:1 enlargement on sensor). With the help of neutral density
filters the system is calibrated and a linear intensity scale is ensured. This allows for the first
time directly measuring the dimensions of the filament channel inside the YAG plate. Figure 3.9 shows the length (b), the lateral profile (c), and the fluorescence spectrum (d) of single filamentation in a 6 mm YAG plate with an unprecedented µm resolution.

Fig. 3.9: (a) Photography of a single filament in YAG with (b) length and diameter, (c) lateral
profile, and (d) measured spectrum of observable recombination light (black) compared to the reported luminescence spectrum of YAG (gray area, from [Babin05]).

The characteristic behavior of filamentation of a long propagation with a small beam diameter is observed. For a beam diameter of 7.8 µm (FWHM) the Raleigh length would be
180 µm which is 7 times shorter than the observed filament length of 1.3 mm. The lateral
spatial profile also shows the mentioned Townes mode. In addition, the surrounding photon
bath is indicated. The fact that the observable visible light of the side view originates from
the recombination can be seen if its spectrum is measured. It is in good agreement with the
luminescence spectrum (gray area in Fig. 3.9 (d)) [Babin05].
Beside the dimension, also the position of the filament in the crystal can be determined.
This can be used to improve the phase fluctuations of the continuum [A18]. Figure 3.10
shows the filament position in a 6 mm YAG plate in dependence on the pump energy.
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Fig. 3.10: Filament position in dependence on the input pulse energy in a 6 mm YAG plate. The
solid lines are fits for the self-focal distances assuming multiple self-focusing thresholds

The solid lines show the theoretical self-focal distance, assuming one, two, three, or four
times the self-focusing threshold as critical power. Since the energy of the laser is fluctuating, also the position of the filament is fluctuating, according to the slope of the tangent (red
line in Fig. 3.10). This means that for example for 250 nJ the position is varying 11 µm if the
pump energy is varied by 1 nJ. The variation of the generation position results in temporal
and hence phase fluctuations of the newly generated frequencies. Depending on the actual
generation position, the propagation pathways inside the crystal for fundamental and newly
generated light are different. And since both are propagating with different group velocities
the traveling time and phase become different. The phase fluctuations in dependence on the
energy fluctuations (Δφ/ΔE) can be written as

Δϕ
2πc
Δt
2πc
1
1
Δz
=
⋅
=
⋅
−
⋅
ΔE λ SCG ΔE λ SCG v pump
ΔE
v SCG
group
group

(8)

λSCG is the continuum wavelength which is considered, c the speed of light, Δt/ΔE the
time fluctuation in dependence on the energy fluctuation, νgroup the group velocity for pump
and continuum wavelength, and Δz/ΔE the position variation in dependence on the energy
fluctuations. The optimum condition with minimum temporal and phase jitter is reached, if
strong energy fluctuations lead to weak position variations. This is always the case, when the
pump energy is slightly below multiple refocusing. With the proper adjustment phase fluctuations down to 100 mrad are achieved [A5] which is necessary for phase stable OPA
pulses and carrier envelope phase (CEP) sensitive experiments. This is in good agreement
with previous measurements in which the jitter and the phase relations between continuum
seeded NOPA pulses are measured [Baum03, Baum05]. Both are clearly below one optical
cycle. The jitter is determined to below 1 fs and the phase fluctuation to 250 mrad. This
means that due to the high quality of the side view one main origin of continuum phase fluctuations is found and these are minimized by the proper combination of pump energy and
crystal length. There is also an influence of the CEP of the input pulse on filamentation
[Berge11, Riedel13, Gong13]. However, all used laser sources have no stable CEP and up to
hundred optical cycles. Therefore, this issue will not be further investigated in this work.
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3.5 Influence of the pump pulse duration and the chirp
on bulk continuum generation

Also a very critical parameter for bulk filamentation and continuum generation is the pump
pulse duration. Ti:sapphire laser systems typically have pulse durations below 200 fs, which
is well suited for bulk continuum generation. Upcoming Yb amplifiers have pulse durations
of several hundreds of femtoseconds up to picoseconds. With such long pulses, the generation of new colors is challenging due to parasitic effects such as avalanche ionization, the
evolution of an electron plasma, optical breakdown, or the appearance of turbulent regimes
[Berge10, Sun10, Schulz11]. These processes suppress filamentation, hinder the build up of
a clean channel, and lead to permanent damage of the crystal. An influence of the pump
pulse duration on filamentation is also observed for gases [Hauri05]. To see the effect on
bulk continuum generation, filamentation in solids with different pulse durations is studied
[A1, A3, A9, A18]. Therefore, continuum generation with various crystals, pulse durations
and laser sources is performed. If a high pump energy is applied, always new colors are generated. As main criterion for proper continuum generation, the pulse-to-pulse fluctuations of
the new frequencies are considered. Only if they are in the range of a few % rms, the newly
generated light is regarded as suitable continuum generation. Therefore, continuum generation with various laser sources is performed [A1, A9, A18]. It works best in YAG and KGW
crystals and is possible over the entire femtosecond regime. The maximum pulse duration
where still suitable continuum generation is obtained is 2.6 ps [A9, A18]. All of the advantageous features of bulk continuum generation are maintained when generating the continua
with picosecond pulses. This means bulk continuum generation is a suited method to generate new frequencies, even with picosecond pulses.
Beside the sole pulse duration, for the first time, also the influence of the chirp of the
pump pulses on the continuum is investigated here. It should be clarified, if there is a difference between the generation with Fourier limited pulses or with chirped pulses of the same
duration [A18]. Therefore, pulses with long durations are generated in two different ways.
One method is chirping the Ti:sapphire pulses by inserting glass. In the other method, the
pulses are spectrally narrowed. This increases the Fourier limit and leads to transform limited pulses with similar pulse durations. Figure 3.11 shows the necessary pump energy for
proper continuum generation and the spectrum in the pump region for both cases.
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Fig. 3.11: Pump energy for continuum generation in various crystals on dependence of the input
pulse duration and spectral chirp ((a) and (b)). (c) and (d) show the spectrum close to the pump
region before and after continuum generation in a 4 mm YAG including Fourier limits (for the region from 755 to 795 nm).

For all investigated materials, the needed pump energy linearly grows with the pulse duration. This corresponds to a constant peak power and is in good agreement with the power
dependence of the self-focusing threshold. However, the pump energy for spectrally narrowed pulses is always significantly higher than for chirped pulses. In this case, stronger
self-phase modulation of the pump has to take place to achieve the same self-steepening effect and shockwave formation as in the case without pump pulse modification. The stronger
broadening can be seen from the Fourier limit of the pump region (755 – 795 nm). This is
reduced from 300 fs to 60 fs during continuum generation for the spectrally narrowed pump
(see Fig. 3.11 (d)). Since the Fourier limit of the entire continuum would always be in the
range of a few femtoseconds, no reasonable conclusion could be drawn from this. Therefore,
only the part around the pump wavelength is considered. In the case of chirped pump pulses,
the Fourier limit of the pump region reduces to a similar value during continuum generation
(55 fs). The initial pulse has the same spectral widths as the not modified 150 fs pump pulse.
Therefore, the reduction of the Fourier limit is significantly lower (from 120 to 55 fs). This
only explains why a higher pump energy is needed for continuum generation. No useful conclusion on the maximum pulse duration can be drawn from Fig. 3.11(a) and 3.11(b).
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When regarding the newly generated light, practically no differences are observed. Figure
3.12 shows the spectrum (a) and the corresponding group delay (b) of continuum generation
in a 4 mm YAG plate for 150 fs and 400 fs Fourier limited pump pulses and for 400 fs
pulses with a Fourier limit of 150 fs.

Fig. 3.12: (a) Spectrum and (b) corresponding chirp of continua generated in a 4 mm YAG plate
with pump pulses with various pulse durations and chirp

The spectral distribution is very similar independent from the duration and the chirp of
the pump pulse. The group delay of the new colors is about 500 fs from 450 to 650 nm. This
is in good agreement with previous measurements [Cerullo00, Cerullo99, Ziolek04]. If the
input energy of the 150 fs pulses is varied, the filament is generated at a different position in
the crystal. For higher pump energies, the filament is generated earlier in the crystal and the
remaining propagation in the crystal enhances the continuum chirp. The gray area in
Fig. 3.12 shows the group delay of the continuum for pump energies between 200 and
400 nJ (b). The green and pink curves are the continuum spectrum and chirp for spectrally
narrowed (pink) and chirped (green) pump pulses They show that there is no influence of the
pump pulse duration or chirp on the spectrum and the chirp of the new colors. With the spectrally narrowed pulses, the filament can even be generated close to the end of the crystal. The
reduced remaining propagation of the new colors in the crystal leads to a decreased spectral
chirp (dotted pink line). The chirp of the continuum therefore depends on the remaining
propagation in the crystal after the filament has ended [Cerullo97, Ziolek04].
The important message of this section is that continuum generation is possible even with
picosecond pulses, if a proper material such as YAG or KGW is chosen. There are several
research groups which use filamentation in YAG crystals to generate broadband continua
with long pump pulses due to our recommendation [Schulz11, Dobner12, Harth12,
Riedel13] or based on our work [Anitpenkov11, Stanislauskas14]. Especially, high power
lasers which pump optical parametric chirped parametric amplifiers (OPCPA’s) often have
pulse durations in the picosecond regime and can benefit from these findings. When using
these pump lasers also to generate the seed, synchronization issues and jitter problems can be
drastically reduced. This will lead to table top TW-class OPCPA systems [Stanislauskas14]
as predicted [A3, A18].
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3.6 Generation of sub-10 fs bulk continua and astigmatism free imaging

The chirp of the new colors mainly originates from the remaining propagation in the crystal.
Many applications would benefit from a chirp free continuum. For example, the temporal
resolution of a transient spectrometer could be enhanced or these continua could be used as a
seed source in a broadband OPA. Therefore, the generation of ultrashort continua is studied.
Chapter 3.2 shows that a small part of all new colors is generated in the beginning and that
wavelengths close to the fundamental are additionally generated over the entire filament.
This leads to a rather complex temporal distribution of the new colors. This and the fact that
all colors have a different propagation, make a straight forward compression of the newly
generated frequencies hardly possible. If the continuum is used as seed for an optical parametric amplifier, the amplified pulses can be compressed close to the Fourier limit and fewcycle pulses can be generated [Shirakawa99, Kobayashi00, Baltuska02b, Baum06]. However, the most practicable solution would be, if short continuum pulses could be directly
produced by bulk continuum generation.
A further challenge when working with multiple colors, beside the chirp, is the chromatic
beam propagation. Even when a continuum is imaged with a high quality objective (Canon
EF 50mm / 1:1,8 II), which is corrected for all chromatic aberrations, the single colors have
different focus positions and beam waist radii. To understand this behavior, see Fig. 3.13.

Fig 3.13: Continuum generation in a crystal and beam propagation of the newly generated colors

During and also after filamentation, the pump light shows a self-guided propagation [Dubietis03]. The newly generated colors follow the pump light channel because the pump light
temporary modifies the refractive index due to the Kerr effect. The lower the wavelength of
the newly generated light is, the higher is the difference of the group velocity compared to
that of the pump. Therefore, the light of this wavelength falls behind the channel earlier and
also start to diverge earlier.
To demonstrate this, the following experiment is performed. A continuum in ethanol is
generated and it is monitored from the side [A20]. To visualize the propagation of single
colors, small amounts of Rhodamine 6G (530 nm) or Oxazine 1 (627 nm) are added. These
laser dyes partly absorb the newly generated light and fluoresce so that the beam propagation
can be recorded from the side [Liu03b, Schroeder04, A18, A20]. Figure 3.14 shows the fluo-
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rescence signal of the 530 and 627 nm light and the sideview from filamentation in ethanol
enriched with Rhodamine 6G or Oxazine 1.

Fig. 3.14: Fluorescence of Rhodamine 6G (green) and Oxazine 1 (orange) to monitor the beam
propagation of the 530 and 627 nm part during filamentation in ethanol

Please note that the fluorescence level is not easily transferable to the size of the propagating light. The region before filamentation is not shown. At the beginning of the filament
(position 0 mm) multi-photon absorption of the pump and one-photon absorption of the
newly generated light are observed. This happens within a channel of a few µm. Therefore,
the absorption is saturated and the fluorescence is on a constant – but low – level. At
1.5 mm, the 530 nm light falls behind the pump light and starts to diverge. Due to this divergence, a larger area in which the 530 nm light is absorbed contributes to the fluorescence and
the signal rises. However, the absorption is still partially saturated. At 4 mm the absorption
is not saturated anymore because the larger area due to divergence is now compensated by
the lower absorption per area. Therefore, the fluorescence is on a constant level. The same is
true for the 637 nm light. However, this wavelength part follows the pump channel longer
and diverges later. This means that different colors start diverging at different positions in
the “crystal” and this explains the difficulty of proper imaging. After the filament has ended,
the beam diameter increases. Since the wavelengths close to the pump wavelength still follow the pump light, the beam waist radii for these colors are also larger. Ethanol has very
similar properties compared to bulk crystals such as the linear and nonlinear refractive index,
the material density, the absorption spectrum, or the multi-photon-absorption probability.
Therefore, the obtained results in ethanol can be transferred to solids [Brodeur99, Dubietis03, Dubietis06, Couairon07].
To avoid the chromatic propagation and the complex temporal distribution of the new
wavelengths, a short crystal length should be used. A small part of all colors is already generated at the beginning of the filament. Therefore, the crystal should end immediately after
this point (dashed line in Fig. 3.13) so that no spectral components can fall behind and all
colors start to diverge simultaneously. This should lead to a nearly chirp free continuum. In
addition, the new wavelengths would have the same spatial properties.
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To demonstrate this, a continuum in a 1 mm sapphire is generated. Only reflective optics are
used to avoid additional chirp. To minimize astigmatism and coma, a combination of spherical mirrors in a Schiefspiegler geometry is utilized [Kutter53]. This allows focusing all new
colors on the same position with similar beam waist radii [A20].
To show that this continuum indeed has nearly no chirp, an autocorrelation [Kozma04] of
the newly generated frequencies is performed. Due to the improved imaging with the Schiefspiegler geometry, only a few nanojoules are needed for a proper autocorrelation. Figure 3.15 shows the autocorrelation of a 7.5 fs pulse from the newly generated wavelengths
directly obtained from continuum generation in a 1 mm sapphire plate [A20] including the
very short Fourier limit of 3.8 fs (green line in Fig. 3.15).

Fig. 3.15: Autocorrelation trace of a 7.5 fs pulse (black) directly obtained from the newly generated colors of a 1 mm sapphire continuum including Fourier limit (3.8 fs, green) and fit (orange)

To get a better insight in the spectro-temporal distribution of the continuum, the chirp of
the sapphire continuum is determined with our transient spectrometer [Megerle09]. A 25 fs,
200 nJ pulse at 480 nm is used as pump and a 130 µm thin GG400 filter as sample. Figure 3.16 shows the transient signal of this measurement.

Fig. 3.16: Transient absorption of a 130 µm thin GG400 to determine the chirp of a continuum
generated in a 1 mm sapphire plate
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The minimum at 680 nm is due to the used continuum filter positioned between the GG400
sample and the detector. This does not transmit enough light at this wavelength for a reasonable signal. The combined two photon absorption of the pump pulse and the probe continuum is present from 500 to 700 nm (see panel above). It allows determining the time zero for
every wavelength. Since no transmissive optics is in the probe beam path, this represents the
spectral chirp of the continuum at the sample and hence after 50 cm propagation in air. Figure 3.17 shows this group delay for the 1 mm sapphire continuum at the sample and hence
after propagation of 0.5 m in air (blue). To determine only the chirp of the continuum, the
group delay of the propagation of 0.5 m in air is calculated and then subtracted (green).

Fig. 3.17: Group delay of 1 mm sapphire continuum at sample (blue, after propagation of 0.5 m in
air) and directly behind the continuum generation (green).

This means that the wavelengths from 550 – 750 nm are all generated at once. For shorter
wavelength, the beginning fall back behind the fundamental can be observed. For the first
time, few-cycle pulses are directly obtained from bulk continuum generation.
No further compression is needed and the setup is extremely simple. The group delay for
the short wavelengths originate from the propagation in air and by the beginning fall back of
the blue frequencies in the short filament channel. An even shorter crystal would lead to less
generated whitelight and to strong pulse-to-pulse fluctuations of the new components. With
the proper imaging, also any chromatic aberrations can be avoided. Such pulses are highly
interesting for broadband amplification, ultrafast 2D spectroscopy, or pulse compression. If
the complexity of the generation of such short pulses by others [Shikarawa98b, Cerullo98,
Cerullo99, Kobayashi00, Baltuska02b, Baum06] is regarded, this is an extremely convenient
method for producing sub-10 fs pulses. Once the optimum conditions are found, the setup is
very robust and nearly no adjustment is needed. Even in the rare case of damage on the surface or inside the crystal is not critical, since the active area of the crystal is just a few square
micrometer and the dimensions of such a crystal typically is some square millimeter.
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3.7 Influence of the repetition rate and further pulse parameters on bulk continuum generation

There are further light parameters which effect continuum generation such as the wavefront,
the polarization, the phase of the pump pulses, or the influence of induced birefringence
[Marceau10]. Since in most experiments, these parameters are standard or not stable, their
influence is not studied here.
The repetition rate of the laser should be mentioned at last. For filamentation, the peak intensity is important. It depends on the pulse energy and not on the average power or the
repetition rate of the laser. Therefore, this parameter should not influence the continuum
generation. In addition according to the mechanisms discussed so far, no light is stored in the
crystal. This means no light induced damage as observed for BBO crystals by two-photon
absorption should occur. The highest repetition rate with which continuum generation is
tested, is 80 MHz and a stable long-term operation is observed [A1]. Also continuum generation with an average power of 2.0 W [A15, A21] does not lead to damage of the crystal.
The important issue at high repetition rates is thermal lensing. However, after a short warm
up time and appropriate tweaking, continuum generation works stable for long times. For
special crystals, the recovery time can be longer than the time between two pump pulses.
This hinders a stable long term continuum generation. For example, for calcium fluoride, the
relaxation time after continuum generation is about 20 ms. If during this time filamentation
takes place again, color centers are generated and a stable long term operation of the continuum is not possible. To avoid this problem, the repetition rate of the laser can be lowered
which leads to dramatically increased averaging and a demanding handling of the system.
Otherwise the crystal can be moved so that for every laser pulse a new area is provided.
There are several techniques for an adequate lateral change of the crystal position. It should
be noted that rotation of the calcium fluoride plate leads to depolarization [Buchvarov07,
Johnson09]. Therefore, translating the plate is preferred [Megerle09].
This part of the work has given new insights in the generation mechanism for continuum
generation in solids. For the first time, it has been shown that a small part of all new colors is
generated at the beginning of the filamentation process. Then, during the remaining filamentation process only colors close to the pump wavelength are increased. This means, whereas
the bluer part of the continuum is only generated at the beginning, the redder part (of the
short wavelength side) is generated during the entire process. This complex temporal distribution of the new colors complicates a straight forward compression. The new frequencies
follow the pump light in the filamentation channel. Due to the lower group velocity, the new
colors fall behind and start to diverge. This also explains the seemingly different generation
location and the wavelength dependent beam propagation. By the proper choice of focusing
geometry, material thickness, and pump parameters, sub-10-fs continua without any chromatic aberrations can be generated. The use of a Schiefspiegler geometry even allows astigmatism and coma free imaging of all colors to the same focus size and position.
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4. Bulk continuum generation as seed for
broadband optical parametric amplifiers
4.1 Visible noncollinear optical parametric amplification
with Ti:sapphire pump sources
The generation of a broadband femtosecond light source such as bulk continua enables many
interesting investigations. However, for most experiments, more light as the few nJ provided
by bulk continuum generation is needed. Optical parametric amplification is a very powerful
method to enhance the energy of weak seed light. All aspects of this process are comprehensively reviewed in [Riedle00, Cerullo03, Homann12a]. Bulk continua are well suited as seed
for optical parametric amplifiers (OPAs). Although the seed continua are only in the visible,
it will be shown that this is no limitation to access the various wavelength regimes. In addition, concepts will be presented that allow the operation at highest repetition rates with reasonable pulse energies and broadband spectra. To explain the basic layout and the needed
ingredients, a visible noncollinear OPA (NOPA) pumped by a Ti:sapphire laser is shown in
Fig. 4.1. All presented amplifiers in this chapter are based on this layout. By modifying the
seed, the pump, and the pump-seed angle, other wavelength regimes will be accessible.

Fig. 4.1: Layout of a two-stage visible NOPA. A small portion of the Ti:sapphire pump laser is
used to generate a bulk continuum. The main part is frequency doubled and then used to amplify
the continuum seed in two subsequent noncollinear amplifier stages.

To operate a visible NOPA, an adequate seed is needed. This can be the output of a fiber,
of an oscillator, of an optical parametric generator, or bulk continuum generation. The latter
is perfectly suited for this purpose. It covers the full visible region, has an excellent beam
profile, low pulse-to-pulse fluctuations, and only a modest pump energy is needed. Using a
bulk continuum as seed has already been proposed in the 90’s [Reed94, Reed95a, Reed95b,
Greenfield95]. Beside the seed, a short wavelength pump is necessary. Often, the light from
second harmonic generation (SHG) of the Ti:sapphire is applied. Using the light from third
harmonic generation (THG) as pump can lead to two-photon absorption and limits this approach [Tzankov02, Tanigawa11, A15]. When a suitable seed and pump source is found, the
amplifier material has to be determined. Negative uniaxial crystals such as β-barium-borate
(BBO) have turned out to fit best. Especially BBO has a high damage threshold, a wide
transparency range, a high nonlinear coefficient, and enables a broad phase-matching.
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To obtain optical parametric amplification, energy and momentum conservation must be
fulfilled beside the temporal and spatial overlap of seed and pump [Riedle00, Kobayashi00,
Cerullo03]. However, this phase-matching is often only possible for a small spectral range.
Equation 9 shows the achievable spectral Δν width for a collinear OPA [Cerullo03].
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L is the crystal length, Γ the gain coefficient (defined in Eq. (10)), υgs and υgi the group
velocity of signal and idler. This means that the spectral width depends on the group velocity
mismatch between signal and idler. For visible signal and infrared idler pulses, this term will
not vanish and limits the spectral width in a collinear geometry. By introducing an angle
between seed and pump, a further degree of freedom is added so that the group velocity mismatch can be minimized for a broad spectral range [Riedle00, Cerullo03]. To appreciate the
difference between both configurations, Fig. 4.2 shows spectra obtained from a collinear
(black) and a noncollinear (blue to red) optical parametric amplifier (NOPA) with a 2 mm
type I BBO crystal (cut at 32.5°) as amplifier material.

Fig. 4.2: Collinear (black) and noncollinear (blue to red) OPA pulses and Fourier limits.

Pulses with Fourier limits of a few femtoseconds are obtained. The noncollinear geometry
was first proposed by Gale et al. [Driscoll94, Gale 95, Gale98]. Shortly after this, NOPAs
with sub-20-fs pulses were developed [Willhelm97, Cerullo97, Wilson97, Shikarawa98a,
Shikarawa98b, Cerullo99, Shirakawa99, Cerullo00, Riedle00, Huber01]. Then, even fewcycle pulses with sub-5 fs pulse durations in the visible were obtained [Shirakawa99, Kobayashi00, Baltuska02b, Baum06]. The next step was increasing the pulse energy [Tzankov06,
Cirmi12]. Therefore, pumping with long pulses and subsequent compression is used to produce powerful, and ultrashort pulses [Dubietis92, Ross97, Shirakawa99, Brabec00, Witte06,
Ishii05, Dubietis06, Adachi08, Herrmann09, Witte12]. In these optical parametric chirped
pulse amplifiers (OPCPAs) synchronized Ti:sapphire oscillators are used as seed. When using bulk continua as seed, table top OPCPAs with terawatt peak powers can be built [Stanislauskas14] as predicted [A3]. This approach also avoids an active synchronization
[Schwarz12] and increases the contrast of the pulse to the amplified spontaneous emission
by several magnitudes [Homann13b, Stanislauskas14].
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4.2 Collinear amplification and the ideal pump intensity

Since the success of the NOPA, the approach of a collinear visible amplifier [Reed94,
Reed95a, Reed95b, Greenfield95] is not any longer pursued in the scientific literature. However, the collinear approach can be used to determine a proper pump intensity. This is due to
the fact that the spectral width in Eq. 9 depends on the parametric gain G and on the pump
intensity Ip, as can be seen from Eq. 10 [Cerullo03].
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np, ns, and ni are the linear refractive indices for pump, signal, and idler, λs and λi the signal and idler wavelengths, deff the nonlinear coefficient, ε0 the vacuum permittivity, and c0
the speed of light. This means that the spectral width increases with higher pump intensities.
To find an ideal pump intensity, the limit of the spectral broadening effect is determined in a
visible collinear OPA. In the noncollinear case, also spectral broadening would occur, but
due to the broadband phase-matching the analysis becomes more challenging. As pump, the
SHG light at 387 nm with a pulse duration of 140 fs is used. Pump pulse energies of 6 –
60 µJ are applied. The 1/e2 radius at the entrance surface of the amplifier crystal is 150 µm.
This leads to peak intensities from 100 to 900 GW/cm2. The calculation of the peak intensity
is far from trivial and explained in Appendix A0. As amplifier material a 2 mm thick type I
BBO crystal (cut at 32.5°) is used. Figure 4.3 shows the spectra (a) and the corresponding
autocorrelations (b) of the OPA pulses for different pump intensities.

Fig. 4.3: Spectra (a) and autocorrelations (b) of visible pulses from a collinear OPA for an increasing pump intensity.
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The spectral broadening works fine until a peak intensity of 500 GW/cm2 is reached. For
higher pump intensities, back conversion, two-photon-absorption, self-focusing, selfsteepening, self-phase modulation of the pump, and the generation of superfluorescence
background [Homan13a] hinder the use of the amplified pulses. This can be seen from the
distorted spectrum, autocorrelation signal, and beam profile shown in Fig. 4.3 for a pump
intensity of 900 GW/cm2. The distorted beam profile is also the reason for the not symmetric autocorrelation signal. For comparison, the beam profile for 500 GW/cm2 pumping is
shown, too. For a peak intensity of 600 GW/cm2, the spectrum and the autocorrelation are
still fine, but the beam profile starts to break up and distorts. To emphasize the problem of a
too high pump intensity, Fig. 4.4 shows the pulse-to-pulse fluctuations (a) and the Fourier
limit and pulse duration after a prism compressor (b).

Fig. 4.4: (a) Pulse-to-pulse fluctuations, (b) Fourier limits and compressed pulse durations for
various pump intensities.

The green area indicates pump intensities which are suitable for amplification. For intensities above 600 GW/cm2, the spectrum, the temporal intensity profile including pulse duration, and the stability are not favorable and the parasitic effects dominate the amplification.
This means that the peak intensity of the pump pulses of OPAs can be close to 500 GW/cm2
for an maximum spectral broadening effect and the highest gain without any distortion of the
amplified pulses. A good compromise between a stable long term operation and a reasonable
spectral broadening and gain is a peak pump intensity of 300 GW/cm2.
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4.3 Visible noncollinear optical parametric amplification
with Yb based pump sources

Beside the established Ti:sapphire laser systems, also Yb based systems are suited to operate
an OPA. Bulk continuum generation is possible with these systems and renders an octavewide seed spectrum. Such lasers often operate at repetition rates of several hundred kHz or
even a few MHz. For Ti:sapphire laser systems, the generation of short pulses in the visible
at high repetition rate is more challenging due to the reduced pump energy of the available
laser sources [Reed94, Reed95a, Reed95b, Piel06, Shen11]. Typically, such systems operate
at 100 to 250 kHz and have a pulse energy of only a few µJ. A main advantage of the longer
wavelength of the Yb based lasers is that the THG light can be used as pump source [A15,
A21]. Using SHG light as pump allows the generation of visible and near-infrared pulses
[Steinmann06, Schriever08, Homann08, Emons10, Herrmann10, Harth12, Antipenkov11,
Nillon14, Liebel14, A15, A21]. For a THG pumped NOPA, phase-matching down to
400 nm is possible. The 1030 nm pumped seed continuum or other seed sources only range
down to about 500 nm [Schriever08, Homann08, Liebel14, A1, A15, A21]. To fill the gap
down to below 400 nm, the SHG light of the Yb systems is used to generate a bulk seed continuum. By this approach, for the first time, 20 fs pulses tunable to below 400 nm with average powers of several 100 mW can be produced [A15, A21]. As pump laser, a fiber amplifier (Tangerine fs; Amplitude Systems Inc.) is used delivering 300 fs pulses at 1030 nm and
20 W output with a high beam quality. Figure 4.5 shows pulses from 395 to 650 nm from a
THG pumped NOPA at 200 kHz seeded with a fundamental (red) and a SHG (green)
pumped continuum.

Fig. 4.5: Tunable pulses from 400 to 650 nm from a 343 nm pumped NOPA at 200 kHz seeded by
a 1ω pumped (red area) and 2ω pumped (green area) seed continuum in a 4 mm YAG plate.

The energy of the NOPA pulses is in the µJ regime. This leads to average powers of
200 mW at 200 kHz [A15, A21]. Taking into account that the pump energy is approximately
3.5 µJ at 343 nm and the NOPA pulse energy 1.2 µJ at 425 nm, quantum efficiencies of up
to 42 % are reached. This is the highest documented value for visible NOPAs. At 1 MHz
repetition rate, average powers of up to 700 mW are obtained. Fourier limits down to 10 fs
and pulse durations of below 20 fs are achieved. When combining this tuning range with that
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of a SHG pumped NOPA (650 – 950 nm), pulses from 400 to 950 nm without a gap can be
generated. For the first time, more than an octave is covered without further nonlinear processes [A15, A21].
A main challenge when operating with UV pump light at high repetition rates is the twophoton absorption of the pump in the amplifier crystal. For example, an amplifier crystal in a
NOPA pumped by the third harmonic of a Ti:sapphire laser already absorbs 50% of the
pump light, even at a low peak intensity of 10 GW/cm2 [A15, A21]. This may work at low
repetition rates. At high repetition rates, however, the thermal load will permanently damage
the crystal. On the other side, when pumping with the 343 nm THG light of Yb based laser
systems, the two-photon-absorption is reduced to 15% for 100 GW/cm2 peak intensity. This
renders the THG light as ideal pump source for short-wavelength amplification with reasonable two-photon absorption.
Another advantage of the use of the Yb based laser systems is the long pump pulse duration. Since the chirp of continua generated with such long pulses is comparable to that of
continua produced with short pulses, the long pump pulses can be used to amplify the entire
visible range. Usually this is achieved by chirping the pump pulses [Baltuska02b, Baum06].
A visible picosecond NOPA on the other side, inherently delivers broadband amplification
without any modifications. Figure 4.6 shows the spectrum of a visible NOPA pumped with
the THG light of a 1.0 ps laser system.

Fig. 4.6: Spectrum of a visible pulse from a THG pumped picosecond NOPA at 300 kHz with an
average output of 300 mW and a few-cycle Fourier limit of 6.9 fs.

The pulses are compressed down to 25 fs with a pair of fused silica prisms. This corresponds to a 40 time reduction of the input pulse duration of 1.0 ps and favors such pulses, for
example, to be frequency doubled and used for single-electron generation by two-photon
photoemission experiments. The advantage of picosecond pump lasers is that such lasers
combine a high pulse energy and repetition rate. The used laser source delivers 1 mJ pulses
at a repetition rate of 300 kHz. This corresponds to a total output power of 300 W. Only
20 µJ are used for the NOPA. With suited compression techniques, these pulses can be
brought close to the few fs Fourier limit [Liebel14, Nillon14]. This correspond to a
140 times reduction of the input pulse duration and shows that a long pulse duration is no
limitation for the generation of few-cycle pulses due to bulk continuum generation.
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4.4 Extension to the UV via nonlinear mixing

In many spectroscopic experiments, the investigated samples have absorption bands in the
UV. To study these materials, tunable pulses in this spectral region are needed. Visible amplifiers reach down to 450 nm for Ti:sapphire pumping [Riedle00, Cerullo03]. To access
wavelengths in the UV with NOPA pulses, additional nonlinear processes such as the generation of harmonics or sum frequency mixing [Wilson97, Ziegler98, Cerullo03, Kozma03,
Beutler09] or even a combination of both is necessary to reach shortest wavelength below
200 nm [Petrov98, Homann12b]. One of the main challenges of this concept is the low bandwidth and energy of these pulses due to the nonlinear processes. To overcome the low
bandwidth, achromatic phase-matching can be used to transfer an immense bandwidth to the
UV [Kanai03, Nabekawa03, Baum04a, Baum04b, Zhao09, A14, A22]. Pulse durations of
sub-10 fs can be achieved with this approach. To generate highly energetic pulses, powerful
visible pulses must be provided to counteract the limited efficiency of the nonlinear processes [Kanai03, Beutler09].
A further challenge is the characterization of the duration of the UV pulses. Since the
usually used nonlinear processes such as frequency doubling or sum frequency mixing can
not be applied for the UV pulses, alternatives have to be found. Two photon absorption
[Nishioka93, Kleimeier10, Homann11, Heisel13], spontaneous parametric down conversion
[Michelberger13], surface SHG [Kintzer87, Plass92], and Kerr gating [Kane94, Michelmann96] can be used to measure the pulse duration. Prism and grating compressors [Durfee99, Baum04] or the use of self-phase modulation and self-steepening [Krebs13] are wellsuited methods to bring the UV pulses close to their Fourier limit. Acousto optical modulators even allow shaping UV pulses and the generation of complex pulse trains [Krebs10].
Due to the wide tuning range of the visible NOPA pumped by the SHG and THG light of
the Yb based laser from to 400 to 950 nm, tunable UV pulses down to 215 nm can be generated via SHG. This permits a unprecedented gap free tuning range from 215 to 950 nm at
MHz repetition rates with only one additional SHG stage. Figure 4.7 shows 215 nm UV
pulses generated by frequency doubling of a 430 nm NOPA output in a 30 µm thick BBO
cut at 70° [A15, A21]. Such pulses still have an energy of a few tens of nJ and are therefore
well suited for sensitive experiments due to the high repetition rate.

Fig. 4.7: 215 nm SHG of a visible NOPA pulse at 1 MHz repetition rate.
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4.5 Broadband optical parametric amplification in the infrared

Besides the visible and the UV region, also infrared pulses can be used to unravel the inner
life of molecules. Time resolved vibrational spectroscopy, carrier dynamics in monolayer
graphene, high harmonic generation, and tunneling ionization are interesting research fields
that benefit from investigations with infrared pulses. To generate such pulses, various methods have to be used. Up to 1.6 µm, the direct amplification of infrared seed light is well
suited [Riedle00, Cerullo03, Ghotbi09, Isaienko10]. In this spectral range, the phasematching in BBO or bismuth triborate (BiB3O6) even enables the generation of extreme
broad pulses with few-cycle pulse durations [Vozzi06, Cirmi07, Nikolov07, Brida08, Gaydardzhiev08, Isaienko08, Brida10, Li11, Isaienko13]. Figure 4.8 shows broadband pulses
from an infrared OPA with a 2 mm type I BBO crystal (cut at 20°) and a 3 mm type I
BiB3O6 crystal (cut at 11°) as amplifier crystal. Pulses with spectral widths of 400 to 500 nm
are obtained. This would allow pulse durations in the two cycle regime.

Fig. 4.8: Broadband near-infrared amplification in BBO (cut at 20°) and BiB3O6 (cut at 36°) including Fourier limit.

Furthermore, a visible OPA seeded by light near 450 nm and pumped by the SHG of a
Ti:sapphire system, the idler is located in the infrared near 3 µm. However, this approach
only allows narrowband phase-matching. For the generation of broadband infrared pulses,
the generation of an adequate seed is essential, but challenging. Bulk continua show an exponential drop off on the long wavelength side and are therefore not suited as mid-infrared
seed source. One approach to overcome this limitation is quasi cw-seeding with an additional laser [Petrov95, Petrov97, Rotermund99, Homann13b]. However, the achievable spectral widths are then limited by the pump pulse duration. This is also the case if superfluorescence is used as tunable seed. Fibers could render a suitable seed but their experimental handling is very challenging. However, when using OPAs for spectral regions with wavelengths
longer than that of the laser source, the laser itself can be used as pump. When near-infrared
seed light is amplified with the fundamental of the laser system, the related idler is located in
the midinfrared. The phase-matching for this wavelength configuration supports broadband
amplification even in a collinear geometry for the proper amplifier material. Figure 4.9
shows calculated Fourier limits for midinfrared amplification for two pump wavelengths
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with a peak pump intensity of 100 GW/cm2 in various materials of 1.5 mm thickness. The
Fourier limits are derived from the spectral widths according to Eq. 9.

Fig. 4.9: Calculated Fourier limits for infrared amplification in a 1.5 mm thick BBO, lithium niobate (LiNbO3), potassium niobate (KNbO3), and lithium iodate (LiIO3).

Infrared OPAs with proper amplifier crystals enable the generation of broadband and
widely tunable pulses up to 5 µm with high average powers and without additional difference frequency generation [Petrov96, Gale97, Cussat00, Fecko04, Ghotbi06, Brida07, Petrov07, Vozzi07, Cerullo11, A2, A4]. However, the efficiency for amplification of long
wavelengths close to the absorption bands of the crystal (for example for 5 µm in LiNbO3)
decreases dramatically due to the following reasons [A4]:
•

The absorption of the idler suppresses the amplification. Pump, signal, and idler
have to be present to achieve a significant amplification. For example, LiNbO3
has an absorption coefficient of 3 cm-1 at 5 µm [Jiangou92]. This means that 45%
of the idler is already absorbed in a 2 mm LiNbO3 crystal.

•

When approaching the absorption bandwidth, the refractive index increases. This
leads to a large group velocity mismatch between signal, idler, and pump and according to Eq. 9 to a strong reduction of the spectral bandwidth . The fast temporal
separation of the pulses only allows a short part of the crystal to be used for amplification. For example, for amplification of 5 µm in LiNbO3 with 775 nm pump
light, the signal (920 nm) and idler are completely separated after 0.5 mm when
assuming a pump pulse duration of 150 fs.

•

A long idler wavelength decreases the parametric gain G (see Eq. 10). For example, the gain coefficient for amplification of 2.5 µm light is 25% higher than for
amplification of 5 µm (for 775 nm pumping) [A4]. And since the gain coefficient
enters exponential in the amplification [Cerullo03], this significantly reduces the
output energy.

To compensate these limiting issues, often high pump energies are used. However, this is
not possible for high repetition rate laser systems which typically have a limited output en41
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ergy. There are selected laser systems which can provide such high pump energies at multi
100 kHz and then infrared pulse generation with high average powers is possible [Erny09a,
Erny09b, Chalus09, Chalus10], but these systems are rare and very expensive.
However, high repetition rates are demanded for ambitious experiments. Up to now, the use
of optical parametric oscillators [Emmerichs94, Lohner94, Holtom95, Reed95a] or periodically poled lithium niobate [Manzoni09, Heese10] allows the generation of tunable midinfrared pulses at high repetition rates, but with limited bandwidths and hence long pulse
durations. Also OPAs can be used to generate tunable infrared pulses at highest repetition
rates. To achieve an efficient generation of such pulses with sufficient bandwidth for short
pulse durations, the near infrared seed has to be pre-amplified. This pre-amplifier is pumped
by SHG light since only near-infrared light must be provided for the main-amplifier. Figure 4.10 shows the concept of this hybrid pumping scheme which has previously only been
implemented for low repetition rates [Gale97, Petrov01, Brida07, Muecke09a, Pilles14].

Fig 4.10: Concept of hybrid pumping. A SHG pumped pre-amplifier delivers a strong nearinfrared seed for the main amplifier. The desired infrared output is the idler of the main-amplifier.

The advantage of the pre-amplifier is that no idler absorption occurs, the group-velocitymismatch is reduced, and that no long wavelength is involved which would limit the amplification. In addition, the gain in the main amplifier can be low because a strong seed is provided. To use all photons from the pre-amplifier as seed in the main amplifier, the bandwidth
of the near-infrared seed light has to be matched to the acceptance bandwidth of the main
amplifier. This is done by inserting glass and hence adequately chirping the seed continuum
in the pre-amplifier. It should be mentioned that continuum generation with 1030 nm, 300 fs
pulses has a very weak infrared side. Therefore, the visible part of the continuum is amplified and the idler of the pre-amplifier is used to seed the main amplifier. The needed collinear geometry for the pre-amplifier does not limit the spectral bandwidth of the final midinfrared output.
Therefore, for the first time, widely tunable, ultrashort, infrared pulses are generated from
a 100 kHz Ti:sapphire system providing 6 µJ pump pulse energy (RegA 9050; Coherent
Inc.) [A2, A4]. These pulses are used to study low-bandgap polymers for photovoltaics
[Tautz12]. Combining the visible pulses from the pre-amplifier with the infrared pulses from
the main amplifier, a three octave wide tuning range from the 450 nm to 5.5 µm without gap
is achieved from one amplifier system. Figure 4.11 shows this extreme wide tuning range.
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Fig. 4.11: Tuning range of a hybrid OPA pumped by a 100 kHz Ti:sapphire laser system from the
visible to the midinfrared. The gray areas indicate the absorption of air. The infrared pulses are
generated in a 2 mm type I LiNbO3 (cut at 45°). The black curve shows broadband amplification
in a 3 mm type LiIO3 (cut at 20°).

The gray areas indicate the absorption of air. The black curve shows broadband amplification in a 3 mm type LiIO3 (cut at 45°) which would render sub-two-cycle pulses in the
infrared. By this hybrid pumping concept, also sub-40 fs pulses at 3.8 µm with an energy of
5 µJ from our 1 kHz laser system are generated. Figure 4.12 shows the spectrum, beam profile, stability, autocorrelation, and Fourier limit of these three cycle pulses.

Fig. 4.12: Spectrum, beam profile, stability, autocorrelation, and Fourier limit of a 5 µJ, 38 fs
pulse at 3.8 µm obtained from a hybrid OPA pumped by a 1 kHz Ti:sapphire laser system.

The pulse-to-pulse stability is measured with a mercury cadmium telluride diode and determined to 1.25 % rms. At 3.8 µm, the 36 fs correspond to three cycles of the electric field.
To obtain such a short pulse duration, a compression is needed. The output of the OPA has
the same duration as the pump pulses (~170 fs). In the infrared, the handling of a prism or
grating compressor is challenging. Fortunately, the properties of many materials can help to
shorten the pulses. Silicium and germanium for example have a negative dispersion between
3 and 5 µm. This means that the pulses can be shortened by adding substrates in the beam
path [Demirdoeven02, A13]. A 500 µm thick Germanium plate is placed under the Brewster
angle in the beam path to compress the pulses. Due to the high refractive indices of these
materials, an antireflection coating or the use of the Brewster angle is necessary or high reflection losses of up to 50% occur.
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A main advantage of the presented concept is that it can be applied to various laser sources.
Beside the Ti:sapphire based laser system, also a Yb based laser system (Jenlas D2.fs;
JENOPTIK Laser GmbH) is used as pump source. The system delivers 300 fs pulses at
1025nm with an energy of 40 µJ at 100 kHz. Output energies between 1 and 2 µJ are
achieved for infrared pulses between 1 and 4.5 µm with Fourier limits in the 50 fs regime
[A2, A4].
For selected crystals, wavelength combinations of pump, signal, and idler can be found so
that the group velocity mismatches nearly vanish. This allows the use of long amplifier crystals of up to 10 mm [Petrov01]. However, long crystal lengths have a negative influence on
the spectral widths and additional amplifier stages complicate the setup. An efficient way to
enhance the energy from a single stage infrared collinear OPA is the insertion of a second
amplifier crystal. Typically, the amplifier crystal is placed slightly behind the focus. For a
collinear geometry and a low group velocity mismatch, a second amplifier crystal can just be
added in front of the focus of the pump. The collinearity ensures that all pulses have spatial
overlap in both crystals and the low group velocity mismatches maintain the temporal overlap. By the use of two crystals, the intensity for both crystals can be optimized separately,
whereas for one long crystal only one intensity adjustment can be done. Figure 4.13 shows
the improvement of the pulse energy of a single infrared collinear OPA when adding an
identical amplifier crystal in front of the focus. As amplifier crystal a 3 mm type I BBO (cut
at 20°) is used.

Fig. 4.13: Infrared collinear optical parametric amplifier with one (dotted) and two (solid) amplifier crystals.

The idea behind this concept is the increase of the output energy of an infrared OPA without setting up an additional amplifier stage. Up to a 5 times enhancement in the output energy (from 3.8 to 19 µJ for the 1200 nm pulse with 96 µJ pumping) is achieved by this
method. It would also allow the broadening of the infrared pulses [Hong13]. Herby, material
is inserted between the two amplifier crystals to compensate the remaining group velocity
mismatch.
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4.6 Broadband difference frequency mixing in the infrared

Optical parametric amplification is a good method for the generation of tunable and ultrashort pulses in the mid-infrared up to 5 µm. The low conversion limit of OPA is DFG. To
generate infrared pulses with DFG, two equally strong pulses with similar central wavelengths are mixed in a nonlinear crystal [Elsaesser91, Hamm93, Lohner94, Seifert94,
Golubovic98, Kaindl00, Petrov01]. The photons of the short wavelength pulse are converted
into two photons. One has the wavelength of the pulse with the longer wavelength. The
wavelength of the second photon is determined by energy conservation and typically located
in the infrared. DFG at high repetition rates is extremely demanding, because two pulses
with reasonable energies have to be provided. Otherwise, a low output energy result. In our
approach the nearinfrared output of the pre-amplifier is on the µJ level. Therefore, efficient
DFG with the µJ laser pulses is possible. A 1 mm thick silver thiogallate (AgGaS2) crystal is
used to perform DFG between the nearinfrared seed and the laser fundamental. Pulses with
central wavelengths of 8 and 10 µm at 100 kHz repetition rate are produced. Due to the
modest focusing and the ideal combination of input pulses, two-photon absorption can be
avoided and the 8 and 10 µm pulses can be directly generated without further mixing stages.
Figure 4.14 shows the spectrum, the energy, and the Fourier limit of infrared pulses obtained
by DFG between the 1030 nm laser pulses and the 1140 and 1180 nm pre-amplifier pulses.

Fig. 4.14: Spectrum, Fourier limit, and pulse energy of the midinfrared DFG output of a 1 mm
AgGaS2 crystal.

Beside the generation of midinfrared pulses, also pulses at 2 µm with few-cycle pulse duration are of great interest. Such pulses are needed in strong field science to study high harmonic generation, attosecond physics, tunneling ionization, or electron emission. However,
the generation of few cycle infrared pulses is still a challenging task. Broadband laser materials such as Holmium and Thulium for the direct generation of infrared few-cycle pulses are
still in their early steps of development [Lagatsky10, Krylov12, Wan13]. A very successful
and comely used method is optical parametric amplification [Kaindl00, Cirmi07, Brida08a,
Brida08b, Cirmi08, Moses09, Brida10, Hong11, Li11, Silva12b, A2, A4, A5, A10, A11,
A13], often with chirped pulses [Fuji06, Kramer07, Erny09a, Erny09b, Gu09, Chalus09,
Chalus10, Andriukaitis11, Thai11, Biegert12, Deng12, Pelletier12, Mayer13], comprehen-
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sively reviewed in [Cerullo11]. Also hollow core fibers and filamentation are used for spectral broadening and compression down to a few cycles [Manzoni06a, Vozzi06, Vozzi07,
Giguere09, Muecke09b, Schmidt10, Schmidt11]. Further approaches are parametric generation [Heese10], difference frequency generation between nearinfrared pulses [Manzoni04],
and single mode fibers [Anashkina11, Thomas12]. Most recently, sub-10 fs pulses with a
spectral coverage from 2 to 10 µm were achieved from conical emission from a filament
created with 800 and 400 nm light [Nomura12]. These concepts work well for low repetition
rates and for lasers with high average powers. However, most of the mentioned experiments
would benefit from high repetition rates. In addition, often lasers with a limited pulse energy
are available. To still obtain few cycle pulses with a reasonable pulse energy under these
conditions, a novel approach is proposed. It is based on broadband DFG between a short and
visible NOPA pulse and the 1030 nm pump laser [A5, A10, A11]. Figure 4.15 shows the
setup for the generation of sub two cycle pulses near 2 µm.

Fig 4.15: Setup for broadband DFG between a 15 fs visible NOPA pulse and the narrowband
1030 nm laser source for few cycle pulse generation near 2 µm.

A small fraction of the nearinfrared laser light is used to generate a visible seed continuum. A SHG pumped NOPA generates pulses at 650 nm which are compressed to a sub20 fs pulse duration with a pair of fused silica prisms. This corresponds to 5 to 8 cycles of
the electric field. These pulses are then difference frequency mixed with the not frequency
doubled part of the 1030 nm laser light in a 800 µm thick BBO crystal cut at 20°. Without
any further compression 150 nJ, CEP stable, sub-two-cycle pulses near 2 µm are produced at
100 kHz. This corresponds to an average power of 14.5 mW which is sufficient for most
experiments. Figure 4.16 shows the spectrum of these pulses (green).

Fig. 4.16: Broadband DFG between a short visible NOPA pulse and the laser fundamental. The
concept works well for various pump laser sources such as Ti:sapphire (red) or Yb:KYW (green)
based laser systems.
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When working with few cycle pulses the phase of the electric field in relation to the envelope – the carrier envelope phase (CEP) – becomes relevant. The maximum strength of the
electric field significantly varies for not CEP stable pulses and hence influences the experiment. For pulses with long pulse durations, this effect can be neglected. Few-cycle pulses,
on the other side, have to be CEP stable. Here, this condition is fulfilled because the NOPA
pulses have the same fluctuations as the 1030 nm pump laser. The DFG signal is then CEP
stable [A5, A10, A11].
A great advantage of this technique is that it can also be applied to various pump sources.
Figure 4.16 additionally shows the spectrum of a pulse with a few-cycle Fourier limit when
applying the concept to a Ti:sapphire based system (red). Again an output energy of above
100 nJ is achieved. Further energy scaling with higher input pulses [Darginavicius12a, Darginavicius12b] or in subsequent broadband infrared OPAs [Manzoni06a] is possible as demonstrated for low repetition rates. The broadband DFG is further used as seed for OPCPA
systems [Moses12, Fattahi13] The most impressive key feature of this method is that the
infrared pulses already have the few cycle pulse duration directly after the DFG although the
input pulses have only sub-20 fs and 300 fs pulse durations. This corresponds to an overall
shortening of an factor of 30. To understand, how this is possible with the simple setup, the
following issues should be taken into account.
•

The continuum generation in the visible provides a broadband seed which would
be sufficient for few-cycle pulses in the visible.

•

The noncollinear geometry of the visible NOPA supports amplification of this
broad bandwidth so that pulses with Fourier limits of sub-10 fs are generated without great effort.

•

A pair of prisms is sufficient to compress the NOPA pulses down to a sub-15 fs
pulse duration. A compression closer to the Fourier limit is not needed.

•

The narrowband laser pulses are then difference frequency mixed with the short
visible NOPA pulses. This requires temporal overlap. Therefore, the infrared
pulses inherit the pulse duration of the short visible NOPA pulses.

•

An optical cycle of the electric field is longer in the infrared than in the visible.
Therefore, even multi-cycle pulses in the visible are sufficient to generate twocycle pulses in the infrared.

•

In addition, the infrared pulse inherits the phase of the visible pulse [A11] because
the fundamental laser pulse has a flat phase. Due to the dispersion properties of
BBO, the infrared pulses are compressed close to the Fourier limit by the remaining propagation in the crystal.

No additional compression is needed and for the first time, few-cycle pulses at 2 µm at
100 kHz repetition rate are generated from only one pump source so that no synchronization
is needed. In addition, no active CEP control is necessary since DFG passively stabilizes the
CEP. As mentioned in Chapter 3.5, a proper continuum generation is necessary for a stable
CEP. A phase stability of sub-100 mrad is therewith achievable [A5].
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4.7 Broadband pulse generation from the visible to the infrared
with high average output powers

The presented methods allow the generation of tunable pulses from the visible to the infrared
with an immense bandwidth for each pulse. All these pulses can be generated with various
laser sources and at high repetition rates. Figure 4.17 shows an overview about the OPA
pulses supporting few-cycle pulse durations achieved in this work.

Fig. 4.17: Broadband OPA pulses from the visible to the infrared.

The generation of broadband UV pulses is well documented [Kanai03, Nabekawa03,
Baum04a, Baum04b, Zhao09]. For the generation of the infrared pulses, a near-infrared preamplifier is used. This allows counteracting the large velocity mismatch, the narrowband
phase-matching, the temporal pulse separation, and the low parametric gain in the main amplifier. The infrared pulses could be compressed close to the Fourier limit with the simplest
compression technique. The insertion of various materials in the pathway is sufficient to reduce the pulse duration close to the Fourier limit. These pulses are well suited for a daily
operation and can be used in highly ambitious experiments [A5, A13, A17].
The optimized conditions and concepts for OPAs found in this thesis allows achieving the
highest conversion efficiencies and output powers. Figure 4.18 shows the photon conversion
efficiency for the various OPA pulses shown in this thesis. The photon conversion efficiency
relates the number of photons generated at the new wavelength to the number of total pump
photons. This allows a fair comparison of pulses at different wavelengths and from laser
sources with differing pump energies. In Fig. 4.18, only OPA pulses with more than 100 nJ
at repetition rates of at least 100 kHz are regarded.
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Fig. 4.18: Photon conversion efficiency of OPA pulses from the visible to the infrared with a
pulse energy of above 100 nJ at a repetition rate of at least 100 kHz. The efficiencies of pulses
achieved in this work are shown in green (Yb based systems) and orange (Ti:sapphire based systems), these of pulses achieved previously at the institute in gray (BMO : [Piel06]). The remaining
curves (black) are obtained by others. I : [Reed94, Reed95a, Reed95b], II : [Nillon14], III :
[Herrmann09], IV : [Emons10, Harth12], V : [Erny09a, Erny09b, Heese10], VI : [Chalus09, Chalus10, Thai11, Biegert12], VII : [Holtom95].

OPA pulses with high average powers and best photon conversion efficiencies are
achieved in this work for a wide spectral range (green and orange, [A2, A4, A5, A10, A11,
A15, A21]). Especially in the region between 400 and 480 nm, such pulses are generated
exclusively in this work. In the visible range, highest conversion efficiencies of up to 7%
have been achieved previously by our group [Piel06]. OPA pulses close to the 1030 nm
pump wavelength (850 – 1000 nm for II [Nillon14]) should be considered carefully since the
spectrally broadened pump region is often not suitable for most applications due to the structured spectrum and temporal intensity profile. In the infrared region from 1 to 4 µm, very
high 10% are obtained in this work due to the use of a visible pre-amplifier. Only optical
parametric oscillators with limited wavelength tunability and spectral width can render
higher conversion efficiencies (VII, [Holtom95]). If few-cycle-pulses are generated, significantly lower conversion efficiencies are obtained (II, IV, V, VI) [Erny09a, Erny09b,
Heese10, Chalus09, Chalus10, Emons10, Thai11, Biegert12, Harth12, Nillon14, A5, A10,
A11].
In summary, this chapter has shown that the wide spectral coverage of the OPA pulses in
this work originates always from visible continuum generation. Covering only the visible
range is no limitation to produce shortest pulses at any wavelength. This underlines the importance of bulk continuum generation as adequate seed source in broadband OPAs.
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5. Bulk continua as probe light in ultrafast transient spectrometers
5.1 Spectral coverage from the UV to the infrared
and temporal extension up to milliseconds
The goal of many investigations in ultrafast spectroscopy is to reveal the path of a chemical
reaction or biological process or to uncover the inner life of a complex molecule. Therefore,
molecules are excited and their ultrafast response is monitored. All relevant processes modify characteristically the transmission of the investigated sample. These various signatures
are then temporally and spectrally resolved. By this, the inner life of the studied system can
be understood. Typical processes which happen on the femtosecond or picosecond time scale
are the relaxation to other states, energy or charge transfers, the change of the geometric
structure, or the interaction with the environment. To analyze the transmission change with
highest temporal resolution and over a wide spectral range, an adequate light source for
probing has to be provided. Broadband bulk continua are ideally suited for this purpose due
to their favorable properties such as a smooth, gap free spectrum, the high pulse-to-pulse
stability, and the excellent beam profile. For excitation, often femtosecond UV pulses are
used to bring a molecule in an excited state. After this, many of the mentioned processes
show transmission changes in the visible. However, also the UV and the infrared region
show signatures which explain the molecular dynamic. Further, signatures of various processes can overlap in the visible so that only infrared or UV spectroscopy will lead to unambiguous results. This means that a wide temporal and spectral coverage is essential for a
complete analysis of the studied system. Therefore, our setup for time-resolved absorption
spectroscopy with a sub-50 fs resolution [Megerle09] is modified so that 11 magnitudes in
time and over 3 octaves in spectrum are covered [A7, A19]. Figure 5.1 shows the upgraded
setup.

Fig. 5.1: Setup of the broadband transient absorption spectrometer covering 11 magnitudes in time
(femto- to milliseconds) and 3 octaves in spectrum (UV, visible, and infrared).
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As pump source for time delays between femtoseconds and a few nanoseconds, UV and visible pulses generated in a two stage NOPA with subsequent frequency doubling are used. To
obtain a high temporal resolution, a prism compressor is utilized to achieve sub-30 fs pump
pulse durations. The delay time is set geometrically by varying the path length of the pump
with respect to the fixed path length of the probe.
For time delays from a few nanoseconds up to the millisecond regime, a geometrical delay cannot be applied due to the divergence of the pump pulses. Therefore, a tunable optical
parametric oscillator (NT242-SH/SFG; EKSPLA Inc.) delivering nanosecond pulses from
the UV to the infrared is synchronized to the Ti:sapphire laser system and used as pump
source. This allows setting the time between pump and probe pulses electronically. Thereby,
any time interval between a few nanoseconds and a millisecond can be realized. The minimum delay time which can be set electronically is in the order of one nanosecond and overlaps with the geometrically achievable delay times. This allows a gap free tuning from
femto- to millisecond delay times. The jitter between both laser systems is below 200 ps and
does therefore not affect the nanosecond temporal resolution.
The probe continuum is generated with the 775 nm Ti:sapphire pulses in a moving 5 mm
CaF2 plate. An effective probe range from 285 – 730 nm [Megerle09] is obtained. Near the
pump wavelength (730 – 820 nm), the spectrum is strongly structured and the pulse-to-pulse
fluctuations are very high [A1]. Therefore, this part is not used as probe light. To extend the
spectral region, continua generated with various central wavelengths are used. The second
and third harmonic of the laser, as well the signal and idler output of a nearinfrared OPA are
used as continuum pump. Figure 5.2 shows the spectrum and the pulse-to-pulse fluctuations
of bulk continua generated with various pump wavelengths and used in various broadband
transient spectrometers [A6, A7, A8, A12, A19].

Fig. 5.2: Spectrum and pulse-to-pulse fluctuations of bulk continua generated with various pump
wavelengths and used in transient spectroscopy to extend the spectral coverage. The gray and orange areas indicate in which spectral region silicon and InGaAs array are used for detection.
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All continua, except the 2250 nm pumped one, are generated in CaF2 plates. For the
2250 nm pulses, an YVO4 crystal is used due to the limited output of the infrared OPA. After the probe light has passed the sample, it is dispersed with a prism and then imaged onto a
silicium or indium gallium arsenide (InGaAs) array. This allows obtaining the transmission
change for the entire probe spectrum at once. To compare the excited and the not excited
molecules, a chopper is used which alternatingly blocks the pump pulses. To improve the
signal-to-noise ratio, several transient spectra are averaged.
The extensions into the UV and infrared, as well as to long delay times allow investigations with an unprecedented spectral and temporal coverage. For the first time, an ultrafast
transient spectrometer is presented which can monitor processes over several magnitudes in
spectrum and time with highest resolution. The entire molecular dynamic and ultrafast response of almost any systems after excitation can be monitored [A19]. To demonstrate the
potential of the developed ultrafast transient spectrometer, selected experiments will be
shown. In these measurements, the newly implemented spectral and temporal extensions are
used to understand the complex processes in the studied molecules.
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5.2 Infrared time-resolved transient spectroscopy of malachite green
One of the main advantages of the spectral extension towards the infrared is that selected
processes can be monitored exclusively. In the visible, transient signals are often a combination of several contributions and the correct interpretation turns into a challenge. In the infrared, wavelength regions can be found where the signals only originate from one state or
process. To demonstrate this, a transient measurement of the laser dye malachite green in
ethanol is performed. To study its dynamics, the molecule is excited into the S1 state by
pumping with 620 nm [A7]. Figure 5.3 shows the transient signal of this measurement.

Fig. 5.3: Transient signal of malachite green (in ethanol) after 620 nm excitation.

Early studies of malachite green concentrate on the ground state bleach (GSB) recovery.
Complex kinetics with a main time constant of 2.1 ps in methanol and a strong solvent dependence are found [Ippen76, Nagasawa99]. After relaxation to the ground state, the geometrical relaxation and cooling of the hot S0 are thought to complete the cycle. However, the
main problem is that the strong transient signal around the 620 nm pump wavelength is the
sum of GSB, stimulated emission (SE) and excited state absorption (ESA). This hinders an
unambiguous interpretation of the dynamics of malachite green.
When using the extended probe range up to 1700 nm, the S1 population can be explicitly
probed through the S1 to S2 ESA at 1370 nm. A relaxation time of 440 fs is found which
nicely matches with previous fluorescence measurements [Gottfried97]. Only the extension
of the probe range allows for this clear determination of the S1 dynamics. At 355 nm, on the
other side, no ground state absorption or bleach is present. At this wavelength, the intermediate state Sx that the S1 state relaxes to with the 440 fs time constant can be exclusively
probed. A decay time of 2.0 ps is found. This is, within experimental accuracy, identical to
the 1.7 ps component obtained at 433 nm. However, at 433 nm, the relaxation signal is overlapped by the ESA from the S1 to the S4. This could lead to false decay times and an ambiguous interpretation. With the decay times extracted from 355 and 1370 nm, the complex
dynamic of the 620 nm signal can be determined now. Beside the mentioned 440 fs and 2.2
ps decay time – the latter is a little higher due to cooling processes – a further time constant
of 100 fs can be evaluated. In addition, temporal signal oscillations of about 226 cm-1 are
found that can be attributed to a symmetric carbon–phenyl stretch vibration [Rosker86, Nelson87]. Table 1 shows the obtained time constants for single wavelengths.
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Table 1: Decay times in malachite green after S1 excitation. “--” means that this time constant has
no amplitude and “?” means that the time constant can not be determined due to the overlapping
signals.

λ (nm) S0 to Sn

λ (nm) S1 to Sn

S1

622

S2

428

1372

S3

315

S4

255

ESA

λ (nm) TA exp

τ1 (ps) τ2 (ps) τ3 (ps)
0.1

0.44

2.2

1400

--

0.44

--

638

635

?

?

?

432

433

--

0.33

1.7

355

--

--

2.0

The found time constants can be interpreted as followed. At first, with a time constant of
100 fs an inertial motion of the optically prepared wavepacket away from the Franck–
Condon point towards the equilibrium geometry of the excited electronic state S1 takes
place. Then, with a 440 fs time constant the S1 relaxes to an intermediate state Sx. From this
intermediate state, the molecule relaxes to the ground state with a time constant of 2.2 ps.
Only due to the extended probe range, the single steps of the relaxation dynamics of malachite green can be monitored exclusively and an unambiguous interpretation is possible
[A7]. After the S1 excitation, malachite green relaxes to a state Sx that neither fluoresces
below 900 nm nor carries any oscillator strength to the known higher electronic states. Instead of this, a nearly 2 eV broad ESA band is found decaying with a time constant very
close to the GSB recovery. This fact points to a charge transfer character of the Sx state. Indeed, recent calculations predict such a character even for the S1 state [Nakayama11]. The
initially excited state could have an electronic character more similar to the ground state.
This would explain the strong S0 to S1 absorption. The often discussed torsion of the phenyl
rings [Hirsch78, Ben87, Mokhtari87, Mokhtari90, Nagasawa99, Nagasawa02] starts after the
initial 100 fs geometric relaxation and leads to a simultaneous change in the electronic character towards a charge transfer state on the 500 fs time scale. Then, charge recombination
takes approximately 2 ps to repopulate the ground state with little optical signature from the
reverse torsion of the phenyl rings.
Further applications of the extended infrared probe wavelength are the investigations of
ultrafast photo-induced charge transfers [A6], the study of the ultrafast dynamics of mesotetraphenylmetalloporphyrins and the role of the dark states [A12], or the research on hybrid
polythiophene silicium photovoltaics [Herrmann11a, Herrmann11b]. Also experiments on
the effect of solvent additives on morphology and excited-state dynamics in
PCPDTBT:PCBM photovoltaic blends benefit from an extended infrared probe range [Etzold12]. Only due to the here presented infrared extension, the dynamic and molecular processes and reaction paths can be unraveled in full detail.
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5.3 Ultraviolet time-resolved transient spectroscopy
of Cyclohexadiene and α,β-enones
Beside the infrared extension, also the spectral expansion to the UV can be essential to determine the molecular dynamic. Especially when pumping with UV pulses, the recovery of
the ground state can be monitored to identify the end of the molecular interaction. To demonstrate the potential of the UV probe continua, 1,3-cyclohexadiene in ethanol after excitation at 250 nm is studied. The transient signal is shown in Fig. 5.4.

Fig. 5.4: Transient spectra of 1,3-cyclohexadiene in ethanol after excitation at 250 nm.

This system has already been investigated with laborious experiments [Lochbrunner98] in
which the pump and probe pulses were produced by a traveling wave OPA seeded by superfluorescence. With the help of the UV probe continuum, a more complete picture is achieved
with only one measurement. A repopulation of the ground state, accompanied by ring opening to Z-hexatriene, occurs in less than 300 fs. In addition, the analysis of the longwavelength wings of the ground-state spectra reveals a cooling time constant of 7 ps for the
hot product Z-hexatriene. Furthermore, the single-bond isomerization of this product to different conformers can be deduced from the transient signal. The measurement nicely agrees
with the previously obtained results [Lochbrunner98].
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The UV extension down to 225 nm can further be used to determine which process is dominating after the excitation of a,ß-enones including the triplet yield [A7, A8]. For this, 2,3,4,5tetramethyl-2-cyclopentenone (TMCPO) in cyclohexane is excited at 227 nm and the transient absorption is measured (see Fig. 5.5).

Fig. 5.5: Transient spectra of TMCPO in cyclohexane after excitation at 227 nm down to 230 nm
showing that intersystem crossing is the main reaction channel.

In combination with time-resolved photoelectron spectroscopy and ab initio calculations
[A8], it can be determined that the main reaction channel after excitation is intersystem
crossing and not internal conversion as for acrolein [Lee07]. In addition, it is shown [A7],
that the molecule relaxes to the S1 state (0.25 ps) and subsequently to the triplet manifold
(4 ps) after S2 excitation. With the help of the extended UV probe range, the lack of the GSB
recovery is observed. From this, it can be concluded that the triplet yield after S2 excitation
is near unity. Such high triplet yields are already observed for similar systems [Bonneau80].
If the fundamental pumped continuum is used solely, this information can not be obtained. Only with the help of the second and third harmonic pumped continuum and the
therewith gained extended spectral probe range, an unambiguous statement on the molecular
dynamic of these systems can be given.
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5.4 Time-resolved spectroscopy up to the microsecond regime
of the sensitizing-based formation of benzhydryl cations
The temporal extension up to the millisecond regime allows monitoring the full dynamics of
complex systems. Many molecular reactions do not only consist of ultrafast components on
the picosecond time scale, but also show a dynamical behavior on the nano- or even microsecond scale. Typical processes which take place on these time scales are the relaxation to
the triplet state or intramolecular charge transfers. We study the sensitizing-based formation
of benzhydryl cations. The idea behind this approach is that a bond breaking is induced in a
precursor molecule leading to the formation of the benzhydryl cations [Das93, Ammer12,
Sailer13a, Sailer13b]. To avoid unwanted concurring reactions when exciting the precursor,
it is possible excite an additional sensitizer instead of the precursor [Hauser13]. The sensitizer acts then as catalyst and initializes the reaction. 9,10-Dimethylanthracen (DMA) is used
+
as sensitizer, 4-4'-dimethoxybenzhydryltriphenylphosphonium ((ani)2CH-PPh3 ) as precursor, and dichloromethane (DCM) as solvent. The extended temporal coverage is necessary to
capture the full dynamic of the system. Figure 5.6 shows the transient spectra and time traces
at selected wavelengths.

Fig. 5.6: Transient absorption spectra of DMA and (ani)2CH-PPh3+ solved in DCM.

DMA is excited in the S1 state by excitation with 360 nm. This decays with 9 ns
(370 nm, blue curve) either into the triple state T1 (430 nm, cyan) by intersystem crossing or
+
when an (ani)2Ch-PPh3 molecule is present, an electron is transferred from the DMA to the
+
+
(ani)2Ch-PPh3 . This electron transfer induces a bound breaking in (ani)2Ch-PPh3 and the
benzhydryl cation is formed (505 nm, orange curve). Only the temporal extension of the
transient spectrometer up to delay times of 100 µs allows capturing the entire dynamic and
evaluating the quantum yields of the individual processes.
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5.5 Midinfrared pump-repump-probe experiments with few-cycle pulses
With the transient setup in Fig. 5.1, broadband pump probe spectroscopy can be performed
from the deep UV to 1.7 µm. However, midinfrared pump-probe and two dimensional spectroscopy are very powerful tools to elucidate the complex ultrafast dynamics for many condensed systems [Graener91, Wouterson97, Zanni01, Khalil03]. For systems with hydrogen
bonds, high-lying stretching vibrations of the hydrogen bond donors can be used as local
probe of the chemical environment of the donor group [Nibbering04, Kramer08, Bakker10,
Werhahn11]. Also studies on monolayer of graphene or investigations on the tunneling effect require infrared spectrometers. Although such spectrometers are used in many scientific
fields, a full description of the setups is rare [Hamm94, Nibbering04, Bingaman12,
Donaldson12]. Therefore, we presented a full description of the first pump-repump-probe
setup operating completely in the infrared and using only few-cycle pulses. The ultrashort,
infrared pulses from chapter 4.5 are used as pump and probe and a high temporal resolution
of 60 fs is achieved [A13, A17]. The setup is comparable to Fig. 5.1 and shown in Fig. 5.7.

Fig. 5.7: Setup for midinfrared pump-repump-probe-spectroscopy with CEP stable few-cycle
pulses and a time resolution of 60 fs.

Instead of the frequency doubled NOPA pulses, the infrared few-cycles pulses from chapter 4.5 are used as pump. The probe continuum is replaced by an infrared collinear OPA. All
infrared pulses have been characterized by SHG based frequency resolved optical gating
[Trebino97]. All of them have a few-cycle pulse duration and a stable CEP [A13]. For detection an infrared monochromator and a nitrogen cooled multichannel infrared mercury cadmium telluride sensor is used. Spectral selectors behind the amplifiers allow setting the spectral width of pump and repump pulses down to 20 cm-1 so that a selective excitation becomes possible. To get an impression of the operation principle of the spectral selector,
Fig. 5.6 shows the selector setup and the resulting spectra.
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Fig. 5.8: Setup of spectral selector and generated spectra (blue and black). In addition, a typical
probe spectrum is shown (red).

In addition, a typical probe spectrum is shown (red). To demonstrate the pump-repump
capability of the setup, a 5M HDO in H2O sample at 230 K is pumped at 4.1 µm and with
4.5 ps delay repumped at 3.1 µm. The probe is centered at the wavelength of the pump. Figure 5.9 shows the time dependent transmission change at the pump wavelength without
(black) and with (red) repump and its difference (blue).

Fig. 5.9: Transient signal of 5M HDO H2O at 4.1 µm after pumping at 4.1 µm and repumping at
3.1 µm after 4.5 ps (red). The transient signal without repump is shown (black) and the difference
between both (blue).

The signal of the pump-repump experiment (red) consists of a GSB of the OD stretching
vibration which increases with the instrumental response function of the system. The GSB
signal relaxes with 1.1 ps to an offset caused by the local heating of the sample. The excitation of the OH oscillations is not instantaneously observable at the OD stretching mode. The
heating induced by the repump leads to a delayed transmission change at the pump wavelength with a rise time of 0.5 ps. Only the repump shows the influence of the OH stretching
mode on the OD stretching vibration. Further studies on the relaxation dynamics of the OH
stretching overtones in isolated HDO molecules are performed [A17]. A continuous decrease
of the energy separation for the first four states is observed. The population lifetime of the
first excited state is 7.2 ps, while the one of the second excited state is 5 times shorter. The
large acceleration factor indicates a stronger coupling of the OH stretching overtones with
the low-frequency bath of the hydrate crystal [A17]. These observations are only possible
due to the enormous spectral and temporal resolution and the full operation in the infrared.
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A main feature of this thesis is the generation of short tunable infrared pulses at high repetition rates. This opens a novel field of research possibilities. The infrared OPA with visible
pre-amplification delivering two-cycle pulses around 2 µm [A5, A10, A11] for example is
used to investigate electron emission from a tungsten tip. This is interesting since the emission of the electron can originate either from multi-photon excitation or by tunneling. This is
a CEP sensitive experiment which has to be performed at high repetition rates since the
emission rate is very low. Up to now, these experiments are carried out with pulses at
800 nm. However, the theory predicts that for longer wavelengths interesting new effects
will be observed as for example the scaling of the electron energy [Krueger11, Thomas13].
The experiment requires highly repetitive, CEP stable few-cycles pulses. Up to now, only
Ti:sapphire oscillators could be used as pump source. With the here presented visible to infrared broadband frequency conversion [A5, A10, A11], pulses with longer central wavelengths are available and can give new insights in the involved processes. First experiments
have just been performed and indicate a different behavior of the liberated electrons as for
the 800 nm measurements since the tunneling is more dominant than the unwanted multiphoton excitation at longer wavelengths.
Another interesting field is the study of organic photovoltaics. With the help of the shown
infrared OPA with visible pre-amplification [A2, A4] the structural correlations in the generation of polaron pairs in low-bandgap polymers for photovoltaics is uncovered [Tautz12]
and the obtained results provide an useful input for the understanding of polaron pair photogeneration in low-bandgap co-polymers for the wide field of renewable energies. The challenge in this experiment is that widely tunable infrared pulses from 1 to 5 µm with a pulse
duration of 50 fs must be provided at a high repetition rate of at least 100 kHz. This is only
possible due to the here presented infrared OPA system with a visible pre-OPA. The results
from these studies will help to unravel the primary step in light to currency transformation.
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5.6 Spectral and temporal correlations of bulk continuum generation
The shown measurements are based on the spectrally and temporally resolved transmission
change between an excited sample and a sample in the ground state. Every deviation from
zero transmission change can be a hint for ultrafast dynamic in an investigated sample.
Therefore, it is important to analyze the statistical properties of the spectrometer itself to
check its performance [Dobryakov10, A16]. This can be tested best, if no sample and no
pump light is present. Then all transmission changes should be zero for all times and over
the entire spectrum. Such measurements are performed with a visible continuum and transient signals are found which deviate from unity. Figure 5.10 shows a typical transient spectrum from our spectrometer without pump and sample. S2k and S2k+1 indicate that two subsequent continuum pulses are compared.

Fig. 5.10: Typically obtained S2k/S2k+1 spectrum (black) from the transient absorption spectrometer without pump pulse and sample. A simulated spectrum expected from the pulse-to-pulse
fluctuations (gray) is shown.

The shown S2k/S2k+1 spectrum is an average of 500 consecutive single ratios. In addition,
a spectrum expected from the pulse-to-pulse stability (gray) is shown in Fig. 5.10. The main
challenge with the obtained S2k/S2k+1 spectrum is that the low local fluctuations and strong
global fluctuations can be misinterpreted as molecular response and therefore lower the effective sensitivity. These systematic deviations or pseudo-structures originate from the continuum generation process. There are only a few shapes and they appear random in time.
This impedes averaging to improve the signal and no model for a reliable prediction has so
far been found. A helpful mean to quantify this issue is the Pearson product moment correlation coefficient. It describes the relation between two series of numbers (X and Y) and is
shown in Eq. (11).
n

cov ( X, Y )
ρ X,Y =
=
σX ⋅ σY

∑ ( x i − X ) ⋅ ( yi − Y )
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n
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cov ( X, Y ) is the covariance between series X and Y, σ X and σ Y are the standard deviations of X and Y, X and Y are the mean values, and xi and yi the values for i-th pulse. A
high correlation coefficient means that the deviation from the mean is similar for many values of the series. The spectral and temporal Pearson correlations for the CaF2 continuum
used in our broadband transient spectrometer are evaluated [A16]. High correlations for
neighboring wavelengths and a decreasing correlation to later continuum pulses are found.
More interesting are the correlations in the ratio between subsequent continua. There are still
high spectral correlations and random correlations to later times. To eliminate these, referencing is needed. Therefore, a second identical camera is set up. This allows referencing the
signal from the sample camera (the one with pumped sample) to the signal from the reference camera (no pump) for the same continuum pulse. The spectral correlations can be
eliminated by that. However, when not using the high temporal correlation to the next continuum pulse, temporal correlations in the sample/reference camera ratio arise. To avoid
these, the referencing to the subsequent pulse is still necessary. To show that the improved
sensitivity and avoidance of the pseudo-structures is indeed decisive, the transient signals of
an artificial C-nucleoside with benzophenone as chromophore are measured [A16] and
shown in Fig 5.11.

Fig. 5.11: Transient absorption spectra of an artificial C-nucleoside with benzophenone as chromophore after 310 nm excitation (a) with referencing to the subsequent continuum pulses and (b)
with additional referencing to a second camera.

When referencing to a second camera (see Fig. 5.9(b)), all signatures are clearly visible.
A quantitative measure describing the improvement is the confidence interval [Dobryakov10]. It is the minimum obtainable change of the optical density which can be detected
effectively. This can be reduced from 100 µOD [Megerle09] to 20 µOD [A16] without increasing the measuring or acquisition time, when the referencing camera is used. Only the
combination of referencing to the second camera and referencing to the subsequent pulse
allows such an improvement of the transient spectrometer. In addition, all systematic errors
are uncovered and eliminated by these measurements and techniques.

63

Bulk continua as probe light in ultrafast transient spectrometers

5.7 An 80 MHz setup for fluorescence lifetime measurements
with tunable UV picosecond pulses
Referencing is a good method to reduce the detection limit and increase the sensitivity of a
spectrometer. Another approach is increasing the averaging. However, many biological sample degrade with the time and change their properties and no useful conclusions can be
drawn from such long term measurements. A favorable alternative is the use of high repetition rates. However, high repetition rates leads to low energies and modest peak intensities
for the single pulses and complicate the generation of wavelength tunable pulses. At repetition rates close to 100 MHz for example, the generation of UV light is limited to small spectral ranges near the harmonics of the pump laser [Nebel91, Ellingson92, Ghotbi08, Zhou10].
Also the broadening in fibers only ranges down to approximately 400 nm [Birks00, Russell03, Dudley06, Russell06] and for additional nonlinear processes the peak power seems to
be too low. Multiple applications in chemistry and biology such as fluorescence lifetime imaging, total internal reflection fluorescence microscopy, stimulated Raman scattering, broadband spectroscopy, optical coherence tomography, nano photonics, flow cytometry, or single
molecule and bio-imaging would benefit from UV pulses at such high repetition rates. For
the first time, UV pulses at 78 MHz tunable from 250 up to 430 nm with picosecond pulse
durations are shown. They are obtained by frequency doubling of a commercially available
whitelight laser (EXR-15; NKT Photonics A/S) [A14, A22]. For SHG with such low intensities, tight focusing and long doubling crystals are needed. At first sight, both of these requirements seem to be counterproductive because both exceed the acceptance angle and
bandwidth limit. However, due to the tight focusing and hence the high numerical aperture,
achromatic phase-matching occurs [Ashworth95]. This leads to frequency doubled light in
the UV with output powers up to 70 µW and spectral widths far beyond the acceptance
bandwidth [A14, A22]. Spectral widths of up to 20 nm are obtained. Figure 5.12 shows the
tunable SHG pulses and the spectrum of the whitelight laser transferred to the UV enclosing
the acceptance bandwidth and angle of the SHG process.

Fig. 5.12: Tunable SHG light from 250 to 430 nm at 78 MHz and spectrum of the whitelight laser
transferred to the UV enclosing the acceptance angle and bandwidth (purple).
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Although the obtained 70 µW only correspond to 900 fJ per pulse, the high repetition rate
and single photon counting technology allow using the UV light in many experiments as
pump or probe light. To show the potential of UV light at high repetition rates, the fluorescence lifetime of 2-(2'-hydroxyphenyl) benzothiazole (HBT) is measured. This molecule is
of high interest since ultrafast photochemical processes such as coherent skeletal motion,
proton transfer, or internal conversion and their interplay can be investigated [Frey91,
Lochbrunner00, Lochbrunner03, Mintova04, Barbatti09, A14, A22]. It is excited at 330 nm
and the fluorescence is captured with a streak camera (C5680; Hamamatsu Photonics) for
two different wavelength regions. The emission of the HBT after the ultrafast excited state
proton transfer is found in the range above 470 nm. This proton transfer can be blocked because the intramolecular hydrogen bond can be substituted by a hydrogen bond to an ethanol
molecule. Then, the emission is observed from 360 to 410 nm. Both spectral regions are
measured separately by inserting suited colored glass filters in the emission. Figure 5.13
shows the temporally resolved fluorescence (solid) and the excellent agreement to previous
measurements performed with a 1 kHz Ti:sapphire laser (dotted) [Barbatti09, Mintova04].

Fig 5.13: Time resolved fluorescence of HBT in two different spectral regions after 330 nm excitation (solid) and excellent agreement to previous 1 kHz measurements (dotted).

The high repetition rate of 78 MHz in combination with the previously not achievable UV
tunability and the established detection techniques makes this simple and robust setup a
unique tool to measure fastest processes with multi MHz repetition rate of even single molecules. Since the whitelight pulses can be used multiples times for SHG generation, even UV
pump UV probe experiments at multi-MHz with picosecond time resolution are possible.

65

Bulk continua as probe light in ultrafast transient spectrometers

5.8 Temporal resolution in broadband spectrometers
The presented transient absorption spectrometers are well suited to measure the fastest processes and to uncover the inner life of molecules. To obtain the best results, a high temporal
resolution is required. This is defined by the instrumental response function and is the cross
correlation between the pump and the probe pulse [Vardeny81] as described in Eq. (12).
Δτ CC =

2
2
Δτ pump
+ ΔτSCG

(12)

ΔτSCG is the Fourier limit of the spectral part which temporally overlaps with the pump

pulse. Due to the chirp of the probe continua and the pulse duration of the pump even theoretically instantaneous processes show a rise or decay time above “zero”. Processes with
durations shorter than the instrumental response function can not be resolved unambiguously. Therefore, it is crucial to know the time zero and the resolution for the measurements.
Otherwise, misinterpretations and assignments to not existing ultrafast processes result.
These values can be obtained from the measurements of ultrafast processes which do not
show any remarkable delay. To find the time resolution, the full width half maximum
(FWHM) of the coherent artifact can be analyzed. This artifact originates from the interaction between the pump and the probe pulses such as cross-phase modulation, two-photon
absorption, four-wave mixing, or stimulated Raman amplification [Kovalenko99, Lorenc02].
For all presented spectrometers the coherent artifacts and fastest initial rise times are evaluated and therewith the temporal resolution of the particular spectrometer could be determined. Figure 5.14 shows the time resolution for the various spectral regions covered by the
transient broadband spectrometers. The group velocity mismatch in a finite thick sample is
not included and can deteriorate the temporal resolution.

Fig. 5.14: Time resolution of the various transient spectrometers for UV, visible and infrared
wavelength range.
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1ω, 2ω, and 3ω stands for fundamental, SHG, and THG pumped continua, NIR for the continuum pumped by the infrared OPA, and MIR for the midinfrared pump repump probe system with. NKT indicates the second harmonic light from the 78 MHz whitelight laser. EKSPLA represents the kHz absorption spectrometer with ns pump pulses from the tunable
OPO synchronized to the Ti:sapphire system. As sample thin glasses or colored filters with
sub-200 µm thickness are used. Materials with pure two-photon absorption are found to be
best for the precise determination of the time zero and the time resolution. For the 1 kHz
Ti:sapphire system, the use of continuum generation as seed in optical parametric amplifier
for the generation of pump pulses and as probe light allow building transient absorption
spectrometers with pump and probe pulses from 225 nm up to 5 µm. For the entire spectral
range, a time resolution below 60 fs can be reached. In the nearinfrared region even a temporal resolution of 35 fs is achieved. The dependence of the FWHM on the cross correlation
and therefore the instrumental response function allows optimizing the pump pulse duration
at the sample position. Short temporal coherent artifacts also lead to spectrally narrow coherent artifacts. This simplifies the search for shortest pump pulse durations since the spectral
shape of the artifacts can be observed in situ. From the performed measurements it can be
concluded that the time resolution in a broadband transient spectrometer is enhanced with
shorter pump and probe pulses. With the use of the 10 fs continuum from chapter 3.6 (see
Fig. 3.16) as probe light time resolutions down to 30 fs are achieved. For the visible and
nearinfrared, experiments have been reported with a higher time resolution [Manzoni06b,
Polli07, Brida09, Takeushi09, Polli10], but not for the complete spectral range from the UV
to the infrared. In addition, the use of fully compressed probe pulses leads to very large coherent artifacts which overlap with the ultrafast response of the studied system.
The use of the frequency doubled UV light of a whitelight laser at 78 MHz allows measuring the fluorescence life time of HBT with a time resolutions of 50 ps which is in partly
limited by the streaking technology. For proper pump probe experiments, a temporal resolutions of 25 ps is expected since pump and probe pulses will have a pulse duration of 15 ps.
For measurements up to millisecond delay times, the pump pulses are generated in a nanosecond OPO. Therefore, also the temporal resolution of the kHz spectrometer with the synchronized laser systems is on the 3 nanosecond level. The great advantage is that the entire
spectrometer is contained in one setup. This means that the various combinations of spectral
and temporal coverage can be realized in the daily operation and that the shown coverage
over several magnitudes is not only hypothetical.
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6. Summary, conclusion, and future perspectives
In this thesis, bulk continuum generation is presented in its full manifoldness and studied in
detail. The involved processes during the generation are reviewed and the influence of the
input light parameters is investigated and new insights in the generation are given. Then, the
experimental realization and utilization in optical parametric amplifiers and ultrafast broadband transient absorption spectrometers are demonstrated. Broadest pulses from the UV to
the infrared with highest efficiencies are obtained. A transient spectrometer with an extreme
spectral and temporal coverage and a high temporal resolution is presented. The generation
of new colors beyond the fundamental wavelength of the laser and its harmonic is indispensable for time-resolved studies in physics, chemistry, biology, or medicine. Filamentation
and the accompanying continuum generation are well suited for this purpose due to the advantageous properties of the newly generated light. A smooth, gap-free, and broadband spectrum with a superior beam profile and high stability is obtained. The simple setup, easy handling, and high robustness favor bulk continuum generation as ideal broadband source for
various applications.
First, the involved processes in continuum generation in solids are investigated in detail.
The Kerr effect describes the dependence of the refractive index on the intensity. Selffocusing is a consequence of the Kerr effect in space and dramatically increases the intensity
and launches further nonlinear processes. Self-focusing is stopped by multi-photon excitation and plasma generation. The balance between these processes is called filamentation and
allows high intensities to be conveyed over very long distances. Hereby, the surrounding
photon reservoir continuously feeds the filament and maintains it. A further consequence of
the Kerr effect is self-steepening. This shortens the pulses and completely restructures the
temporal intensity profile. As consequence, self-phase modulation – which also results from
the Kerr effect – is enhanced by self-steepening and multi-photon excitation. This is the origin of the newly generated colors during continuum generation.
All geometrical conditions and pump pulse parameters are investigated and optimized.
External focusing down to a few tens of µm with numerical apertures between 0.015 and 0.1
is necessary. Otherwise, high pulse energies are needed which lead to surface damage and
multi-filamentation. The detailed beam profile of the input pulse is not substantial. Even
Bessel beams are sufficient for a proper continuum generation. Filament channels last over
several millimeters in bulk material. Therefore, the crystal thickness is important, because it
determines the amount of generated light, the chirp, and whether multiple refocusing occurs
or not. New insights in the mechanism of continuum generation are given. A small amount
of all colors is generated at the beginning of the filament due to the abrupt self-steepening.
Then, colors close to the pump wavelength are generated constantly over the entire filament,
whereas colors close to the continuum cut-off are generated only in the first few hundred
µm. However, all new colors have initially the same properties. Only the remaining propagation in the material leads to the spectral chirp and to different spatial properties for the single
wavelengths. When the filament is generated at the end of the crystal so that it can only de-
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velop several 100 µm’s, there is nearly no chirp on the continuum. In combination with the
use of a Schiefspiegler geometry, an astigmatism free, sub-10 fs pulse can be generated directly from bulk continuum generation. All colors of this pulse have the same size and divergence. Another important parameter is the pump wavelength of the pump. In combination
with the material properties, this determines the spectral coverage of the continuum. With
infrared pulses, octave spanning spectra can be produced with a continuum cut-off in the
visible. With UV light as pump, the continuum cut-off shifts with the wavelength and continua down to 225 nm can be achieved in CaF2. Materials with a high bandgap have a higher
threshold for continuum generation, but also have a continuum cut-off deeper in the blue.
The pump pulse energy, on the other side, influences the infrared spectrum of the continuum,
the appearance of multiple refocusing, and the phase stability of the newly generated frequencies. All of them increase for higher pump energies. Finally, the duration and the chirp
of the pump pulses are studied. There is no influence on the newly generated frequencies
observed. Whether continuum generation takes place or not, depends on the appearance of
avalanche ionization and optical breakdown. However, for the first time, pulse durations of
clearly above one picosecond are found to be suited for proper continuum generation.
The presented continua are used as seed source in optical parametric amplifiers. Although
only a small visible range is provided as seed, the use of nonlinear processes allow the generation of tunable pulses from the deep UV (215 nm) up to the infrared (10 µm) even at
highest repetition rates and with limited available pump energies. The generated pulses can
be compressed to a few-cycle pulse duration and have high average powers. All limiting
factors such as narrowband phase-matching, idler absorption, or the lack of suited seed light
are overcome. For example, UV pulses benefit from achromatic phase-matching, visible
pulses from the use of a noncollinear geometry and infrared pulses from broadband difference frequency generation. In addition, the use of a dual amplifier crystal setup, visible preamplification, or the choice of the proper amplifier crystal allow achieving a high energy
output and broadband spectra in the infrared. Therefore, an unrivaled tuning range over five
octaves starting from a narrowband laser source is achieved in this work. Not even high
repetition rates, different pump wavelengths, or low pump pulse energies limit the tuning
range. Figure 6.1 shows this ultrawide tuning range from below 215 nm to over 10 µm of
OPA pulses achieved in this thesis.

Fig. 6.1: Overall tuning range over five octaves of OPAs seeded by visible bulk continua.
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In addition, the influence of the pump intensity on optical parametric amplification is stud2
ied. For peak intensities of up to 500 GW/cm , the advantageous properties of spectral
broadening can be used without limitation. However, for a stable long term operation
300 GW/cm2 should be applied to avoid a fast degradation of the amplifier crystals. For high
2
repetition rates, two-photon absorption has to be taken into account. There, 100 GW/cm is
found to be the optimum peak intensity.
Furthermore, the presented continua are used in transient spectroscopy. Their advantageous properties favor them as ideal probe light. An ultimate transient spectrometer with a
previously not shown spectral and temporal coverage is presented. Pump and probe pulses
ranges from the deep UV (225 nm) up to the midinfrared (5 µm). A time resolution of 60 fs
or better for the entire spectral range is achieved. Delay times over 11 magnitudes from single femtoseconds up to several hundred microseconds can be applied in a daily operation.
Figure 6.2 shows an overview over the various techniques to cover these immense ranges.

Fig. 6.2: Temporal and spectral coverage of the extended transient spectrometer consisting of a
widely tunable pump, various probe continua, and a synchronized nanosecond laser.

The innumerous combination possibilities in spectrum and time of the presented spectrometer will uncover all relevant processes of any studied system. This makes the spectrometer a superior tool in ultrafast spectroscopy. The investigation of the intermediate states
in malachite green, the dominating processes in of a,ß-enones, the ultrafast processes in
cyclohexadiene, the interaction of anthracene with the surrounding, or the thermal relaxation
of 5M HDO in H2O benefit from the wide spectral and temporal coverage of the spectrometer. Without these modifications, the ultrafast processes of the systems could not be determined unambiguously. In addition, measurements without sample and pump show that referencing to the consecutive pulse and to a second camera eliminate the strong spectral and
temporal correlations in transient spectra. This allows an improvement of the sensitivity
down to 20 µOD.
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In conclusion, bulk continuum generation is an extreme powerful tool and a unique source
for the generation of new colors. The favorable properties, as well as the simple generation
and handling allow a wide usage in the field of optics. Filamentation is still a topic of many
investigations and continuum generation will benefit from these studies since both are
closely connected. In addition, the development of new laser host materials will also push
continuum generation in solids since these crystals are excellently suited for this purpose.
Therefore, bulk continuum generation needs to be further examined and researched in detail
in order to gain proper and complete knowledge of this fascinating phenomenon:
•

For example, the increase of the pump wavelength even deeper into the infrared
for obtaining a coherent femtosecond light source with a smooth and gap free
spectrum, a good beam quality, and a high stability from the visible to the midinfrared at once is a fascinating concept. The generation of bulk continua with
3 µm shows no indications that this might fail for longer pump wavelengths.

•

Furthermore, the limiting processes of bulk continuum generation with longer
pump pulses state a controversial issue of research. The current maximum pulse
duration for continuum generation is increased by a factor of 5 in this work and
enters the picosecond regime. New laser host materials might even increase this
limit since the parasitic effects are also a challenge for this research field.

•

An advantage of continuum generation with long pump pulses is that the chirp of
the new frequencies is equal to the chirp as for short pump pulses. The chirp of the
continuum is determined by the remaining propagation in the crystal. This fact allows broadband parametric amplification of the new frequencies when pumping
with long pump pulses.

•

Furthermore, the stretching of the pump pulses in OPAs can be avoided by the use
of a 10 fs bulk continuum as seed. Broadband amplifiers can then be operated
even with short pump pulses. This has the advantage that the parasitic superfluorescence background can be kept on a very low level. This favors bulk continuum
generation as an excellent alternative in optical parametric chirped pulse amplification. The seed for the main amplifier is not an additional oscillator including the
synchronization problems, but a femtosecond continuum. Such amplifier systems
work well and already produce peak powers on the petawatt level.

•

For the upcoming laser systems near 2 µm, bulk continuum generation is an excellent source for the generation of new colors down to the visible. The needed low
input energy, the short continuum cut-off, and the still reasonable amount of
newly generated light makes it superior to gas filamentation, spectral broadening
in fibers, or optical parametric oscillators with subsequent nonlinear conversion.

Bulk continuum generation is an excellent method to generate new colors beside the fundamental wavelength of the used laser system and can be utilized in many areas of optic such
as broadband amplifiers or ultrafast transient spectrometers. Its wide applicability renders it
as perfect tool for numerous laser applications and ultrafast spectroscopy.
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Part II
Appendix A0: Considerations on intensity calculations
The relation between full width half maximum (FWHM) and the beam radius w
During bulk continuum generation extremely high intensities occur. Most of the used pump
pulses initially have a Gaussian shaped spatial and temporal intensity profile. Therefore, the
proper determination of the peak intensity from measured parameter is not straight forward.
When characterizing the pulses, often FWHM is measured to determine the pulse duration
and its size. This value determines the diameter of the profile, where the intensity has
dropped to 50%. A radically symmetric distribution is implicitly assumed. The more important measure for the electric field and hence the intensity is the beam radius w. At this radius,
the electric field decreases to 1/e and hence the intensity to 1/e² (13.7% level). The 13.7%
level is in good agreement with the visual appearance of laser pulses. The correlation between both values for the spatial intensity profile in polar coordinates is evaluated.
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The peak intensity of Gaussian laser pulses
Since the intensity is not constant for Gaussian pulses in space and time, the use of the peak
intensity (Ipeak) is an adequate mean to describe the pulses. However, its calculation is not
straight forward, if the total energy of the pulse and the FWHM in time and space have been
measured. The full intensity of a Gaussian pulse in space and time is
2
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When using the beam diameter, FWHM the peak intensity is
I peak =
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Considerations on intensity calculations
Since many considerations do not take into account the Gaussian distributions explicitly, an
effective intensity Ieff can be considered [A15]:
I eff =

E
2
⎛ FWHM ⎞
τ FWHM ⋅ ⎜
⎟ π
2
⎝
⎠

The pulse is described as a disc in the transversal directions and a flat-top of temporal length
τFWHM and according longitudinal length. It follows that
I eff =

π
2 ( ln 2 ) 3 2

⋅ I peak ≈ 1.536 ⋅ I peak

I peak ≈ 0.651 ⋅ I eff

The simplification strongly overestimates the intensity. This is of considerable importance
for the calculations of the gain in parametric amplifiers. In this thesis, all intensities are peak
intensities since this is the only unambiguous value.
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Abstract We report a comprehensive investigation of femtosecond continuum generation in single crystals of several
common laser host materials. The absolute spectral energy
density, pulse-to-pulse stability, pump threshold, and beam
proﬁle are studied in dependence on the focusing conditions,
crystal thickness, pump pulse energy, and pump wavelength
(775–1600 nm). Continuum generation is shown at repetition rates of up to 80 MHz and for pump pulse durations
of up to 350 fs. In yttrium aluminum garnet (YAG), yttrium vanadate (YVO4 ), gadolinium vanadate (GdVO4 ), and
potassium-gadolinium tungstate (KGW) thresholds below
50 nJ, plateau-like visible and infrared spectra, and higher
infrared photon ﬂux as compared to conventional materials
like sapphire are found. We discuss the particular advantages
of these materials for application in parametric ampliﬁcation, femtosecond spectroscopy, and carrier-envelope phase
stabilization.
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1 Introduction
When an ultrashort laser pulse is focused into an optically
nonlinear transparent medium, conditions can be found to
achieve extreme spectral broadening [1–3]. Many media
have been found suitable for continuum generation (also
called supercontinuum or white-light generation) and the
multitude of investigations is comprehensively summarized
in [4]. The concurrent process of ﬁlamentation is excellently
documented in two recent reviews [5, 6].
For picosecond pulses, long monomode ﬁbers are suitable since they allow for a large integral nonlinearity and
the inherent dispersion is comparable to the pulse length.
For extremely high intensities as rendered by focused mJ
level femtosecond pulses, even gases offer enough nonlinearity [7]. To guide the optical pulse for distances far larger
than typical Rayleigh lengths, hollow ﬁber waveguides are
successfully used [8] and the resulting spectral broadening
is sufﬁcient for compression of the output to well below 5 fs
[9]. Similar spectral broadening and compression has also
been demonstrated if ﬁlamentation in a gas cell is used and
thereby the complexity of input coupling into the hollow
ﬁber is avoided [10].
Photonic crystal ﬁbers with their freely selectable zero
dispersion point can produce extremely wide spectra from
nJ pump pulses of tens of femtosecond duration. These continua initially were the basis of the celebrated frequency
comb [11, 12] before octave spanning lasers became readily
available. However, for longer pulses and other unfavorable
conditions the output pulses show imperfect coherence, energy ﬂuctuations, and highly structured spectral energy densities [13–15].
Bulk materials of a few millimeters of thickness have
been shown to render continua with a very broad and smooth
spectrum, high temporal and spatial coherence, and very
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high stability [16–18]. With respect to gases, bulk materials
require less input energy but also yield less output. The extreme pulse to pulse energy stability and the high amount of
coherence nevertheless render bulk continua a most valuable
source of broadband radiation for spectroscopy and laser
technology. Because of these favorable properties, continua
from bulk materials have replaced the continua generated in
liquids. The latter typically show an exponential decrease of
the spectral intensity with increasing distance to the pump
wavelength [19].
Brodeur and Chin have studied the obtainable width of
the continuum in a variety of bulk materials [20, 21]. In particular, they concentrated towards the short wavelength side
and provided a convincing model of the important role of
the band gap for the continuum width. Of all the materials that render a spectrum with signiﬁcant contributions in
the UV, only CaF2 has been found to be useable in routine applications [22–24]. Even at low repetition rates in
the kHz regime the disk has to be moved to avoid accumulative damage [25, 26]. Rotation leads to a depolarization [27] and therefore a purely translation motion is to be
preferred [28]. If UV output is not required, a much more
favorable and commonly used bulk material for continuum
generation is sapphire [16, 17, 29, 30]. It is widely used
for seeding optical parametric ampliﬁers [31–34], for pumpsupercontinuum probe experiments [35–39], and more advanced transient spectroscopy [40, 41], for carrier-envelopestabilization [42], and other emerging applications.
Despite this widespread use of femtosecond continua
from bulk materials, only limited studies exist on alternative
materials, which could well outperform sapphire in selected
aspects and the optimum operational conditions [43, 44].
Triggered by two recent reports that brieﬂy mentioned alternative materials [45, 46], we studied continuum generation in several promising bulk materials and present investigations of the spectral energy density, pulse-to-pulse stability, pump energy thresholds, and continuum beam proﬁles
in dependence on the focusing conditions, crystal thickness,
pump pulse energy, and pump wavelength.
Single crystals of yttrium aluminum garnet (YAG), yttrium vanadate (YVO4 ), gadolinium vanadate (GdVO4 ),
and potassium-gadolinium tungstate (KGW) were obtained
commercially. These materials are common laser host crystals and were chosen here because of their high damage
threshold and good crystalline quality [47–56]. They differ
strongly in the nonlinear indexes of refraction [57–59], and
we thus expect large variations in the continuum generation.
All crystals except YAG with its cubic crystalline structure
were cut oriented along the optical axis to avoid birefringence. They were undoped, not coated, and used at room
temperature. All experiments were performed with clean
single ﬁlaments and none of the investigated crystals showed
damage after many days of operation at the reported input
parameters.
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2 Measurements and experimental results
Typical spectra of continua generated in bulk materials are
shown in Figs. 1b and 1c. They extend from the blue end of
the visible spectrum well into the infrared, spanning about
two octaves. To the short wavelength side a broad and ﬂat
plateau is seen that is the attractive feature of continua
generated in bulk materials. Both the continua from gases
and from microstructured ﬁbers have a much more modulated spectrum and this spectral modulation transfers to pronounced satellites in the temporal domain.
Contrary to the situation found for microstructured ﬁber
supercontinuum generation [60], in most reported studies on
bulk materials no absolute calibration of the spectral energy
density can be found. For any selected wavelength the spectral energy density is, however, directly proportional to the
number of photons per spectral interval and pulse. The number of photons is crucially important for seeding of optical
parametric ampliﬁers and for the shot noise limit in measurements utilizing the continuum. We therefore devised a

Fig. 1 (a) Setup for the quantitative analysis of the continuum generation by 775 nm pulses (dotted black lines in (b) and (c), not to scale).
(b) Black: femtosecond continuum from 3 mm sapphire with conventional pumping conditions [31] (not to scale, shifted for clarity). Green:
3 mm sapphire with the optimizations described in the text. Blue: 4 mm
YAG with improved photon density in the infrared region. (c) Continua
generated in KGW (green), YVO4 (red) and GdVO4 (blue) crystals (all
4 mm)
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simple scheme how to calibrate the spectral energy density
and used this setup for all the studies reported in this work.
In addition, one ﬁnds that only rarely the infrared part of
the continuum is reported. Since the long wavelength part
of the continuum is, however, of great practical interest, we
also covered this part with the same care.
2.1 Measurement of absolute spectral energy densities
In most of the experiments reported in this work continuum
generation was initiated by pump pulses from a Ti:sapphire
regenerative ampliﬁer, which delivers pulses of 150 fs duration at a center wavelength of 775 nm with a repetition
rate of 1 kHz in a collimated beam with a diameter of 5 mm
(CPA 2001; Clark MXR, Inc.). The setup is shown in Fig. 1a.
Pulses with energies in the range of 50 to 1000 nJ—adjusted
by a variable density attenuator (VA)—were focused with a
lens (L1) into the respective crystal to start continuum generation. An iris just in front of the lens was used to crop the
outer parts of the beam proﬁle, in order to adjust the effective
beam diameter at the lens, and thus the numerical aperture of
the arrangement. The importance of the numerical aperture
for continuum generation has been emphasized in a recent
investigation [61]. The white-light is than collimated with a
30 mm lens (L2).
For coverage of the full spectral range from the blue to
the near infrared, two different spectrographs were required.
For 200 to 1100 nm we used a grating-based spectrograph
with a silicon CCD detector (SP1, HR 2000+; Ocean Optics, Inc.1 ), for 900 to 1700 nm a grating-based spectrograph
with a thermo-electrically cooled InGaAs detector array was
applied (SP2, NIR 256 Standard InGaAs Array; Control Development, Inc. (see footnote 1)). The spectral sensitivity of
both spectrographs, including the ﬁber for input coupling,
was calibrated by recording the spectra of a black-body radiation source at a temperature of 1800 K (HL-2000-CAL;
Ocean Optics, Inc. (see footnote 1)).
The total energy of the continuum pulses was measured
by a power meter (FieldMax II TO, Coherent, with the thermal sensor head PS10Q (see footnote 1)). Because of the
power meter’s large sensitive area of ∼80 mm2 , no focusing
was necessary to collect and record all spatial components.
In principle, this already allows to scale the measured spectra to absolute power densities. However, this procedure is
not very accurate for the weak parts of the continuum where
much less than 1% of the total energy is contained. We therefore selected the two weak regions (<700 nm and >850 nm)
1 Mention

of vendor names and model numbers is for technical communication purposes only and does not necessarily imply recommendation of these units, nor does it imply that comparable units from another vendor would be any less suitable for this application.
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with short- and long-pass ﬁlters (Calﬂex-X; LINOS Photonics GmbH, and RG850; Schott AG; F in Fig. 1a (see footnote 1)) and focused each on a large active area integrating
photodiode module (PDI-400-UV; Becker&Hickel GmbH;
PhD1 in Fig. 1a (see footnote 1)). To avoid saturation, calibrated neutral density ﬁlter were sometimes used to attenuate the pulses. The photodiode was calibrated relative to the
power meter with well-deﬁned pump pulses at 775 nm and
by taking the photodiode’s wavelength-dependent response
into account. The pulse-to-pulse stability of the pump and
the different spectral parts of the supercontinuum were also
measured with the photodiodes PhD1 and PhD2 . This procedure then allowed to precisely scale the measured weak
parts of the continuum spectra to absolute units of pJ/nm.
We estimate that the absolute spectral energy densities are
accurate to about 10%.
2.2 Spectral energy densities of investigated materials
An overview of the continua of the investigated materials
is depicted in Figs. 1b and 1c and they are compared to
the standard material sapphire. The spectrum of the pump
pulses at 775 nm (not to scale) is plotted as dotted black
line. The solid black trace shows the spectrum of a typical
single-ﬁlament continuum from a 3 mm sapphire plate, like
it is used for noncollinear parametric ampliﬁers [31]. This
spectrum was not absolutely calibrated and is offset in the
ﬁgure for clarity. As in many experiments [16, 17], a 30 mm
lens was used for focusing into the sapphire plate. One can
clearly see the typical features that make continua from bulk
materials so attractive for numerous applications: The spectrum is very smooth and extends from below 500 nm up to
the near infrared. A plateau of almost constant energy extends throughout the visible from ∼500 to 700 nm. In the
infrared part, however, the spectral energy density decreases
exponentially (−10 dB/100 nm).
With the optimizations for the focusing conditions that
we report in Sect. 2.5, it was possible to dramatically increase the visible and infrared output from the same sapphire plate (green curve). The infrared side of the pump still
shows an exponential decay, but its cutoff is signiﬁcantly
extended (only −5 dB/100 nm decrease). The energy density in the visible is increased to about 30 pJ/nm, somewhat
higher than the value of 10 pJ/nm reported by others [34].
For comparison, the blue trace in Fig. 1b depicts the
spectrum of a continuum generated in 4 mm of YAG. Only
415 nJ of pump energy were used to generate this spectrum.
In the visible, the spectral characteristics are very similar,
but, surprisingly, the YAG continuum exhibits also a plateau
in the region from 800 to 1200 nm. Such a plateau is of
high interest for applications, not only because of the improved energy density, but also for use in broadband spectroscopy (see Sect. 3.3). In the range from 1100 to 1200 nm,
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(5.0 × 109

the number of photons
per pulse) is signiﬁcantly
higher than the one generated from the sapphire continuum
(2.1 × 109 per pulse). Note that both continua were optimized for stable and intense visible and infrared output. Like
in the sapphire continuum, the spectrum also decreases exponentially towards the infrared edge but later and with an
increased energy density. The high infrared power makes
YAG a very promising material for seeding of parametric
ampliﬁers and for spectroscopic use.
Figure 1c shows continua from the other investigated materials, KGW (green), YVO4 (red), and GdVO4 (blue), again
in comparison to the pump spectrum (dotted black, not to
scale). All crystals had a length of 4 mm. Of these materials,
only KGW shows a pronounced plateau in the visible region
but all show one in the infrared. Notably, the pump power
required to obtain stable single-ﬁlaments from these materials is more than one order of magnitude lower as needed
for sapphire or YAG. This makes these materials highly attractive for continuum generation with high repetition rate
lasers of lower single-pulse energy, such as long-cavity oscillators [62] or cavity-dumped lasers [63]. They will allow
to extend the spectral coverage, to shorten the pulse duration
to the few-fs regime, or use these lasers in broadband spectroscopy. Of the low-threshold materials shown in Fig. 1c,
KGW is most suited for visible output, GdVO4 for infrared
coverage, and YVO4 for the lowest required pump power.
Already 39 nJ are sufﬁcient to start continuum generation,
only 59 nJ pump pulses are needed for optimized spectral
extent.
The observed blue edge of the continuum, the transmission cutoff and the derived band gap are summarized for
all crystals in Table 1. As previously documented [21], the
amount of anti-Stokes broadening as given by the photon
energy difference between the blue edge and the pump increases monotonically with the band gap. Contrary to the
older report we do, however, ﬁnd clear continuum generation to the short wavelength side even for those three crystals
that have a band gap of signiﬁcantly less than three times the
pump photon energy (KGW, GdVO4 , YVO4 ).

2.3 Pump energy threshold and dependence
Continuum generation in bulk media is a highly nonlinear
process, which is closely linked to self-focusing and ﬁlamentation [21, 64]. To understand the material dependence
of the threshold for continuum generation, we consider the
required power to initiate self-focusing of the incoming
pump pulses. Self-focusing leads to a largely increased intensity that can reinforce various nonlinear processes like
self-steepening, formation of a shock wave, ﬁlamentation,
and self-phase modulation. In particular the ﬁlamentation
results in a largely increased length of the nonlinear interaction. Filamentation is a balance between positive nonlinear
contribution to the refractive index and a negative contribution from multiphoton-induced ionization. From a delicate
combination of all nonlinear processes efﬁcient continuum
generation results. Experimentally the connection between
self-focusing and continuum generation can be seen by bare
eye. As the pump energy is increased a dramatic change of
the output divergence from the crystal is seen at the same
level as the appearance of white-light.
For a continuous Gaussian beam, the characteristic power
PSF for self-focusing is given by [65, 66]
PSF ≈

0.15λ20
n0 n2

(1)

with the center wavelength λ0 and the linear and nonlinear
refractive index n0 and n2 . For convenience the values reported in the literature for the various crystals are summarized in Table 1. Note that PSF is a power and does not,
within the applied approximations, depend on the details of
the focusing conditions or intensity [65]. A minimum intensity, however, is required to have signiﬁcant self-focusing
happening within a given crystal thickness. Experimentally
this intensity is reached by sufﬁciently tight focusing of the
pump. The expected critical power is plotted as dotted line in
Fig. 2 in dependence on the materials’ characteristic indices
of refraction [57–59]. The measured values for the minimum power that is required to just start continuum generation are plotted as squares. The good agreement shows that

Table 1 Summary of relevant properties of the crystals used for continuum generation. For reference CaF2 is included since it produces the
continuum reaching the furthest into the UV
CaF2

Sapphire

YAG

KGW

GdVO4

YVO4

1.4278a

1.7555a

1.815a

2.01b

1.972c

1.96b

1.24d

3.1e

6.9f

10b

15

15b

Continuum cut off [nm]

280

440

470

500

550

550

Transmission cut off [nm]

135a

190a

210a

315

345

345

Deduced band gap [eV]

9.2

6.5

5.9

3.9

3.6

3.6

n0
n2

a

[10−16

cm2 /W]

[47],b [59], c [53], d [54], e [57], f [58], all other values determined in this work
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Fig. 2 Measured threshold power for continuum generation (squares)
and calculated critical power for self-focusing (dotted line) for the investigated crystals

Fig. 3 Continuum spectra generated in 4 mm YAG for increasing
pump pulse energies. (a) Visible part of the spectrum (linear scale);
(b) infrared part of the spectrum (logarithmic scale)

self-focusing is indeed the initial step of continuum generation in bulk media, and explains why signiﬁcantly lower
thresholds for the pump pulse energy as compared to sapphire are sufﬁcient for the newly investigated materials.
For pump energies slightly above the threshold a stable
continuum is obtained. To characterize the pump energy dependence of the continuum output, we performed measure-
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ments with a 4 mm-long YAG crystal. YAG was chosen because of its high infrared output. Figure 3 shows the changes
in the output, when the pump pulse energy is gradually increased while keeping all other settings identical. The visible part of the spectrum is shown in Fig. 3a. At a pump pulse
energy of 172 nJ (dotted line) almost no spectral broadening
is observed. A slight increase to a pump energy of 184 nJ
(dashed line) results already in continuum generation and
the appearance of a pronounced plateau in the visible. For
pump energies up to 415 nJ, this part of the spectrum stays
quite similar. At pump pulse energies of 420 nJ (solid line)
and above pronounced spectral wiggles show up that are
reminiscent of the spectral modulations typically found in
ﬁbers due to of self-phase modulation [67]. However, the
observed spacing decreases with increasing distance from
the pump, contrary to the reported situation in ﬁbers. As an
alternative explanation one might therefore look at possible
refocusing of the ﬁlament [68] and continuum generation
at two distinct locations within the crystal. These continua
could be temporally separated at the crystal output and lead
to spectral beating. At pump pulse energies of larger than
450 nJ the single ﬁlament breaks up and instable, specklelike, and colorful patterns are observed, which are believed
to be the result of interference between transversally neighboring ﬁlaments.
The corresponding behavior at the infrared side of the
pump wavelength is depicted in Fig. 3b. Starting from pump
pulse energies of 265 nJ, spectral broadening also sets in
the infrared, initially as an exponentially decreasing spectral
energy density (dotted line). With increasing pump energy,
the infrared output increases signiﬁcantly and a plateau-like
spectrum starts to develop at 300 nJ. At pump energies of
420 nJ and above signiﬁcant spectral modulation is also seen
on the infrared side of the pump. Multiﬁlament breakup occurs at pump energies greater than 450 nJ. The appearance
of a spectral plateau in the infrared region has not been reported for conventional materials such as sapphire but is
clearly evident here, as well as in KGW, YVO4 , and GdVO4
(see Fig. 1c).
The threshold behavior and pump energy dependence of
the continuum generation in YAG is shown in Fig. 4. We
plotted the integrated pulse energy of the visible part of the
continuum (450–600 nm, open circles) and the integrated
infrared part of the continuum (850–1600 nm, squares) for
different pump pulse energies. In the visible, the threshold at
∼160 nJ is very pronounced and the continuum energy stays
largely constant up to the ﬁlament breakup above 420 nJ. In
contrast, the infrared part of the continuum increases in energy continuously until breakup. Although the two plateaus
on the two spectral sides of the pump wavelength seem to
have similar characteristics, they differ in their power dependence. Gaeta predicted such a differing behavior and connected it to the generation of the visible part with the shock
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Fig. 4 Integrated visible (circles) and infrared (squares) energy content of continua generated in 4 mm YAG for increasing pump pulse
energy

wave at the trailing edge of the splitting pulse and the infrared part to the leading edge [64].
2.4 Filament size and continuum divergence
To gain some insight into the nonlinear pulse propagation
inside the crystal and the dimension of the ﬁlament, we performed some auxiliary measurements. For YAG the whitelight expands to a 1/e2 diameter (intensity) of about 2 mm
at 50 mm distance from the crystal output surface. From this
value we can estimate the effective diameter of the ﬁlament
to 20 μm. We ﬁnd a variation of this value between 18 and
25 μm depending on the exact focusing condition and the
detection wavelength. For sapphire we ﬁnd values between
14 and 20 μm. All values are lower limits because of the
assumption of diffraction limited propagation. A value of
8 μm was reported for a similar, yet not in-depth described
measurement for sapphire pumped by 100 kHz 800 nm
pulses [17].
In extensive investigations Chin and coworkers performed two types of measurements to characterize the ﬁlament formation and propagation. In a ﬁrst type of measurement they weakly focused pump pulses with 1.1 times the
self-focusing threshold into thick samples and positioned the
resulting focus in the vicinity of the output surface [21]. The
emerging light was then imaged onto a detector with a magniﬁcation of 29.2. Filament diameters of close to 10 μm were
observed for all materials with continuum output. To understand this large difference to our values, we performed a
closely related measurement and indeed found about 10 μm
diameter at 550 nm increasing toward the red. We therefore
have to look for an explanation that can reconcile these differences.
The primary aim of all the optimization presented in this
work is the generation of a most useful continuum. We therefore typically work at twice the threshold and focus roughly
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onto the front surface. As demonstrated in the second series of measurements of Chin and coworkers, this positions
the ﬁrst focus early in the sample and a ﬁlament of 0.5 to
1 mm length develops [68]. After this length the beam expands but less than predicted by diffraction. Eventually it
refocuses at sufﬁcient pump energy. With the help of an autocollimation telescope which images the beam inside the
crystal from a side view we observe that the ﬁlamentation
sets in close to the output surface at the threshold and moves
nearer to the front surface under typical operational conditions. Such a situation was also documented in transversal
imaging experiments in fused silica that were supported by
extensive simulations [69]. Our observation of a decreasing
brightness in the latter part of the crystal indicates that no
refocusing occurs but a slight widening of the channel. The
free space propagation would then be determined from this
larger diameter at the output surface. The continuum generation is most likely localized to the beginning of the ﬁlament [21, 64]. Indeed we and others [23] have repeatedly
observed that the dispersion of the continuum amounts to
signiﬁcant propagation within the crystal.
We want to emphasize that the actual diameter of the ﬁlament is of primary interest for the elucidation of the ﬁlamentation and continuum generation mechanisms. For the spectroscopic use and as seed for parametric ampliﬁers mainly
the divergence is important as it determines the proper design of the beam guiding optics.
2.5 Focusing conditions and crystal thickness
In order to investigate the inﬂuence of the focusing conditions on the obtained continua, we varied the focal length
of the focusing lens for continuum generation in a 4 mm
long YAG crystal. For all investigated focal lengths, we iteratively optimized the pump energy, adjusted the effective
beam diameter with the iris and varied the location of the focus, in order to achieve optimum output of all spectral parts
of the continuum. Figure 5a shows the result of different
focal lengths. For f = 30, 50, and 80 mm, pump pulse energies of 345, 360, and 415 nJ were found to be optimal.
The amount of generated white-light increases with the focal length.
According to a previous investigation, the numerical
aperture (NA) is the decisive geometric parameter for continuum generation [61]. To a good approximation we ﬁnd
that the optimum input NA is equal to the NA of the emerging continuum. In the approximation of a Gaussian beam
proﬁle, it should not matter whether a small or large focal
length is used as long as the NA is preserved by suitable
adjustment of the beam diameter and by keeping the total
pump energy constant. Also no change in the generated continuum should result for equal pump energy and NA. Experimentally we ﬁnd signiﬁcant deviations from this expectation.
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ear propagation of the spectrally broadened pulse adds to the
spectral energy density even so all spectral components are
already generated early on. A plateau is only possible to obtain for crystal lengths larger than 2 mm but lengths of 4 or
6 mm do not yield signiﬁcantly different output. A threshold
of the minimum propagation distance to enter the regime of
plateau-like spectra is therefore evident. For YAG, a crystal
length on the order of 4 mm seems to be a good choice, as
a compromise between a stable and intense plateau-like output spectrum and best-possible reduction of the chirp (dispersion) that is the result of the propagation within the crystal.
2.6 Beam proﬁle

Fig. 5 (a) Infrared part of the continuum spectrum from 4 mm YAG
for different focal lengths f . (b) Infrared part of continua generated in
2 (dotted line), 4 (solid line), and 6 mm (dashed line) YAG crystals

We believe that this discrepancy is due to the hard aperturing by the iris. The ﬁrst diffraction ring has a phase shift
of π and will likely interfere with the central Airy disk at the
focus inside the crystal. The details of this interaction will
depend on the aperture size and the resulting angles and as a
consequence could well lead to the observed behavior. The
envisioned scenario is similar to the demonstrated stabilization of single optical ﬁlaments in gases by the use of a circular phase mask [70]. Interestingly we do not ﬁnd a changed
threshold for ﬁlamentation and also not for the breakup into
multiﬁlaments.
From a practical point of view the experimental ﬁndings
give a guideline for the design of an optimized continuum
generator. If spectral components far from the pump are
needed, a long focal length lens and more input energy have
to be used. If little pump energy is available, a short focal
length should be employed.
After self-focusing and ﬁlament formation, the beam
travels as a narrow channel for several millimeters within
the crystal. To investigate the inﬂuence of this propagation
on the obtained spectra, we studied YAG crystals of different
length. For each crystal we reoptimized the pump pulse energy for maximum output in the infrared region of the spectrum. Figure 5b shows the results: For an increasing crystal
length of 2 (dotted line), 4 (solid line), and 6 mm (dashed
line), the spectrum shows largely increasing energy density
in the infrared spectral region. The necessary pump pulse
energy for best possible output decreases from 510 nJ for
2 mm, over 415 nJ for 4 mm, to 380 nJ for the 6 mm long
crystal. These observations clearly indicate that the nonlin-

Single-ﬁlament continua show, by eye, smooth and circular beam proﬁles. The generation process, however, involves
highly nonlinear propagation in a very narrow ﬁlament. It is
therefore essential to investigate the spatio-spectral focusing
behavior when imaging the continuum towards an experiment.
To account for the large divergence of the white-light
that is the result of the narrow ﬁlament, we used a lens system, consisting of an f = 30 mm and an f = 300 mm lens,
to image the continuum from a YAG crystal towards a focus at about 300 mm distance with a tenfold magniﬁcation
(see Fig. 6a). A spectrally narrow part around 675 nm was
selected with an interference ﬁlter. A CCD camera (DMK
21F04; The Imaging Source Europe GmbH (see footnote 1))
was used to record the beam proﬁle for different points along
the beam direction. Figure 6b shows the radial beam proﬁles for different distances from the focusing lens. Before
the focus, the beam consists of a central part with an almost Gaussian shape, surrounded by a halo (see left inset in
Fig. 6b; 15 mm diameter at the f = 30 mm lens). This beam
proﬁle is always obtained with sufﬁcient high pump energy.
It does not depend on the proﬁle of the pump pulse focused
into the YAG crystal. For demonstration, we blocked the
right half of the pump beam at constant energy and found
that the white-light still emerged round and homogeneous
including the halo.
The appearance of the ring around the main beam [71, 72]
is correlated with the existence of strong infrared components in the beam center and is absent for low pump pulse
energies. Even with the bare eye a reddish ring can be seen.
At a distance of 280 to 330 mm from the focusing lens some
radial structures appear which result from the interference
between the main beam and the ring. A similar interference
pattern has also been reported for ﬁlamentation in air [73].
In addition, the beam proﬁle shows some azimuthal asymmetry, which is closely related to the generation of the halo.
However, at a distance slightly behind the theoretical focus
at 300 mm, the beam proﬁle becomes smooth and narrow,
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Fig. 6 Beam proﬁle of continuum pulses from 4 mm YAG measured
along the propagation axis in the vicinity of the focus. (a) Setup for
analysis. (b) Radial beam proﬁle of a 5 nm wide spectral part around
675 nm at various distances from the f = 300 mm focusing lens.
The insets show the characteristic shapes before (left) and shortly after
(right) the focus
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parametric ampliﬁcation, the quality of the probe or seed
continuum directly determines the overall stability of the
arrangement. We therefore investigated the pulse-to-pulse
ﬂuctuations of a continuum from a YAG crystal by recording
the energy for each single pulse in the 1 kHz train. To obtain correlations between different spectral parts and also the
pump, we simultaneously employed three photodiode modules.
Figure 7a shows typical results: The black trace depicts
the normalized pulse energy ﬂuctuations Ek /Ē of the pump
pulses k for 4500 consecutive shots. The energy ﬂuctuations
of the visible (450–700 nm) and infrared (850–1100 nm)
parts of the continuum are shown in green and orange.
A clear correlation is evidenced by synchronous behavior
of all traces. The ﬂuctuations of the visible parts of 1.1%
(RMS) are very similar to the noise of the pump pulses of
0.9% (RMS). The ﬂuctuations of the infrared part amount to
1.3% (RMS).
Figures 7b and 7c show density plots of the noise correlation (binned into a 75 × 75 histogram) between the
pump pulse energy and the visible or infrared continuum
parts. The presence of tilted ellipses is the result of the
mentioned correlation. The tilts of only slightly above
one show that energy ﬂuctuations in the pump pulses are
not signiﬁcantly ampliﬁed during continuum generation.
This demonstrates that the outcome of the large spectral broadening in YAG quite deterministically depends on
the pump conditions and no statistical processes are involved.

with a diameter of ∼200 μm (see right inset). The infrared
part of the continuum shows a very similar behavior but less
energy is contained in the halo as compared to the central
part. The clean beam waist at a few mm behind the theoretical focal position is well suited for experimental applications.
By blocking away the halo, no signiﬁcant energy loss in
the different spectral parts were observed, whereas the beam
proﬁle before, in and after the focus has a Gaussian shape
for all spectral parts. To the best of our knowledge this beneﬁcial effect of suppressing the reddish halo has not been
discussed in the literature. It would be interesting to investigate the inﬂuence on the beam quality of white-light seeded
optical parametric ampliﬁers. Both in our own work [29, 31]
and in early reports [17, 18] it was discussed that operation
of the ampliﬁer behind the pump and white-light focus appears to improve the performance.
2.7 Stability and spectral ﬂuctuations
Stability and pulse-to-pulse ﬂuctuations are one of the central aspects in the choice of continuum sources for applications. Especially for broadband spectroscopy or in optical

Fig. 7 Correlation between pump pulse energy and continuum output.
(a) Normalized pulse energies of the pump pulses (black), of the visible
part of the continuum (green, 450–700 nm) and of the infrared region
(orange, 850–1600 nm). (b) and (c) Correlation between the pump energy ﬂuctuation and the continuum energy in the visible (green) and
infrared (orange) part of the spectrum
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Fig. 8 Fluctuations of selected spectral components of a continuum
generated in a 4 mm YAG crystal in dependence on the pump pulse
energy. 675 nm: inverted red triangles, 600 nm: orange triangles, 550
nm: green squares. The colored solid lines are guides to the eye. The
dashed line shows the ﬂuctuations of the pump

To understand the inﬂuence of the pump conditions on
the spectral distribution of the noise, we measured the ﬂuctuations for narrow spectral ranges at around 550, 600, and
675 nm selected by interference ﬁlters. Figure 8 shows the
ﬂuctuations as function of the average pump pulse energy.
The best pump pulse energy can be found for each of the
investigated wavelengths. The green and orange traces have
minima at around 250 nJ, but the red part of the continuum
at around 675 nm runs most stable at lower pump pulse energies of about 175 nJ. The higher the wavelength is, the lower
the ideal pump pulse energy becomes. Remarkably, the narrow spectral ranges can have even lower ﬂuctuations than
the pump pulses, which is a consequence of the pronounced
threshold and saturation behavior of the visible part of the
continuum (compare to Fig. 4). Such low ﬂuctuations can
be most advantageous for applications, in particular since
they do not require a decrease of the spectral energy density
in the visible.
2.8 Variation of the pump wavelength
Whether white-light generation is possible in a crystal depends strongly on the pump wavelength. It was argued that
no white-light generation is possible when the energy of the
pump photons exceeds one third of the band gap of the crystal because multiphoton excitation from the valence to the
conduction band restricts self-focusing [21]. To test this concept and to investigate the effect on the supercontinuum if
the energy of the pump photons is reduced, we tuned the
pump to shorter and longer wavelengths.
The pump pulses in this experiment were provided by
a noncollinear optical parametric ampliﬁer (NOPA) [31, 32]
pumped by the 775 nm pulses. For pulses at 387 and 500 nm
we were not able to see any white-light generated in YAG.

Fig. 9 Continua generated in a 4 mm YAG crystal (solid lines) with
different pump spectra (dotted lines). The visible part of all continua
reaches down to almost the same wavelength (530 nm, dashed line).
The spectrum in (f) smoothly covers about 1.5 optical octaves

This matches the expectation, since the reported band gap
of YAG is 6.5 eV [74] and a lower limit for the continuum
generation of 570 nm results.
For longer wavelengths we took special care that only the
infrared beam and no residual 775 nm light were focused
onto the white-light crystal. This was achieved with a ﬁlter
(RG850; Schott AG (see footnote 1)) after the ﬁrst stage of
the NOPA. The NOPA was tuned from 1100 to 1600 nm. No
pulse compression was applied and the pulse duration was
below 100 fs throughout this range. The pump energy used
for the continuum generation was ∼1 μJ at all wavelengths
and an f = 30 mm lens was used to focus into a 4 mm long
YAG crystal with a numerical aperture of about 0.08.
Figure 9 shows the resulting continua (black curve) for
the variation of the pump wavelength (dotted curves). For
all pump wavelengths the spectra display a blue edge at
about 520 nm very similarly to pumping at 775 nm. All spectra show a pronounced plateau and have comparable energy
densities. It is interesting to note that tuning the pump wavelength to the infrared can result in much broader spectra than
typically obtained with Ti:sapphire lasers. The spectrum of
Fig. 9f has a width of about 1.5 optical octaves and the spectral region below 1500 nm has a Fourier limit of around 3 fs,
corresponding to a sub-cycle pulse.
Besides the possible use for the synthesis of optical waveforms, such a spectrum has also a strong potential for spectroscopic applications, because most of the visible and a
good part of the near infrared are covered very smoothly.
While the region around the 775 nm pump is not properly

570

M. Bradler et al.

covered with a Ti:sapphire pumped continuum due to the
large spectral oscillations and varying spectral phase, the use
of the NIR operated NOPA as pump renders a useful continuum that reaches well into the infrared to 1500 nm while still
overlapping with the 280 to 700 nm continuum from CaF2
used in our broadband transient spectrometer [28].
It should be noted that the IR-pumped continua do not
display any signiﬁcant dip in the middle of the spectrum.
Such a behavior has been seen many times in the literature
and limits the use of the NIR continuum. As can be seen
from Fig. 9, the proper generation and characterization of
the continuum avoids this problem.
2.9 Phase coherence within the continuum
The optical phase characteristics of continuum pulses are of
high interest for the generation of pulses with stable carrierenvelope phase [33], for heterodyne detection in microscopy
[75], for phase-sensitive spectroscopy [76] or for the use in
f –2f interferometers. Several experiments have resulted in
strong evidence for phase preservation from the pump pulses
to the continuum [15, 77]. Two separately generated continua can effectively interfere [78, 79], and separate colors
within the visible part of a continuum were shown to have a
stable phase with respect to each other [80].
A remaining question is whether the infrared part of the
continuum is also phase-locked to the visible part. A step
like change in the group delay of 250 fs was reported at the
pump wavelength in a continuum generated in sapphire [30].
This corresponds to about an 185 π phase jump! In the region of the pump (775 nm) the spectrum is highly structured,
presumably due to self-phase modulation and pulse splitting
[81]. It is generally accepted that this major fraction of the
light possesses a complicated spectral phase and is therefore
not used in most applications.
To investigate the phase relation between the two parts,
we split a continuum generated in YAG into the visible and
the infrared part with a dichroic mirror (see Fig. 10a). The
infrared part is parametrically ampliﬁed at around 1100 nm
with phase preservation [79], and used for generating a new
continuum, which is phase-locked to the ﬁrst one [78, 79].
This continuum extends again into the visible region (compare Fig. 9a) and is brought to interference with the visible
part of the original continuum. The phase of the resulting
pattern provides information about possible ﬂuctuations between the infrared and visible phases of the primary continuum.
For recording the expected interference we use a spatial interference arrangement [82] and record the 2D patterns for selected single shots at 30 Hz by a CCD camera
(DMK F2104, The Imaging Source Europe GmbH (see footnote 1)). The spectral sensitivity was restricted to a region
around 600 nm with a narrow band-pass ﬁlter. To obtain spatial interference fringes, a different divergence was chosen

Fig. 10 Phase coherence between the visible and infrared part of a
continuum. (a) Setup for the interference measurement (for details see
text). (b) Cut through the spatial interference pattern. (c) Relative phase
between the visible and the infrared part of the continuum for several
seconds (averaged at 30 Hz). Inset: histogram of the phase changes

for the two continua. Figure 10b shows a radial cut through
a typical interferogram (see inset).
The phase of each interferogram is evaluated by Fourier
transformation [82] and gives direct information about the
variation of the relative phase between the infrared and the
visible part of the continuum for the recorded laser shot.
Figs. 10c and 10d depict the results: For a set of 200 laser
pulses within about 6 s we measure an effective ﬂuctuation
of 500 mrad (RMS). The setup was not environmentally isolated or protected from the laboratory acoustics. We therefore believe that the major part of the noise is due to technical contributions. We take the measurement as direct evidence that the phase of the infrared part and the phase of
the visible part of the continuum from bulk YAG are locked
and have very similar ﬂuctuations. It is therefore indeed safe
to use such a continuum in an f –2f interferometer for the
determination of carrier-envelope-phase (CEP) ﬂuctuations.

3 Applications and perspectives
3.1 Weak pump pulses, high repetition rates and long pulse
durations
The laser system used in this investigation is a Ti:sapphire
regenerative ampliﬁer, which provides 150 fs pulses, cen-
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Table 2 Performance of the various crystals for continuum generation
pumped by the output of different femtosecond lasers. The repetition
rate, center wavelength, pulse duration and available output pulse enLaser system
CPA 2001
RegA 9050
XL 500
Home built [83]
JenLas® D2.fs

Sapphire
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ergy are given in the second column. In each box to the right, the ﬁrst
line gives the pump energy for optimum operation, the second line the
achieved spectral range
YAG

KGW

YVO4

GdVO4

1 kHz, 775 nm

900 nJ

420 nJ

83 nJ

59 nJ

78 nJ

150 fs, 1 mJ

420–1600 nm

480–2800 nm

500–1150 nm

550–1150 nm

550–1200 nm

Not tested

Not tested

100 kHz, 800 nm

Works

200 nJ

95 nJ

60 fs, 6 μJ

[16]

480–1600 nm

550–1300 nm

5.1 MHz, 800 nm

400 nJ

230 nJ

Instable

50 nJ

75 nJ

50 fs, 500 nJ

450–1100 nm

450–1100 nm

white-light

550–1000 nm

550–1050 nm

80 MHz, 650–1000 nm

Detectable

Detectable

10 nJ

Detectable

Detectable

7 fs, 16 nJ

broadening

broadening

600–1100 nm

broadening

broadening

100 kHz, 1025 nm

Instable

500 nJ

140 nJ

200 nJ

220 nJ

350 fs, 40 μJ

white-light

480–1400 nm

500–1400 nm

600–1600 nm

600–1300 nm

tered at 775 nm with a repetition rate of 1 kHz. However,
the present tendency in laser development goes to longer
central wavelengths as determined by Nd or Yb based ampliﬁers, higher repetition rates and often longer pulse durations. Therefore we tested continuum generation in the various crystals with four additional laser systems: Two 800 nm
Ti:sapphire lasers which provide 60 fs pulses at a repetition rate of 100 kHz (RegA; Coherent Inc.) and 50 fs pulses
at 5.1 MHz (FEMTOSOURCE scientiﬁc XL 500; Femtolasers GmbH), an Yb:KYW laser (JenLas®D2.fs; Jenoptik GmbH) which produces 350 fs long pulses centered at
1025 nm with 100 kHz repetition rate and ﬁnally a homebuilt 80 MHz system delivering 7 fs pulses with up to 16 nJ
at 80 MHz [83].
The results of these tests are summarized in Table 2. The
pulse energy given for each combination of laser and crystal is the value that provided the best continuum in terms
of spectral coverage, stability, and beam proﬁle. A considerably lower threshold was found in all cases. All lasers systems allowed a long-term stable broad continuum (see second line) with homogeneous round beam proﬁle for at least
one crystal. The visible part of selected spectra is shown in
Fig. 11. For the comparison of the different curves it is essential that we determined absolute values of the spectral
energy density (see Sect. 2.1).
From Table 2 it is apparent that the material dependence
of the threshold and the optimum pump energy is found for
all lasers. So for the higher repetition rate systems with their
inherently lower single pulse output sapphire will not be the
best choice. YAG already lowers the needed energy sufﬁciently that it should prove useful for many applications.
The comparison also shows that for Ti:sapphire systems
with comparable center wavelength, a shorter pulse leads
to a lower continuum pump energy. This is obtained, however, at the cost of a smaller spectral energy density (see

Fig. 11 Visible part of continua generated in 4 mm YAG by laser systems with differing pump wavelength, pulse length and repetition rate.
Black (upper curve): Ti:sapphire at 775 nm, 150 fs, 1 kHz; green (upper middle): Ti:sapphire at 800 nm, 60 fs, 100 kHz; red (lower middle):
Ti:sapphire at 800 nm, 50 fs, 5.1 MHz; blue (lower right): Yb:KYW
1025 nm, 350 fs, 100 kHz

Fig. 11). On the other hand, as the pulse length increases for
the Yb:KYW laser, more pump pulse energy is needed.
The comparison of the 100 kHz and the 5.1 MHz
Ti:sapphire system shows that the spectral broadening and
even the energy density are quite independent of the repetition rate as long as a stable continuum can be generated.
If the average power becomes too high, the continuum will
only light up brieﬂy and then cease again, often with permanent damage to the crystal. In recent work we showed
that this can be avoided to some degree by rapid motion of
the crystal [84]. This increased complexity can, however, be
avoided by the change of crystal type, as demonstrated by
the successful continuum generation in YAG with the 350 fs
pulses at 1025 nm. Despite this longer pump wavelength,
still most of the visible is covered.
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The use of a 100 kHz pump laser for continuum generation in bulk materials has long been documented [16]
and MHz operation has recently been shown [84]. This
work adds the regime of long cavity oscillators operating
at 5 MHz. To further push the limit, we investigated whitelight generation with a home-built 80 MHz system delivering 7 fs pulses at 80 MHz and up to 16 nJ pulse energy.
Signiﬁcant additional broadening of the already broad pulse
spectrum was observed in a 4 mm KGW crystal. Because of
the extremely low input energy of 10 nJ per pulse available
at the crystal extremely tight focusing down to 2 μm was
used. Owing to this spectral broadening the Fourier limit of
the pulses is reduced from 6.4 to 5.1 fs. In addition the beam
proﬁle improved. The spectral broadening is due to whitelight generation and not only to self-phase modulation, as
can be judged from the white round disk that emerged with
a larger divergence than the pump beam.
3.2 Seed light for optical parametric ampliﬁcation
With the improved infrared output of YAG as compared to
sapphire, this material seems ideally suited for the generation of intense ultrashort pulses in the near infrared by parametric ampliﬁcation. As a ﬁrst application, we replaced the
3 mm long sapphire crystal in a standard NOPA [29, 31, 32]
with a 4 mm long YAG crystal and changed the focal length
to 80 mm. The improved seed intensity resulted in an increase of the quantum efﬁciency to up to 40% and infrared
NOPA output pulse energies of 4–9 μJ were obtained in the
region of 1000–1600 nm from 250 μJ pump at 775 nm. This
is about twice the reported values [29]. In addition, we were
able to directly amplify pulses at center wavelengths of up
to 2800 nm with energies of 100 to 3000 nJ. The spectra of
all infrared pulses were broad enough to support sub-50-fs
pulse duration.
We can estimate the number of available seed photons at
2600 nm from the measurement shown in Fig. 5. At 1600 nm
the continuum still amounts to an energy density of 20 fJ/nm
or 1.6 × 105 photons/nm. The roll-off is about 5 dB/100 nm
in the monitored region and we extrapolate this behavior. As
a result we guess 400 photons at 2600 nm center wavelength
for a typical bandwidth of 250 nm needed for a 50 fs pulse.
This corresponds to a shot noise on the order of 1/20 and is
sufﬁcient for seeding the NOPA.
In a second application we built a two-stage “hybrid”
OPA system pumped by the 100 kHz Ti:sapphire laser
(RegA, Coherent Inc.). A ﬁrst ampliﬁcation stage is pumped
by the second harmonic of the RegA at 400 nm and the infrared idler output is further ampliﬁed in a second stage by
800-nm pump pulses. With YAG used for the continuum
generation, we were able to fully cover the NIR and MIR
from 900 nm to 5 μm. The extension of this concept to other
pump systems should be straightforward and renders exciting new sources of tunable UV, visible, and IR pulses.
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3.3 Broadband probe light for transient spectroscopy
A widespread use of continua is in tunable pump/supercontinuum probe experiments (PSCP) [35]. With sapphire the
range of 450 to 720 nm is accessible for such a transient
femtosecond spectrometer and CaF2 widens the range to below 300 nm [28]. The region around the pump wavelength
is, however, inaccessible due to the large intensity modulations and complicated time structure. Toward the IR the
typical sapphire continuum falls off exponentially and the
achievable sensitivity and dynamic range is highly limited.
As shown in Sect. 2.8 the pump wavelength has practically no inﬂuence on the visible part of the continuum (see
Fig. 9) and an octave spanning plateau-like continuum can
be generated which is well suited for PSCP due to the ﬂat
spectrum, good beam proﬁle and high stability. A pump at
1600 nm will increase the detection range out to 1500 nm
while still maintaining a good overlap with the UV/visible
recording. Extending the upper wavelength limit of the spectrometer to 1500 nm corresponds to the possible detection of
excited states at just 0.8 eV. Even for 800 nm pumping, with
YAG a plateau-like spectral density is available in the NIR
and can directly be used.
The white-light generated in the bulk media is much more
stable than the output of microstructured ﬁbers and yields a
ﬂat spectrum. In addition, the typical 3 nJ integrated energy
in the visible (see Fig. 4) is already comparable to the input into the ﬁber and therefore higher than the energy available from the ﬁber output for the spectroscopic application.
A high number of photons per spectral interval is found to
be of uttermost importance for a low shot noise limit and the
full use of the dynamic range of available line detectors.

4 Conclusions and perspectives
The results reported here on continuum generation in bulk
materials have implication to several areas of current and future research. In order to understand the broadening process,
our results should contribute to ﬁnding advanced numerical
models for the continuum generation process that take into
account the material properties. The connection between the
nonlinear index of refraction and the threshold for continuum generation (see Fig. 2) provides indication of the involved physics and, from a practical perspective, provides
the design criteria for ﬁnding suitable novel crystal materials for even further improved performance.
For the pursuit of generating photon pulses of highest intensity and shortest duration by ampliﬁcation in lasers or
parametric processes [85–87], the bandwidth of the seed
pulses, their coherence, and good stability are decisive for
success. We believe that continua from crystalline materials
are a valuable alternative to many of the concepts used so far
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for spectral broadening of the seed pulses in state-of-the-art
optical parametric chirped-pulse ampliﬁcation schemes, because only nJ-level energies are required and the spectrum
can coherently cover the visible to infrared region simultaneously without signiﬁcant spectral modulation. A continuum from sapphire was indeed used in a recently reported
optical parametric chirped ampliﬁer [88]. Lately it was even
shows that mJ pump pulses can be used for continuum generation in fused silica and this might pave the way to further
improved seed levels [89].
Spectroscopic access to molecular dynamics and processes in condensed matter physics requires an as high as possible repetition rate of the laser system to acquire good statistics, but, on the other hand, the sample under investigation
must have enough time to cool back to the initial state or
to be exchanged for fresh substance each time. These constraints result in experimental repetition rates in the range of
1 kHz to 1 MHz to be ideal. Our results show that continuum
generation in bulk materials works well with a large variety
of such laser sources at different wavelengths and for pulse
durations from 7 to at least 350 fs.
The spectrum shown in Fig. 1b has a Fourier limit of
3.9 fs. With ∼10 pJ/nm of energy density in the plateau region, the total pulse energy amounts to ∼5 nJ; these pulses
can be generated for example at 5 MHz repetition rate or
more, where phase stabilization of lasers is straightforward
as compared to ampliﬁed sources. With proper compression,
which was for example reported from 450 to 800 nm with
Brewster-angled chirped mirrors [90], this results in a very
simple source of stabilized few-cycle pulses at average powers of up to 25 mW. These possibilities open up the route
towards studying the effects of the carrier-envelope phase of
few-cycle pulses to materials and molecular transitions with
highest stability and sensitivity.
Our main use for advanced materials for continuum generation is in the contexts of tunable pulse generation by parametric ampliﬁcation and in broadband spectroscopy, as outlined earlier in the text. In both ﬁelds, application of the
ﬁndings reported here has already resulted in valuable improvements; further reports will provide more details.
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INTRODUCTION. Ultrashort tunable mid-infrared pulses are useful tools for
numerous applications such as time-resolved vibrational spectroscopy, high
field science, or the analysis of superconductors. To increase the quality of
complex spectroscopic experiments, short measurement times with high
averaging is needed. Therefore laser systems with high repetition rate are on the
advance and spreading quickly. However, the reduced energy of these systems
requires novel and optimized concepts to generate the mid-infrared pulses.
Difference frequency generation with high repetition rates is challenging, so that
low efficiencies, narrow spectra and limited tunability are not unusual.
FEMTOSECOND MID-INFRARED PULSE GENERATION WITH
STRONG PREAMPLIFICATION OF THE SEED. Here we present a
100 kHz optical parametric amplifier (OPA) system for mid-infrared fs pulse
generation in LiNbO3 with gap free tunability from 1 to 5 μm. Due to the fact
that for longer wavelengths no white-light seed is available, the idler of an OPA
pumped at the fundamental wavelength (1) of the pump system (IR amplifier
in figure 1) has to be used instead of directly amplified light. However, for idler
wavelengths above 4 μm and therefore signal wavelengths close to the pump the
phasematching conditions for the amplifier crystal cannot be well fulfilled and
the gain factor is decreasing dramatically. To generate highly energetic midinfrared pulses even with low gain factors we pre-amplify the white-light seed in
a first collinear OPA stage (Pre-amplifier in figure 1) pumped by the second
harmonic (2) and with BBO as nonlinear crystal. The second harmonic
pumping allows broad phasematching and high gain factors, because the desired
signal wavelengths are now close to degeneracy. This concept is shown in
figure 1.

Fig. 1. Pre and main amplifier for efficient and fully tunable infrared pulse generation at
high repetition rate

Due to the collinear setup the idler of the pre-amplifier can be used as seed of
the IR amplifier without any optics for color recombination. This avoids the

need to cope with the exponential decrease of the white-light on the Stokes side
of the pump and the intense and flat plateau on the Anti-Stokes side can be used
instead. This increases the energy of the pre-amplified light (IR seed in figure 1)
by a factor of two to three. Generating highly energetic midinfrared pulses with
the concept of strong pre-amplification in a first 2 pumped stage and only
modest amplification in a second 1 pumped stage allows even the use of
nonlinear crystals with low damage thresholds like LiIO3.
Typically pulses of a second harmonic pumped collinear amplifier like in the
present pre-amplifier yield relatively narrow spectra and only support Fourier
limits above 50 fs. However, when raising the pump energy in the pre-amplifier,
we observe strong spectral broadening. The pulses are fully compressible with
Fourier limits down to 11 fs and a measured pulse duration of only 13.8 fs (see
fig. 2 for a test with a kHz Ti:sapphire system).

Fig. 2. Spectral broadening when raising the pump energy during collinear optical
parametric amplification

ADAPTABILITY OF THE PRE-AMPLIFICATION CONCEPT TO
VARIOUS LASER SYSTEMS. To show the adaptability of this concept, we
used several laser systems with central wavelengths from 775 to 1025 nm and
pulse durations from 50 to 300 fs. One realization uses a commercially available
ytterbium-based diode-pumped solid state laser system (JenLas® D2.fs,
JenOptik AG) as primary pump source. It delivers 40 μJ output pulses with
300 fs duration at 1025 nm and at a repetition rate of 100 kHz. For the seed
generation we split off pulses with an energy of 1.5 μJ and focus them into a
4 mm thick YAG plate. The use of YAG allows the generation of a stable single
white-light filament in spite of the relatively long pump pulses [1]. The main
part of the pump pulses is frequency doubled in a 0.8 mm thick BBO crystal, cut
at 23.5°, with a very high conversion efficiency of more than 60%.
The seed and pump pulses are collinearly combined with a dichroic filter and
each focused with a lens (f = 400 mm) towards a 2 mm thick type I BBO crystal,
cut at 24.5°, where they are spatially and temporally overlapped. Again, we
observe a strong dependence of the spectral bandwidth of the amplified pulses
on the pump pulse intensity. When varying the pump intensity from
80 to 160 GW/cm2 by changing the pulse energy, we can increase the bandwidth
of a pulse centered at 780 nm from 32 to 91 nm. We observe no significant
deterioration of the beam profile or pulse-to-pulse stability when increasing the
pump intensity. The pulses can be compressed to a measured duration of 13.6 fs,
nearly their Fourier-Limit of 13.5 fs, by a simple fused silica prism sequence. In
this way we achieve pulses with a Fourier-limit of sub-20 fs in a broad tuning
range between 630 nm and 930 nm even in the collinear geometry. This
geometry additionally allows us to make full use of the idler pulses in the range
of 1140 to 2750 nm without any spatial chirp and with spectra supporting

likewise around 20 fs pulse duration. The calculated idler energies are in the
range of 1 μJ, much higher than when we try to amplify the NIR part of our
supercontinuum seed directly for the wavelength region above 1400 nm,
because of the exponential decrease of the white-light in this wavelength region.
In a second amplification stage we now use the idler of the first stage as seed
light and the fundamental light remaining after frequency doubling at 1025 nm
as pump light. We combine both pulses with a dichroic mirror collinearly and
focus them towards a 1.5 mm thick type I LiNbO3 crystal, cut at 45°. Again the
collinear geometry allows us to use the idler of the amplification process, which
now is in the spectral region between 2.4 and 4.3 μm. The spectra support a
Fourier-limited duration of 25 fs at 2.4 μm and 150 fs at 4.3 μm. Combining all
outputs of the two-stage system, this means an extremely wide tuning range
from the visible to the mid-infrared (see Fig. 3).

Fig. 3. Output spectra of our OPA system showing the extreme tunability from 630 nm to 4.3 μm

Matching of the beam diameter and wave front curvature is a challenge in
multi-stage OPAs with identical pump wavelength. The twofold switch in
"signal" wavelength totally eliminates this problem. The initial visible seed is
discarded between the two amplifiers and equally the intermediate near infrared
radiation at the output. No adverse interferences can therefore happen.
Above approximately 3 μm, we find that the bandwidth of the output spectra
is limited by the phasematching properties of LiNbO3 and is smaller than the
bandwidth of the seed spectra. Therefore part of the seed light is not used and
we loose conversion efficiency and output energy. When we now insert suitable
amounts of dispersive material in our supercontinuum seed before the first
amplification stage (e.g. BK7, SF57), we can tune the spectral bandwidth of the
amplified pulses in the first stage and match it to the phase-matching properties
of our amplifying crystal in the second stage. In that way we gain up to a factor
of 2.6 in output energy, resulting for example in 750 nJ at 3.6 μm, or 75 mW at
the 100 kHz rate of the system.
We also implemented our concept of strong pre-amplification in a first 2
pumped stage and only minor amplification in a second 1 pumped stage with a
100 kHz Ti:Sa regenerative amplifier system (RegA 9050, Coherent), that
delivers pulses centered around 810 nm with a duration of 60 fs and an energy
of only 6.3 μJ. We show tunability from 970 nm up to 5 μm with output
energies of around 250 nJ at 1050 nm and 20 nJ at 5 μm. This demonstrates that
our presented concept of mid-infrared generation is also feasible with lowest
pump energies and with varying pump wavelengths.
1
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INTRODUCTION. Super-continuum generation is one of the most fascinating
phenomena in ultrafast nonlinear optics. Because of octave wide spectral
broadening, wavelength regions not supported by the available laser media
become accessible. Especially continuum generation in solids renders smooth,
flat and gap free spectra with a high amount of coherence and compressibility
down to below 5 fs, and pulse-to-pulse and long term stability. This favors them
as a most valuable primary source for broadband radiation in laser technology
and spectroscopy [1].
CONTINUUM GENERATION IN BULK MATERIALS FROM THE
FEMTO- TO THE PICOSECOND REGIME. To achieve stable continuum
generation even with ps pulses the material dependent threshold energy for
white-light generation has to be low enough to avoid crystal damage. This
threshold for continuum generation closely matches the critical power for selffocusing because the dramatic increase of intensity during self-focusing triggers
further nonlinear processes in the crystal. The critical power for self-focusing
depends inversely on the linear and nonlinear refractive index. To avoid local
damage to the sample, a superior crystalline quality and high damage threshold
are necessary. Therefore we focused our search for materials with improved
continuum generation properties on novel laser-host materials so that one can
benefit from the newest developments in the field. We find indeed that none of
the tested crystals shows damage after weeks of use if operated with a standard
amplified Ti:sapphire system. With a systematic search among the crystals with
high refractive indices, YAG, KGW, GdVO4, YVO4, Sc2O3, Lu2O3, and Y2O3
were found as suitable candidates for white-light generation with longer pulses.
We could actually decrease the energy for white-light generation and increase
the pulse duration by up to a magnitude compared to the established continuum
generation in sapphire. This is summarized in table 1, which shows the
refractive indices and energy thresholds for continuum generation in some of the
mentioned crystals. The more established CaF2 and sapphire are shown as
reference.
Table 1. Refractive indices and threshold energy for continuum generation of selected
crystals

crystal type
n0
n2 [10-16cm2/W]
threshold [nJ]

CaF2
1.43
1.24
900

Al2O3
1.76
3.1
280

YAG
1.82
6.9
130

Y2O3
1.92
11.6
100

KGW
2.01
10
54

GdVO4
1.97
15
41

YVO4
1.96
15
39

Whereas continuum generation in sapphire is only practicable with a pump
pulse duration up to 250 fs, upcoming white-light crystals such as YAG render
continuum generation with 35 fs to at least 500 fs pump pulses. First evidence
for ps continuum generation was found in YAG and KGW including some of
the advantageous properties of fs white-light like flat and smooth plateau-like
spectra with coverage of the entire visible range. But also infrared plateau-like
spectra were observed during continuum generation in YAG crystals (see
Figure 1).

Fig. 1. Spectra of ps continuum generation in YAG and KGW covering nearly the entire
visible (left) and demonstration of an infrared plateau (right).

APPLICATION AS SEED FOR OPCPA. Few-cycle light pulses with highest
field intensities are of great interest for studying laser–matter interactions at
extreme conditions such as the generation of mono energetic electron beams or
intense single attosecond pulses from solid density plasmas. One very successful
way to realize this is optical parametric chirped pulse amplification (OPCPA).
Such systems are typically seeded by the output of Ti:sapphire oscillators and
subsequently of hollow core fibers. However, it is not uncommon, that these
continua show unfavorable properties such as structured spectra with intensities
varying over magnitudes, low stability and imperfect coherence.
Continua generated in bulk materials on the other hand show smooth, flat
spectra with high pulse-to-pulse stability, good beam quality and
compressibility, and only a few µJ are necessary to generate such continua. The
weak output compared to alternative seed sources can easily be compensated by
multiple optical parametric amplification stages. Due to the principles of OPA
subsequent stages can potentially amplify neighboring wavelength regions
without phase jumps or loss of compressibility to achieve ultrabroad spectra and
therewith few-cycle pulses simultaneously with multi-mJ pulse energies.
ROBUSTNESS OF CONTINUUM GENERATION AGAINST PUMP
WAVELENGTH AND REPETITION RATE. Commercially available laser
systems offer repetition rates from single Hz up to multi-MHz. We find that
continuum generation in bulk materials is possible over the entire range. We
compare similar laser systems, which only differ by the repetition rate and find
no significant difference in the generated spectra. To further decrease the chance
of local damage at high repetition rates because of the increased average power,
the crystal plates can be rotated or moved. Since this concept is successfully
used in pump-probe spectroscopy [2] and MHz-NOPA’s, there are no major
concerns about the adaptability for OPCPA systems. A further advantage of

these moving or rotating crystals is that local spots have enough time to recover
from the high peak intensities during continuum generation.
To show that continuum generation is not limited to small regions of pump
wavelength, we selected wavelengths ranging from 525 to 1600 nm and found
that for all cases stable continuum generation occurs. The short wavelength
cutoff of the continua remains nearly constant. This leads to octave-wide gap
free continua with smooth and flat spectra when pumping with an infrared
source. Combining the principles of OPA with the fact that the energy threshold
is very low these infrared sources can easily be generated by laser systems with
nearly every central wavelength. For OPCPA systems passive CEP stabilization
should be used in this conversion.
In the case of calcium fluoride, we find a significantly shorter continuum
edge when pumping with a short wavelength, which makes these spectra highly
interesting for pump-probe spectroscopy. Even the spectra on the Stokes side of
this continuum reach up to the near infrared wavelength region, again qualifying
these continua as seed for optical amplifiers with special regard to the CEP
stability of the idler.

Fig. 2 Spectrum of continuum generated in a 4 mm rotating CaF2 plate exceeding deep
into the UV.

The field of super-continuum generation in bulk materials offers many
rewarding opportunities for advanced laser applications and broadband
femtosecond spectroscopy. With the systematic search for new crystals,
continuum generation with ps pump is now within reach. This is confirmed by
first successful experiments. The easy handling and the straight forward setup
qualify continuum generation as good alternative broadband seed source for
OPCPA systems, especially with regard to stability and synchronization issues.
1
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We show efficient generation of mid IR pulses tunable between 1 and 5 μm from 100 kHz class femtosecond systems.
The concept can be applied to various sources, particularly based on Ti:sapphire and the newly evolving Yb lasers.
The mid IR pulses are generated as the idler of a collinear optical parametric amplifier pumped by the laser funda
mental. The seed for this amplifier is the idler of a previous amplification stage pumped with the second harmonic
and seeded with a visible continuum. This enhances the energy and allows us to influence the bandwidth of the final
output. Pulses with microjoule energy and Fourier limits of 50 fs are achieved. © 2011 Optical Society of America
OCIS codes: 190.4970, 190.7110, 320.7130.

Femtosecond tunable mid-IR (MIR) pulses are a powerful
tool to study ultrafast processes in physics, chemistry,
and biology. Time resolved vibrational spectroscopy, carrier dynamics in monolayer graphene, high harmonic
generation, and tunneling ionization are interesting
research fields that benefit from studies with IR pulses.
In most of these experiments weak signals slightly above
the detection limit are measured. To achieve a good signal to noise ratio, high repetition rates are needed. Successful approaches generating tunable femtosecond MIR
pulses at high repetition rates were already reported in
the mid-90s [1–5]. They were based on optical parametric
oscillators and amplifiers, as well as difference frequency
generation (DFG). Current work extends these concepts
by chirped pulse amplification [6,7] and the use of poled
lithium niobate crystals [8,9]. A promising approach for
higher efficiencies, especially for long wavelengths, is
preamplification of the seed by the frequency doubled
light [10–14]. However, the generation of ultrashort IR
pulses at high repetition rates is still a challenging task.
Up to now all approaches either have a complex setup,
need synchronized lasers, show limited tunability, or
have modest efficiencies or pulse energies.
In this Letter we present a novel concept for efficient
and freely tunable MIR femtosecond pulse generation
on the microjoule level with a compact setup based on a
single laser source. No additional seed or pump lasers are
needed, and pulses out to 5 μm are generated without an
extra DFG stage. We solely use continuum generation
and optical parametric amplification (OPA). Since these
processes are not restricted to specific wavelengths, the
concept can be applied to a variety of laser systems. Here
we show the performance for a Ti:sapphire based system
(RegA 9050; Coherent Inc.) that delivers 50 fs pulses at
800 nm with an energy of 5:7 μJ at 93 kHz repetition rate
and for a Yb:KYW based system (Jenlas D2.fs; JENOPTIK
Laser GmbH) delivering 300 fs pulses at 1025 nm with an
energy of 40 μJ at 100 kHz.
Our concept is illustrated in Fig. 1(a). About 5% of the
pump light is split off for supercontinuum generation
(SCG) in YAG [15]; the main part is used for second harmonic generation (SHG). The SHG light pumps a first
collinear OPA (pre-OPA) seeded by the visible part of
the YAG continuum. The near-IR (NIR) idler of this
0146 9592/11/214212 03$15.00/0

pre-OPA is used to seed a second collinear amplifier
(IR-OPA) pumped by the remaining fundamental light
from the SHG. The collinear geometry in the IR-OPA allows use of the NIR signal and the MIR idler that is predicted to be passively carrier envelope phase stabilized
[13,14]. Figure 1(b) shows the wavelength regions for
the different stages: visible and NIR light in the preOPA (green), as well as NIR and MIR light in the
IR-OPA (orange). Figure 1(c) shows spectra from the
IR-OPA for the Ti:sapphire laser system and lithium
niobate (LiNbO3 , orange) as an active medium. Spectra
obtained with lithium iodate (LiIO3 ) at 1 kHz are shown
in black. The gray area indicates the absorption of air.
SHG pumped preamplification has two main advantages that are apparent when the desired MIR output
is considered. Since there is no continuum seed available
in the MIR, the IR-OPA has to be seeded in the NIR. For a
wide MIR tunability, continuously tunable NIR light is
needed. For the upcoming generation of pump lasers
with high repetition rates and high average power, pulse

Fig. 1. (a) Scheme of the setup, (b) different wavelength re
gions involved in the individual amplification stages, (c) typical
MIR spectra when applying the concept to a Ti:sapphire system.
© 2011 Optical Society of America

November 1, 2011 / Vol. 36, No. 21 / OPTICS LETTERS

durations of 300 fs and longer are typical, and hence octave spanning spectra are only possible by continuum
generation in solids [15]. Even these continua show an
exponential dropoff on the red side of the pump and
therefore only provide a weak NIR seed. However, they
show smooth, flat, and gap free spectra in the visible that
are well suited to seed an OPA. Therefore we amplify this
part of the continuum in the pre-OPA, which is only possible with SHG pumping. The signal of this pre-OPA is in
the visible, but the idler is in the desired NIR region and
can seed the IR-OPA well.
The second advantage can be seen if the parametric gain G (ratio between signal and seed intensity)
is considered as given by the following equation [4]:
s


8π 2 · d2eff · I p
1
G  exp 2 · L ·
:
4
n p · n s · n i · λ s · λ i · ε 0 · c0

1

I p is the pump intensity, L the crystal length, deff the
nonlinear coefficient, np , ns , and ni the refractive indices
for pump, signal, and idler, respectively, λs and λi the signal and idler wavelengths, respectively, ε0 the vacuum
permittivity, and c0 the speed of light. Bringing the picojoules per nanometer level of an NIR seed [15] over a
100 nm bandwidth to the desired microjoule level affords
a gain of 10,000. Using only one amplification stage would
necessitate pump intensities of 400 GW=cm2 or more,
even for LiNbO3 with its high deff  4:04 pm=V (λs  1:35
μm, λi  4:2 μm, L  1 mm effective [see Fig. 2(c)]; the
refractive indices are about 2.3). Such high intensities
are well in the continuum generation regime and close
to the damage threshold. Therefore, multiple amplification stages are necessary (pre-OPA and IR-OPA). Because
of the desired MIR output, the final amplifier must be
pumped by the fundamental, and to ensure high output
energies, it should be pumped with the main part of the

Fig. 2. Wavelength dependence of the gain coefficient in
the pre OPA for (a) BBO pumped by 400 nm, LiNbO3 pumped
by 800 nm, and (b) BBO pumped by 512 nm, LiNbO3 pumped by
1025 nm. The scale between (a) and (b) shows the final IR out
put wavelength. (c) Pulse splitting length of the various wave
combinations and crystals for the 1025 nm pump system.
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available pump energy. In principle, SHG and fundamental pumping are possible in the pre-OPA, because only NIR
seed light must be provided for the IR-OPA. Note that SHG
pumping causes no loss of pump energy compared to fundamental pumping, because SHG efficiencies of up to 40%
are achieved and the remaining fundamental light is used
to pump the IR-OPA.
To clarify the advantage of SHG pumping in the preOPA, we compare beta barium borate (BBO) pumped
by the SHG with LiNbO3 pumped by the fundamental
at a pump intensity of 100 GW=cm2 . Fundamental pumping in BBO is not possible due to the idler absorption,
and SHG pumping in LiNbO3 causes two photon absorption. The wavelength dependence of the gain coefficient
Γ [square root in Eq. (1)] is shown in Fig. 2(a) for a
Ti:sapphire system and in 2(b) for a Yb system.
Throughout the NIR range (λseed ) needed for MIR pulses
out to 5 μm [see scale between Figs. 2(a) and 2(b)], Γ is
much larger for the SHG pumped BBO than for the fundamental pumped LiNbO3 . The main reason for a higher
gain coefficient for SHG pumping is the reduced product
of signal and idler wavelength. The higher nonlinear coefficient of LiNbO3 is cancelled by the lower refractive
index of BBO. The pulse splitting lengths that limit the
useful crystal length are given in Fig. 2(c) for the
1025 nm system. For the BBO crystal all lengths are
above the 2 mm length used; for LiNbO3 the range of
λseed needed for MIR pulses in the interesting range of
3.5 to 5 μm results in significantly shorter splitting
lengths. This would lead to a reduced amplification, since
the gain in the small signal limit depends exponentially
on this effective length. These two issues allow gain factors of 1000 in an SHG pumped pre-OPA even with moderate pump intensities, so that only a modest gain of
around 10 is necessary for the IR-OPA, again achievable
with intensities far below continuum generation or crystal damage. Thus SHG pumped preamplification allows
high IR output with pump intensities below 100 GW=cm2 .
As amplifier material for the IR-OPA, we use LiNbO3
because of its high deff in the MIR, where BBO is not
transparent, and the high damage threshold. Since our
concept demands only moderate pump intensities, even
the use of LiIO3 with its low damage threshold [12,13]
was possible [see Fig. 1(c)]. The spectral width of close
to 2 μm is due to the favorable acceptance bandwidth of
LiIO3 beyond 3 μm. The concept will also work for other
typical IR crystals like potassium niobate (KNbO3 ) or potassium titanyl phosphate (KTP) [16].
A potential challenge is that the seed for the IR-OPA
is the idler of the pre-OPA and not a flat continuum.
The bandwidth of this idler can easily be larger than
the bandwidth supported by the IR-OPA. This means that
not all NIR photons contribute to the IR amplification.
To use all seed photons, the NIR bandwidth must be
matched to the IR-OPA. This is done by chirping the visible seed continuum in the pre-OPA by inserting glass.
Now the temporal overlap between seed and pump limits
the bandwidth of the pre-OPA, and the bandwidth of the
amplified signal (and hence the idler) can be controlled.
We find no significant loss of NIR energy due to the seed
chirp. Idler spectra of the pre-OPA when using different
glasses in the visible seed are shown in Fig. 3(a) for the
Yb:KYW pump. The gray area shows the bandwidth
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from 1% to 2% rms for the entire range. An IR beam
profile was recorded [see inset of Fig. 3(c)].
In summary, we have shown ultrafast femtosecond
MIR pulse generation at 100 kHz repetition rates based
on continuum generation and optical parametric amplification. The compact setup with a footprint of below 1 m2
operating with a single turn-key pump laser allows stable
and reliable day to day operation. The wide tunability
from one to 5 μm is only limited by the available amplifier
material. Essential is the strong preamplifier pumped by
the frequency doubled laser output, which allows use of
the flat plateau of the visible continuum, matches the
bandwidth to the IR-OPA, and enables high IR output
with a modest gain in the IR-OPA pumped by the remaining fundamental. Our method will hopefully help to simplify actual approaches and benefit a new field of
spectroscopic experiments due to the wide tuning range
and the adjustable bandwidth.
Fig. 3. (a) Idler spectra of 512 nm pumped pre OPA with
chirped seed continuum. Gray area: bandwidth supported by
IR OPA; inset: energy contained in this area. (b) Fourier limits
(symbols) for IR OPA. Black curve: acceptance bandwidth for
LiNbO3 ; dotted curves: bandwidths of seed pulses. (c) Output
power of MIR pulses with overall efficiencies.

We thank M. Breuer, C. Elsner, M. Betz, and D. J.
Nesbitt for pilot investigations, the Deutsche
Forschungsgemeinschaft (DFG) through the Cluster of
Excellence: Munich-Centre for Advanced Photonics for
financial support, and Horiba Jobin Yvon GmbH and
JENOPTIK Laser GmbH for technical assistance.

supported in the IR-OPA for a 1:5 mm thick LiNbO3 crystal. The inset shows the energy of the pre-OPA contained
in this bandwidth. If the idler is narrower than this
bandwidth, the MIR output inherits the bandwidth of
the NIR seed. Nevertheless, the energy of the MIR output
does not suffer, because all seed photons are amplified.
Figure 3(b) shows the Fourier limits and 3(c) the average output power of the MIR pulses for the chirped visible seed. Limits below 50 fs can be achieved over a wide
tuning range with a power above 200 mW in the maximum and 50 mW at 4 μm. The maximum output energy
with the shortest possible Fourier limit is reached if the
bandwidth of the idler of the pre-OPA [dotted curves in
Fig. 3(b)] matches the bandwidth supported by amplification in LiNbO3 [black curve in Fig. 3(b)]. In this configuration the output energy increased by a factor of
up to 2.6 with a constant Fourier limit.
With the Ti:sapphire system pulses from 1 to 5 μm with
energy up to 420 nJ at 1:1 μm and 110 nJ at 3:4 μm with
a Fourier limit of 27 fs are demonstrated. At 3:4 μm this
corresponds to an overall energy conversion efficiency of
2.0%, i.e., up to 8.2% of the 800 nm photons are converted
to IR photons. To show the energy scalability of our
concept, we apply it to a 1 kHz Ti:sapphire system (CPA
2001; Clark MXR Inc.) that provides 150 fs pulses at
775 nm. Pulses of 250 μJ are used to operate the OPA.
Again pulses tunable from 1 to 5 μm with energies of
up to 8 μJ at 3:5 μm with measured pulse durations down
to 38 fs are obtained. The low repetition rate allows us to
measure the shot to shot stability. Typical values vary
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We present a simple and efficient concept for the generation of ultrashort infrared pulses with passively stabilized
carrier envelope phase at 100 kHz repetition rate. The central wavelength is tunable between 1.6 and 2.0 μm with
pulse durations between 8.2 and 12.8 fs, corresponding to a sub two cycle duration over the whole tuning range.
Pulse energies of up to 145 nJ are achieved. As a first application we measure the high nonlinearity of multiphoton
photoemission from a nanoscale metal tip. © 2012 Optical Society of America
OCIS codes: 190.4970, 320.5520, 320.7110, 120.5050.

The generation of few-cycle light pulses with stable carrier-envelope phase (CEP) at wavelengths around 2 μm is
still a challenging task [1–8], recently highlighted by a
comprehensive review [9]. High-power pulses at these
wavelengths are of great interest to extend the cutoff
of high-order harmonic generation toward the water window [8]. Also, in the CEP-sensitive emission of electrons
from metal nanostructures, where pulse energies of only
240 pJ at 800 nm sufficed to generate electrons with
kinetic energies of up to 13 eV, the use of longer wavelengths is expected to greatly enhance electron energies
and to give further insight into the interplay between multiphoton and tunneling ionization [10]. Investigations
along these lines, which require high repetition rates, motivated us to develop a tunable few-cycle source.
Because sufficiently broadband laser materials for the
generation of few-cycle pulses around 2 μm are still in
their early stages of development, all concepts to generate such pulses rely on parametric processes, such as
difference-frequency generation (DFG) or optical parametric (chirped pulse) amplification [OP(CP)A]. At repetition rates up to 1 kHz the generation of CEP-stable
sub-two-cycle pulses for wavelengths up to 1.8 μm has
been successfully demonstrated [5,6]. However, at higher
repetition rates only significantly longer pulses with 6 to
7 optical cycles have been shown to date [4,11,12],
although spectra with Fourier limits in the 20 fs regime
have been achieved [13]. The difficulty in transferring the
concepts used at 1 kHz to higher rates originates from the
high pulse energies needed. To achieve the required
spectral width, various approaches are combined with
spectral broadening in hollow-core fibers, either for
broadening the seed [2,3] or the final output [5,6], which
necessitates pulse energies of several 100 μJ. Implementations without additional spectral broadening, e.g., by
DFG of two noncollinear optical parametric amplifier
(NOPA) outputs [1] depended on 200 μJ of pump pulse
energy at 800 nm, not readily available at 100 kHz. Especially when only moderate pulse energies are needed for
the experiment, the generation of hundreds of μJ of pump
pulse energy at 100 kHz is unreasonable and might jeopardize future system miniaturization and integration.
In this Letter we present an efficient and simple
scheme for the generation of CEP-stable pulses with a
0146 9592/12/101673 03$15.00/0

duration around 10 fs and energies on the order of
100 nJ at a repetition rate of 100 kHz. The pulses are tunable from 1.6 to 2.0 μm while maintaining a sub-two-cycle
duration. To the best of our knowledge this constitutes
the shortest pulse durations in this wavelength range
for repetition rates above 1 kHz, combined with excellent
tunability.
Our concept is based on broadband DFG between the
short visible output of a NOPA and the narrow-band
pump laser. A schematic of the setup is depicted in Fig. 1.
A commercial Yb:KYW based pump laser (Jenlas D2.fs;
JENOPTIK Laser GmbH) delivers ∼300 fs pulses at
1025 nm with an energy of 40 μJ at 100 kHz repetition
rate. For the current setup, 32 μJ of the pulse energy are
used. Approximately 5% are split off for SCG in a 4 mm
thick YAG crystal producing the seed for the NOPA [14].
The remaining part of the pump pulse is frequency
doubled in a 0.8 mm thick BBO crystal cut at 23.5° with
an efficiency of about 30%. Due to the small beam size of
the pump laser (1∕e2 radius of 880 μm), no focusing was
needed. The seed and the pump are both focused into a
3 mm thick BBO crystal cut at 20° with an external noncollinearity angle of 3.3°. The amplified spectrum can be
tuned in central wavelength between 650 and 700 nm
while maintaining a Fourier limit below 10 fs and energies around 2 μJ per pulse. After collimation with a
spherical mirror, the output pulses are compressed to
sub-20-fs duration using a sequence of fused silica
prisms.
The 1025 nm light remaining after frequency doubling
is rotated in polarization by 90° with a half-wave plate,
and transmitted through a pair of wedges (10°, BK7),

Fig. 1. (Color online) Setup; SHG, second harmonic genera
tion; λ∕2, half wave plate; SCG, supercontinuum generation;
NOPA, noncollinear optical parametric amplifier; PC, prism
compressor; DFG, difference frequency generation.
© 2012 Optical Society of America
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used for controlling the CEP of the 1.8 μm output. It is
then focused into a 0.8 mm thick BBO crystal cut at
23.5° together with the compressed NOPA output to perform type-I DFG to the infrared (IR). This crystal thickness is much less than that typically used for an OPA
stage and therefore allows a largely increased acceptance bandwidth and minimizes dispersion and group
velocity mismatch. The beam radii (1∕e2 value) were
120 μm for the 1025 nm beam and 70 μm for the NOPA
output for ease of alignment. To avoid the need for dichroic optics, the two beams are combined under a small
angle, which is kept as small as possible (∼0.9°) to limit
the resulting spatial chirp of the IR pulse to below the
divergence of 1°.
The spectrum of the IR output can be tuned in a considerable wavelength range by changing the NOPA spectrum
and readjusting the phase-matching angle of the DFG
and the time delay between the NOPA output and the
1025 nm pulses (Fig. 2, top row). The deconvolved pulse
durations, obtained from autocorrelation measurements,
lie between 8.2 and 12.7 fs, corresponding to only 1.5 to 1.9
optical cycles (Fig. 2, bottom row). Pulse energies of up to
145 nJ are achieved, however with slightly longer pulses
(11.7 fs at 1.6 μm central wavelength). For the shortest
pulse durations pulse energies of 40 nJ are achieved, corresponding to 4 mW of average power.
After frequency doubling, the temporal shape and the
spectro-spatial phase of the remaining 1025 nm pulses
are distorted from the original near-Gaussian, leading
to a temporal double peak structure. Varying the delay
between the relatively long 1025 nm pulses and the much
shorter NOPA output results in two maxima in the IR energy. Interestingly, the shortest pulses are achieved when
the NOPA pulses interact with the outer wings of the
1025 nm pulses. This also leads to smooth IR spectra
without strong modulations, whereas spectral dips can
occur when the NOPA output is overlapped with the distorted part of the 1025 nm pulse.
To substantiate the autocorrelation measurements we
performed
second-harmonic-generation
frequencyresolved optical gating (SHG-FROG). As can be seen
in Fig. 3, the measured and retrieved FROG traces show
excellent agreement. The spectrum calculated from the
frequency doubled spectrum fits the original spectrum

Fig. 2. (Color online) Spectra and corresponding autocorrela
tion measurements showing the wavelength tunability of our
concept while maintaining a sub two cycle pulse duration
(Δτ: deconvolved FWHM Gaussian pulse duration).

measured with the monochromator almost exactly. To
be able to compare the spectra, all spectrometers used
were intensity calibrated with a black body lamp. The
evaluation shows that in this case the IR pulses had some
residual chirp resulting in a pulse duration of 13.4 fs.
The compression of the IR pulses is solely adjusted by
the chirp of the NOPA output and thus the prism compressor in the visible. The shortest IR pulses are achieved
when the NOPA pulses are also nearly optimally compressed. This scheme even allows compensating for
material dispersion in the IR, introduced by, e.g., an entrance window to a vacuum chamber. For example, a
pulse centered at 1.8 μm with a duration of 14.6 fs is negatively chirped by a 5 mm thick calcium fluoride window to 21.7 fs. By positively chirping the visible pulse
through insertion of the second prism of the compressor
deeper into the beam and readjusting the temporal overlap with the 1025 nm pulse, the IR pulse is recompressed
to 16.1 fs. In principle, a nearly arbitrary pulse shaping
of the IR pulse is possible by shaping the visible pulse
in its Fourier plane at the end mirror of the compressor
by, e.g., a deformable mirror or phase or intensity
masks [15].
The NOPA output inherits the CEP fluctuations of the
supercontinuum seed and hence of the 1025 nm pump.
Since the NOPA output is subsequently difference frequency mixed with the 1025 nm light, the IR output is expected to be CEP stable [1,9]. To verify this, we set up an
f-2f interferometer [12,16]. In our scheme, the phasematching angle chosen for broadband DFG is close to
that for frequency doubling of the 1.8 μm pulses, which
leads to some weak 0.9 μm output. This light was separated from the main IR output by a dichroic mirror and
rotated in polarization by 90°. The IR pulses were transmitted through a silicium filter and focused with a reflective microscope objective into a highly nonlinear fiber to
broaden their spectrum. The broadened pulses and the
frequency doubled light were then collinearly recombined by a metallic beam splitter and focused into a spectrometer with a time delay of ∼400 fs. For proper

Fig. 3. (Color online) SHG FROG measurement of the IR out
put pulse. The measured and retrieved FROG trace show excel
lent agreement, as do the directly measured spectrum around
1.8 μm and the calculated spectrum from the SH spectrum
(dashed dotted curve). The spectral phase (dashed curve) in
dicates some residual chirp. Bottom right: Retrieved intensity in
the time domain.
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Fig. 4. (Color online) f 2f interference measurement. The right
panel shows the spectrum of a single scan, the lower panel the
evaluated phase. After 1.5 min. a CEP shift of π is induced by
moving a wedge, which is reversed after 3 min.

alignment of the NOPA continuum generation, we observe a high contrast interference pattern that directly
shows the CEP stability of the IR pulses. When integrating over 1 ms and acquiring 500 consecutive spectra
(i.e., 0.5 s acquisition time), we measure phase fluctuations of only 78.5 mrad rms. Fig. 4 shows a measurement
over 5 min (averaged over 100 ms). After 1.5 min we induce a CEP change of π by translating one of the wedges
in the 1025 nm beam in front of the DFG stage (see Fig. 1)
by approximately 6 μm. After 3 min the wedge is moved
back. This clearly shows that we have full control of the
CEP and can compensate for the observed slow drift. For
the slower fluctuations (0.1 to 5 Hz) we find a value of
135 mrad rms.
As a first experimental application of our new source,
we tightly focused pulses centered at ∼2.0 μm and with
durations of ∼20 fs onto a nanoscale tungsten tip, with
the laser polarization parallel to the tip-pointing direction. This leads to photoemission of electrons from the
tip, which we accelerate by an electric dc field toward
a microchannel plate (MCP) detector. Fig. 5 shows the
count rate on the MCP screen as function of the incident
pulse energy in a double-logarithmic plot. The fitted
slope of 3.8 is close to the expected value for multiphoton
photoemission, when the reduction of the work function
due to the applied dc field (1.9 GV∕m at the tip) is taken
into account [10].
In summary, we have demonstrated the generation of
CEP-stable sub-two-cycle pulses with tunable central wavelength from 1.6 to 2.0 μm and energies in the range of
100 nJ at 100 kHz repetition rate. The necessary spectral
bandwidth is efficiently achieved by DFG in a mixing
crystal much thinner than used in typical OPAs. The
compression is achieved by just a simple prism compressor in the intermediate NOPA output. The principle is
not limited to the sub-2-μm range, but can be readily
extended far into the IR. The new setup is a highly attractive source for numerous applications, such as the study
of electron emission from nanoscale metal tips, as demonstrated with the first experimental data. The photoemission from the metal tip shows that already extremely
weak pulses are sufficient for this interesting regime of
nonlinear optics.
Our concept is also an interesting seed source for high
power applications. It allows omitting the Ti:Sa oscillator/amplifier with subsequent intra-pulse DFG [3], which
has to be synchronized to the pump laser. Additionally, it
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Fig. 5. (Color online) Current as function of the pulse energy
focused onto a tungsten tip. Inset: schematic of the multiphoton
photoemission process: E F , Fermi energy; W a , work function.

would provide much more seed energy than the reported
few picojoules [7] to nanojoules, which will lead to a
drastic improvement in pulse contrast. The remaining
challenge will be to either generate a stable supercontinuum from the typical picosecond pump pulses or to
boost the Jenlas D2.fs output pulses to the millijoule
regime.
We thank M. Schenk and M. Krüger for experimental
support with the electron measurement, and the DFGCluster of Excellence: Munich-Centre for Advanced
Photonics for financial support.
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The interaction of exciton and charge transfer (CT) states plays a central role in photo-induced CT
processes in chemistry, biology, and physics. In this work, we use a combination of two-dimensional
electronic spectroscopy (2D-ES), pump-probe measurements, and quantum chemistry to investigate
the ultrafast CT dynamics in a lutetium bisphthalocyanine dimer in different oxidation states. It
is found that in the anionic form, the combination of strong CT-exciton interaction and electronic
asymmetry induced by a counter-ion enables CT between the two macrocycles of the complex on
a 30 fs timescale. Following optical excitation, a chain of electron and hole transfer steps gives
rise to characteristic cross-peak dynamics in the electronic 2D spectra, and we monitor how the
excited state charge density ultimately localizes on the macrocycle closest to the counter-ion within
100 fs. A comparison with the dynamics in the radical species further elucidates how CT states
modulate the electronic structure and tune fs-reaction dynamics. Our experiments demonstrate the
unique capability of 2D-ES in combination with other methods to decipher ultrafast CT dynamics.
© 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4720492]
I. INTRODUCTION

Charge transfer (CT) is a ubiquitous process in nature
representing the initial step in many chemical reactions and
bioenergetic pathways.1 Photo-induced CT is intimately related to harnessing and conversion of radiative energy in
photovoltaics,2–4 photosynthesis,5–7 and catalysis.8 CT states,
representing an excitation in a molecular aggregate where the
electron and hole are located on different chromophores, are
characterized by low transition dipole moments and strong
sensitivity to environmental perturbations.9, 10 Due to their
low transition dipole moments, CT states participate in photoinduced reactions via the interaction with optically allowed
(bright) states. If the interaction with the CT states is weak,
the resonance interaction between locally excited (LE) states
leads to excited states which are delocalized over the chromophores in the aggregate (exciton states). For a more pronounced CT interaction, the mixing of excitonic and CT states
leads to (delocalized) eigenstates exhibiting various degrees
of charge separation. After photo-excitation, interaction with
the nuclear degrees of freedom enables relaxation within the
manifold of excited states, ultimately leading to population of
the CT states.
a) Electronic mail: harald.f.kauffmann@univie.ac.at.
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The inﬂuence of the CT states on the electronic structure depends on the relative magnitude of resonance-coupling
(Coulombic interaction between LE states) and CT-coupling
(between LE and CT states, depending on the wave function overlap11 ). This elementary interplay can be studied in
model systems where the different couplings can be controlled via the inter-pigment distance, and where the energies of the CT states can be altered electrochemically. One
such class of molecules is bisphthalocyanines, which comprise two macrocyclic phthalocyanine moieties held together
at a ﬁxed distance by a rare earth cation.12, 13 The close proximity of the two rings (2.8 Å for lutetium) gives rise to delocalized charge distributions and results in strong CT coupling due to signiﬁcant wavefunction overlap.14 The resulting
high degree of charge carrier mobility readily explains their
semiconductivity15, 16 and electrochromic behavior.17, 18
In its electronic ground state, lutetium bisphthalocyanine
([LuPc2 ]) is a stable radical ([LuPc2 ]• ) with an intermediate
oxidation state of −1.5 on each ring.19 [LuPc2 ]• cannot stabilize inter-ring CT states, and the electronic structure can be
understood via resonance interaction between the LE states.
The electronic structure will be similar to that of a H-type
dimer, which gives rise to a single transition in the linear
absorption spectrum (Fig. 1). On the other hand, the anion
([LuPc2 ]− ) exhibits CT states in the same energy range as the
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204503-2

ν (1000 cm-1)
FIG. 1. Linear absorption of [LuPc2 ]− TBA+ in benzonitrile (blue line) and
[LuPc2 ]• in toluene (red line) shown together with the pulse spectrum used
in the 2D experiments (grey). The inset shows the structure of [LuPc2 ]− and
the position of the TBA+ counter-ion.

LE states.14 The additional CT coupling drastically changes
the electronic structure and gives rise to two bands in the linear absorption spectrum (Fig. 1). Therefore, the comparison
of [LuPc2 ] in different oxidation states provides a perfect opportunity to pinpoint the inﬂuence of the CT states on the electronic structure and dynamics.
The structural and electronic similarities favor [LuPc2 ]−
as a biomimetic model system for studies of the special pair
in the photosynthetic reaction center (RC).5 However, for isolated [LuPc2 ]− , the CT states representing forward and backward CT between the rings are energetically degenerate, and
the electronic structure can be described by charge resonance
states.14 The presence of an environmental asymmetry breaks
the energetic degeneracy of the CT states, lowering the energy of the CT state on one side of the complex and enables a
net transfer of charge after photo-excitation. In the RC, such
asymmetry arises from differences in the electronic couplings
among pigments due to slightly different spacings between
the cofactor units,20 distinct dielectric environments due to
intra-protein electric ﬁelds,21–23 and different hydrogen bonding pattern around the central units.24 In other redox systems,
the asymmetry may be provided by counter-ions. The formation of ion associates can have profound inﬂuence on the electronic structure and the path of chemical reactions.25–27 For
weak CT coupling (non-adiabatic CT), the role of the counterion has been studied, and it has been shown that the counterion can actively or passively control the rate of CT depending
on the strength of association.26–29
Conventionally, CT has been studied in systems where
the CT coupling is larger than the resonance coupling, implying that CT proceeds without interference from energy
transfer processes. However, in systems like the natural RCs
or in novel architectures for artiﬁcial light harvesting, the
two couplings can be of equal magnitude and both energy transfer and CT will take place simultaneously. The
interplay of resonance- and CT-coupling in these systems
tunes the excited state evolution and the dynamics of the
charge separation and energy transfer processes. Such excited state dynamics gives rise to complicated spectral signatures, making a detailed investigation of the underlying mechanisms with conventional techniques difﬁcult. In this work
we employ two-dimensional-(2D) and ultra-broadband pumpprobe-spectroscopy to disentangle the excited state dynamics

in a metal bridged dimer ([LuPc2 ]), where the resonance- and
CT-couplings are of equal magnitude. The inﬂuence of CT
states and CT coupling on the excited state structure and dynamics is further studied via electrochemical tuning of the CT
state energies. In addition, we investigate how speciﬁc details
of ion-pairing enable ultrafast charge transfer across the complex. The combination of various approaches, both theoretical
(quantum chemistry and density matrix propagation) and experimental (absorption, pump-probe, and 2D spectroscopy),
gives a detailed picture of the ultrafast CT dynamics.

II. EXPERIMENTAL METHODS

Lutetium(III)bisphthalocyanine-tetrabutyl-ammonium
salt ([LuPc2 ]− TBA+ ) and its radical form [LuPc2 ]• were
synthesized via a base catalyzed cyclotetramerization reaction of phthalonitrile with lutetiumacetate in the bulk-phase
at elevated temperature. The synthesis was carried out using
known procedures from the literature.13, 30 Both the synthetic
preparation and the characterization of the complex are
described in detail in the supporting material.31
The setup and methodology used for the 2D experiments
has been described in detail previously.32 In the experiments
reported here, a home built non-collinear optical parametric
ampliﬁer (NOPA) operated at 200 kHz repetition rate generated pulses centered at 15 000 cm−1 with a bandwidth of
2500 cm−1 FWHM (Fig. 1). The FWHM of the intensity autocorrelation was 13 fs (9.2 fs pulse duration), while the corresponding width assuming a ﬂat phase over the pulse spectrum
was 10 fs. Two phase stable pulse pairs were generated by
diffracting the NOPA pulses through a transmission grating.
In the 2D experiment, the delay between the ﬁrst two pulses,
t1 , was scanned with interferometric accuracy, while the delay between the second and third interaction, t2 , was held constant. The signal radiated in the phasematching direction was
overlapped with the local oscillator (LO), and the signal ﬁeld
was recovered by spectral interferometry. The 2D spectrum
as a function of v1 and v3 was obtained by Fourier transforming over t1 and addition of rephasing and non-rephasing signal contributions. The absolute phase of each 2D spectrum
was determined by adjusting the LO delay and phase to optimize the overlap of the projection of the real part of the 2D
spectrum with the spectrally resolved pump-probe signal.31
[LuPc2 ]− TBA+ dissolved in benzonitrile was used in a wireguided ﬂow jet giving a ﬁlm thickness of 230 μm. The structure and linear absorption spectrum of [LuPc2 ]− TBA+ are
shown in Fig. 1 together with the NOPA spectrum used in
the experiments.
Broadband pump-probe measurements were carried out
in a setup described in detail previously.33 To extend the probe
range to the near-infrared (NIR) region, a home built optical
parametric ampliﬁer (OPA) operating at 8300 cm−1 was used
to generate white-light from 9000–25 000 cm−1 .4, 34 To cover
the bands in the UV region (25 000–32 000 cm−1 ), white-light
was generated by focusing the output from the Ti:Sapphire
laser into a CaF2 plate.33 Pump pulses of ∼40 fs duration
were used to selectively excite the two bands at 14 200 and
16 200 cm−1 giving a time resolution of 50 fs.
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FIG. 2. 2D spectra of [LuPc2 ]− TBA+ at different waiting times (t2 ) indicated in the ﬁgure. The top row shows the experimental results, while the middle and
bottom rows show the simulated total spectra and ground state bleach (GSB) plus stimulated emission (SE) contributions, respectively. All spectra have been
normalized to the maximum of the total signal, and contour lines are drawn in 5% increments starting at 5%. Positive signal contributions (GSB + SE) are
shown in red while negative (ESA) are shown in blue dash. The points used for the kinetics in Fig. 3 are shown for t2 = 45 fs.

III. RESULTS
A. Experimental results

The interplay of exciton and CT states and their inﬂuence
on the excited state dynamics in [LuPc2 ]− have been studied previously with pump-probe and two-color photon echospectroscopy.35, 36 The pump-probe measurements revealed
that the transient spectra were independent of which of the
two bands was pumped, indicating rapid relaxation in the excited state. To resolve the excited state dynamics we turned to
2D spectroscopy.37 By correlating the optical coherence evolution between the ﬁrst and third time interval in a four-wave
mixing sequence, 2D spectroscopy maps the system dynamics onto two dimensions, thereby minimizing spectral congestion, and provides a very detailed picture of the system’s
evolution.38
Figure 2 shows the real part of the 2D spectrum of
[LuPc2 ]− TBA+ in benzonitrile for t2 = 0, 15, 45, and 400
fs. The waiting time t2 denotes the delay between the ﬁrst and
the second pulse pairs, and corresponds to the probe delay in
a pump-probe experiment. All spectra have been normalized
to their respective maxima, and contour lines are drawn in 5%
increments. In Fig. 2, positive signals correspond to stimulated emission (SE) and ground state bleach (GSB), while excited state absorption (ESA) results in negative signals. The
2D spectrum at t2 = 15 fs (outside pulse overlap) shows two
diagonal peaks corresponding to the two bands in the linear
absorption spectrum. A closer inspection of the low energy
diagonal peak reveals that it is more accurately described as
two separate peaks at v3 = 14 200 and 14 800 cm−1 , respec-

tively. Above the high energy diagonal peak we observe small
amounts of ESA (blue dashed lines). In addition to the diagonal peaks and ESA contributions, one cross-peak at v1 ,
v3 = 14 200, 16 200 cm−1 is clearly visible. This cross-peak
shows that the transitions responsible for the main bands in
the linear absorption spectrum share a common ground state.
Surprisingly, there is no corresponding cross-peak below the
diagonal. For longer t2 we ﬁnd that the cross-peak below the
diagonal recovers. However, the recovery of the cross-peak is
not uniform. The 2D spectrum at t2 = 45 fs shows that the
cross-peak at v3 = 14 800 cm−1 grows much faster than the
one at 14 200 cm−1 . For longer t2 , the cross-peak below
the diagonal becomes more symmetric, but its amplitude remains weaker than the amplitude of the opposite cross-peak
for all t2 .
The 2D spectra in Fig. 2 do not provide an accurate picture of the dynamics in the system because of the
normalization. The variation of the amplitudes of the different peaks as a function of t2 provides information on
population dynamics of the system which cannot be obtained from the normalized spectra. To analyze the kinetics, we show in Fig. 3 the time evolution of the volume
of a 30 × 30 cm−1 box for the diagonal peaks at 14 200
(dp1), 14 800 (dp2), and 16 200 cm−1 (dp3), and the crosspeaks v1 , v3 = 16 200, 14 200 cm−1 (cp1); v1 , v3 = 16 200,
14 800 cm−1 (cp2); and v1 , v3 = 14 200, 16 200 cm−1 (cp3).
The positions of these points are also shown in Fig. 2 for t2
= 45 fs. The kinetics of the diagonal peaks display a fast decay to about 50% of the value at t2 = 0. The amplitude of
dp3 decays on a 30 fs timescale, while dp1 and dp2 show an
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FIG. 4. Pump-probe spectra of [LuPc2 ]− TBA+ in benzonitrile with a focus on the NIR region for t2 = 0.1, 0.6, 1.5, 3, and 10 ps (from red to
blue). The inset shows the (normalized) kinetics at the frequencies indicated by the arrows in the main ﬁgure, i.e., at 10 870 cm−1 (red circles) and
12 500 cm−1 (blue circles). The solid lines are the corresponding ﬁts. In
pump-probe spectroscopy, the standard sign convention (i.e., OD) is opposite to that in 2D, e.g., ESA gives rise to positive signal contributions.

400

FIG. 3. Kinetics of the different points in the 2D spectra indicated in
Fig. 2. (a) Diagonal peak kinetics for dp1 (black triangles), dp2 (red circles),
and dp3 (blue squares, upper panel) together with the simulations (solid lines
in the same color). The different curves have their own y-axis as indicated by
the colors. (b) Cross-peak kinetics for cp1 (black triangles), cp2 (red circles),
and cp3 (blue squares, upper panel) together with the simulated curves (solid
lines).

almost constant amplitude outside pulse overlap (t2 ≥ 15 fs).
The cross-peaks exhibit more complicated behavior. While
cp3 behaves qualitatively in the same way as dp3, the crosspeaks below the diagonal show distinct dynamics. The amplitude of cp2 rises on a 20 fs timescale followed by a quick
decay. After about 50 fs, the rise is complete and the signal
shows a slow oscillation around a stationary value. The amplitude of cp1 shows a delayed rise, reaching its peak value after
about 100 fs. After reaching their ﬁnal values, cp1 and cp2
both oscillate with a frequency of 160 cm−1 . The same modulation is found in pump-probe,35 two-color photon echo.36 We
can assign this mode, based on our quantum chemical calculations, to a modulation of the Lu-N distance.31
The appearance of the 2D spectrum for t2 ≥ 30 fs deviates from what we expect for a coupled dimer, insofar as it
does not display a characteristic four peak pattern.39 The absence of a cross-peak below the diagonal gives rise to a pronounced asymmetry of the spectra. This effect clearly remains
outside pulse overlap, but diminishes as the population relaxes
from the upper band (decay of dp3). This points to ESA from
the upper band as the origin of the cancellation of the crosspeak below the diagonal. As the ESA signal decays, the underlying GSB contribution becomes visible. Such relaxation
should give rise to a SE signal in the region of the cross-peak
below the diagonal (relaxation cross-peak). For this reason,
we expect this cross-peak to be stronger than the corresponding one above the diagonal (cp3) when relaxation from the
upper band has been completed. However, we ﬁnd that the
cross-peak below the diagonal remains weaker for all t2 . This
observation could in principle be explained by loss of the SE
signal due to relaxation to a state outside the spectral window

or into a state with low transition dipole moment. However,
we see no indication of such relaxation in the kinetics of either dp1+dp2 or cp1+cp2. If the population remains in the
lower band, the positive SE signal could be hidden by a negative ESA signal overlapping with the positive GSB of the
low energy band. While this would explain the 2D kinetics, it
cannot explain the reported lack of ﬂuorescence from the low
energy band.35
It thus becomes apparent that the 2D experiment, despite
the 4500 cm−1 probe range, is not able to follow all relaxation processes in the system and cannot provide on its own
the basis for a complete relaxation model. To be able to probe
the response of (possible) low energy states in the NIR which
are not covered in our 2D experiment, we turned to broadband pump-probe spectroscopy. Figure 4 shows the pumpprobe spectra in the NIR region for a few selected delays.
At t2 = 100 fs, a broad ESA signal covers the entire region
from 9000 to 13 000 cm−1 . For longer t2 , the ESA around
12 500 cm−1 (blue arrow) seems to decay signiﬁcantly faster
than the ESA below 11 000 cm−1 (red arrow). The single
wavelength ﬁts shown in the inset reveal that the ESA at
10 870 cm−1 decays with a 3.8 ps exponential component,
which is equal to the lifetime of the lowest excited state obtained from a global ﬁt.31 On the other hand, the signal at
12 500 cm−1 shows an additional 70–100 fs decay component. The kinetics in this spectral region reﬂects the sum of
ESA and SE contributions. The additional fast decay of the
signal at 12 500 cm−1 can thus be interpreted as the delayed
rise of SE from an almost dark state with a transition in the
NIR region as discussed above. The SE signal at 12 500 cm−1
is about 20 times weaker (∼1 compared to 20 mOD) than the
main GSB peak at 14 200 cm−1 . The low transition dipole
moment of this transition readily explains the lack of ﬂuorescence in this system. Based on the 1/20 ratio of the transition
strength of the “dark state” and the GSB togehter with the
3.8 ps lifetime, we estimate a ﬂuorescence quantum yield in
the 10−5 range. This is beyond the detection sensitivity of our
and previous experiments.35
The discussion of 2D and pump-probe spectra above provides a rough overview of electronic structure and ultrafast
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FIG. 5. Pump-probe spectra of [LuPc2 ]• in toluene for t2 = 0.05, 0.2, 0.5, 1,
3, and 5 ps (from bottom to top). The spectra have been shifted for ease of
viewing. Solid lines are ﬁtted results based on a model discussed in the text.
Negative signals correspond to SE/GSB in accordance with the convention in
pump-probe.

dynamics in [LuPc2 ]− TBA+ . The states initially prepared by
pumping the upper band decay to the low energy bright band
on a 30 fs timescale. The presence of two diagonal peaks and
the distinct relaxation dynamics associated with cp1 and cp2
point to two separate electronic states in this band (Fig. 3).
The population of these two states ﬂows on a 100 fs timescale
into an almost dark state with a transition in the NIR range
(Fig. 4).
To elucidate the inﬂuence of the CT states on the electronic structure in [LuPc2 ], we carried out pump-probe experiments on [LuPc2 ]• . Figure 5 shows pump-probe spectra
at selected delays together with the ﬁt based on a kinetic
model including the upper (optically allowed) exciton state,
the lower (optically forbidden) exciton state, and a hot ground
state. From the ﬁt we conclude that the upper exciton level
decays to the lower one with a 400 fs time-constant. From
this level, there is an ESA transition to a doubly excited state.
This doubly excited state is shifted by −550 cm−1 as compared to twice the LE energy. The red-shifted ESA from the
dark state leads to a seemingly faster decay of the signal on
the red side of the spectrum as the population ﬂows into the
low energy exciton state. Finally, the lower exciton level decays into a hot ground state with a 2.5 ps time-constant, where
subsequent cooling takes place on a timescale of 15 ps.

B. Electronic structure of [LuPc2 ]

To be able to interpret the experimental results on
[LuPc2 ] and speciﬁcally to elucidate the role of the CT states,
it is necessary to develop a model of the electronic structure enabling simulations of the linear- and nonlinear-spectra.
Such a representation is provided by the Frenkel exciton
Hamiltonian with LE and CT states.40 This model provides
a descriptive picture of the interaction of optical excitations
with CT states, which is useful for generalization and interpretation of the results. Furthermore, it allows us to include
doubly excited states needed to account for ESA, which is
extremely important for the interpretation of the 2D
experiments.
As a starting point we include the Qx - and Qy excitations on each monomer (A and B). [LuPc2 ] exhibits
D4d symmetry,12 e.g., the two rings are twisted by 45◦ with

FIG. 6. Diagrams illustrating selected singly excited states contributing to
the model. The full set of states is obtained by permutations of A → B. Solid
circles represent electrons, hollow circles represent holes. Black and red color
refer to excitation of x- and y-orbital, respectively. The couplings between the
states are indicated by Jex and Jct .

respect to each other (Fig. 1). The transitions on the different monomers interact via resonance coupling, and due to the
overlap of the wave functions, the excitations on the different
rings are also coupled via electron transfer into the LUMO orbitals. This allows us to construct 4 distinguishable CT states.
In our terminology, CxA is the state where the excited electron
is transferred from the excited x- or y-orbital on monomer B
to the excited x-orbital on monomer A. A subset of the states
used to construct the basis states is shown in Fig. 6. Using the
conﬁguration diagrams we can write the Hamiltonian for the
one-exciton manifold as
⎡ B
⎤
0 0 0
Cx 0 Jct Jct 0
B
⎢ 0 Cy −Jct Jct 0
0 0 0 ⎥
⎢
⎥
⎢ Jct −Jct QA
0
−J
J
0 ⎥
ex ex 0
x
⎢
⎥
⎢ Jct Jct
0 QA
0 ⎥
y Jex Jex 0
⎢
⎥,
(1)
HS = ⎢
B
⎥
⎢ 0 0 −Jex Jex Qy 0 Jct −Jct ⎥
⎢ 0 0 Jex Jex 0 QB Jct Jct ⎥
x
⎢
⎥
⎣ 0 0
0
0 Jct Jct CyA 0 ⎦
0 0
0
0 −Jct Jct 0 CxA
where Jex is the resonance-coupling and Jct is the CTcoupling.
Taking the rings as equivalent, Qx = Qy , and assuming
that CxA ≥ QA
x , the present model recovers the previously proposed electronic structure of [LuPc2 ]− .14, 41, 42 In this model,
the band at 14 200 cm−1 has predominant charge resonance
character, while the band at 16 200 cm−1 has a dominant exciton character. In addition, this model predicts one dark transition in the NIR region.14 This exciton model agrees very well
with our time-dependent/density functional theory (TD/DFT)
calculations on [LuPc2 ]− discussed in Appendix A. These
calculations yielded three doubly degenerate electronic states
with vertical transition energies of 11 682, 15 848, and 18 657
cm−1 , and oscillator strengths of 0.00, 0.45, and 1.03,
respectively.
Both the exciton model in the form discussed above and
the direct TD/DFT calculations predict two bright states in the
relevant spectral range, i.e., the two main absorption bands.
However, none of the models are able to explain the double
peak structure of the low energy band or the distinct dynamics of the cross-peaks below the diagonal in the 2D spectra.
To ﬁnd an explanation for these additional features found in
the experiment, we investigated the role of the counter-ion
(TBA+ ) present in our experiments. NMR studies on a series
of bisphthalocyanines have shown a considerable amount of
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TABLE I. Transition energies and oscillator strengths for the ﬁrst 6 electronic states in [LuPc2 ]− TBA+ at the BHLYP/SV(P) level of theory.
v (cm−1 )
q1
q2
q3
q4
q5
q6

10 384
10 449
15 625
15 823
17 986
18 116

f

Orbitals

0.001 51% HOMO → [LUMO + 1], 48% HOMO → LUMO
0.003 51% HOMO → LUMO, 48% HOMO → [LUMO + 1]
0.150
86% HOMO → [LUMO + 2]
0.156
85% HOMO → [LUMO + 3]
0.504
85% [HOMO − 1] → LUMO
0.523
85% [HOMO − 1] → [LUMO + 1]
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ion association in solution.30, 43 These experiments concluded
that the counter-ion is situated on top of one of the Pc macrocycles as indicated in Fig. 1. This is similar to the arrangement
in the crystal structure,12 which we took as a starting point for
the calculations of the optimized ground state geometries and
vertical transition energies of the [LuPc2 ]− TBA+ complex.
The calculations show that the interaction with the counterion leads to a splitting of the doubly degenerate states found
for [LuPc2 ]− , giving rise to 6 transitions in the relevant spectral range. The energies, oscillator strengths, and contributing
orbitals for [LuPc2 ]− TBA+ as derived from quantum chemistry are shown in Table I.
The association with the counter-ion leads to signiﬁcant
changes in the electronic structure of the complex and gives
rise to additional allowed electronic transitions. To understand
how these changes can be interpreted in terms of the energies
and couplings between the states in the exciton model, Fig. 7
shows the optimized ground state geometry for [LuPc2 ]− and
[LuPc2 ]− TBA+ . For [LuPc2 ]− , the di-anionic rings (Pc2 − )
display a symmetric off-planarity distortion due to electrostatic interaction with the central metal ion. In the presence of
the counter-ion, the off-planarity distortion is decreased signiﬁcantly along the axis in contact with the alkyl chains of
the TBA+ molecule. From an exciton model point of view,
this implies that the excitation along this axis, here Qx , on the
ring closest to the counter-ion should be lowered in energy.
Similarly, the state corresponding to CT into the same orbital
should decrease in energy as well.
The simulations of the linear absorption spectra of
[LuPc2 ]• and [LuPc2 ]− TBA+ based on Eq. (1) are shown
in Fig. 8(a). For [LuPc2 ]− TBA+ we also show the stickspectrum obtained after direct diagonalization of Hs . Denoting the ring closest to the (positive) counter-ion A, we
ﬁnd that lowering the energy of CxA (electron transfer towards the counter-ion) is able to mimic the general features of the electronic structure found in the quantum chem-

(a)

(b)

FIG. 7. Optimized ground state geometries at the BHLYP/SV(P) level of
theory. (a) [LuPc2 ]− and (b) [LuPc2 ]− TBA+ .

(b)
i

ii

eu
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e7
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e1

FIG. 8. (a) Linear absorption spectra of [LuPc2 ]• (red squares) and
[LuPc2 ]− TBA+ (blue circles). The solid curves show the simulations based
on the model discussed in the text. For [LuPc2 ]− TBA+ , the stick-spectrum
using a single realization of disorder is also shown. The four peaks correspond to the transitions to the states e4 (14 273 cm−1 ), e5 (14 778 cm−1 ), e7
(16 153 cm−1 ), and e8 (16 349 cm−1 ) in the exciton model. (b) Energy level
structure in the exciton model for [LuPc2 ]• (i) and [LuPc2 ]− TBA+ (ii). Solid
(dashed) lines correspond to states with large (small) transition dipole moment from the ground state. Solid (dashed) arrows indicate the major (minor)
relaxation pathways discussed in the text.

A
B
ical calculations. For Fig. 8(a) we used QA
x = Qy = Qx
B
−1
B
B
A
−1
= Qy = 13 500 cm , Cx = Cy = Cy = 15 150 cm ,
CxA = 11 600 cm−1 , Jex = 1395 cm−1 , and Jct = 725.5 cm−1 .
Based on the quantum chemical calculations, we expect that
the interaction with the counter-ion should lead to a decrease
of the energy of QA
x as well. However, changing the energy of
−1
only leads to minor changes in the linear
QA
x by −500 cm
absorption spectrum and we therefore kept all Q-transitions
degenerate for the remainder of the paper. To avoid confusion
with the states obtained from quantum chemistry, we will denote the states of the exciton model with en . States e1 , e2 , and
e3 are located in the NIR and have very low or zero transition dipole moments. States e4 and e5 are located in the low
energy band seen in linear absorption and are separated by
∼500 cm−1 (Fig. 8(a)). This double peak structure in the low
energy bright band is essential to reproduce the observations
in the 2D spectrum. State e6 is dark and is located in between
the two bands, while states e7 and e8 are the origin of the upper band in linear absorption.
With the large number of states and couplings, a ﬁt to
the linear absorption spectrum is by no means unique. An
important test of the validity of the model and the parameters is to apply the model derived for the [LuPc2 ]− TBA+ to
[LuPc2 ]• . The radical itself is non-polar and can therefore not
stabilize the CT states. We modeled the spectrum of [LuPc2 ]•
by raising the energies of the CT states to a spectral position
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C. Excited state dynamics in [LuPc2 ]− TBA+

The preceding paragraph outlined a realistic description
of the electronic structure of [LuPc2 ]− TBA+ . To interpret the
observed excited state dynamics we carried out simulations
of the 2D spectra based on the CT-Hamiltonian (Eq. (1)) and
time-dependent Redﬁeld theory in the Markov approximation
(see Appendix B). The simulated 2D spectra and kinetics are
shown in the middle and bottom rows of Fig. 2 and in Fig. 3,
respectively.
The simulations are in very good agreement with the
experimental results, and reproduce the shape and evolution
of the 2D spectra. At t2 = 0, there is a clear asymmetry, where
the cross-peak below the diagonal is signiﬁcantly weaker
than the one above the diagonal. It follows from the comparison of the total simulated signal with the GSB + SE contribution (Fig. 2) that the missing cross-peak is due to overlap of
ESA from population in the upper band. The simulations also
reproduce the double peak structure of the low energy band,
and we can assign this feature to the eigenstates e4 and e5
of the Hamiltonian Hs . The splitting between dp1 and dp2 is
close to the frequency of one of the vibrational modes found
in the quantum chemical calculations (725 cm−1 ).31 If dp2
was a vibrational sideband to dp1, this mode would need to
have a Huang-Rhys factor of the order of 1 to match the observed amplitude. This would give rise to a progression of
peaks not seen in the experiments. Furthermore, within the
Condon approximation, all vibrational transitions involving
the same mode would have the same direction of the transition

Population (arb. unit)

where their inﬂuence on the Q transitions is negligible. In
addition, we used that the Qx /Qy -transitions are degenerate
in the absence of the counter-ion. The successful prediction
of the transition frequency, width of the main peak, and vibrational sideband for [LuPc2 ]• evident from Fig. 8(a) shows
that we have correctly estimated the spectral densities, resonance coupling, and Q-transition energies in [LuPc2 ].
The quantum chemical calculations and the exciton
model represent two different descriptions of the electronic
structure of [LuPc2 ]. The quantum chemical calculations
adopt a supra-molecular perspective and include resonanceand CT-couplings between the two rings implicitly. The exciton model is based on distinguishable molecular excitations
with free parameters (energies and couplings) and a minimum number of interactions. Using the language of the exciton model, the quantum chemical calculations include more
states and couplings and will provide a more realistic molecular view. For instance, the quantum chemical calculations account for hole transfer and polarization of [LuPc2 ]− TBA+ in
the ground state, which is not included in the exciton model.
However, the quantum chemical calculations do not provide
insight into the dynamics of the system or provide any information about doubly excited states, and therefore the combination of both models is needed for the interpretation of
the experimental results. The states of the two models cannot
be linked one-to-one, but a comparison of the excited state
manifolds31 suggests that one can well connect the dynamics
of states e4 , e5 to q3 , q4 and e7 , e8 to q5 , q6 .

J. Chem. Phys. 136, 204503 (2012)

1.0

Population (arb. unit)

204503-7

1.0

(a)

0.5

0.0

(b)

0.5

0.0

100

10

1000

t2 (fs)
FIG. 9. Dynamics of e8 (black solid), e7 (red dash), e5 (blue dot), e4 (magenta dashed-dotted), and e1 (olive dashed-dotted-dotted) after initial population of e8 (a) and e7 (b).

dipole moment and we would thus expect to see clear crosspeaks between them.44 The lack of a cross-peak between dp1
and dp2 is readily reproduced in our model (Fig. 2). This can
be understood from the perpendicular orientations of the transition dipole moments of e4 and e5 , which suppress crosspeaks by a factor of three in an experiment with all parallel
polarizations.45
After excitation, coupling to the bath drives relaxation
between energy levels in the one-exciton manifold leading to
dynamics in the 2D spectrum. Figure 9 shows the simulated
evolution of the populations after excitation of state e7 and e8
corresponding to the band at 16 200 cm−1 . The initially prepared states decay and populate state e5 within 30 fs while
the population of state e4 rises somewhat slower. This is particularly obvious for initial excitation of state e7 (Fig. 9(b)),
where a clear separation of the rise of the population of e4 and
e5 can be observed. By inspecting the relaxation rates, we can
conclude that relaxation from e8 → e5 and e7 → e5 (Redﬁeld
rates31 of 18 and 11 fs) is about 3 times faster than relaxation
to state e4 (64 and 75 fs). This indicates that the faster rise of
cp2 can be traced to faster population relaxation into state e5 .
To investigate if this relaxation path also leads to clear signatures in the 2D spectra, we show in Fig. 10 the simulated kinetics with and without the ESA contribution. Inspecting the
kinetics, we ﬁnd that the cross-peaks indeed show a fast rise
reﬂecting SE after population transfer from the upper band,
and cp2 rises somewhat faster than cp1. However, the SE contribution in cp2 does not acquire signiﬁcant amplitude due to
fast relaxation from state e5 → e4 . Although the ESA contribution strongly reshapes the kinetics in the 2D spectra, we can
conclude that the dominating relaxation pathway from the upper band involves relaxation via state e5 further on to e4 (see
Fig. 8(b)).
Turning to the diagonal peaks, we ﬁnd that the SE signal
decays on a 250 fs timescale. Interestingly, this decay is almost absent when the kinetics of the total signal is evaluated
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FIG. 10. Kinetics of the simulated 2D spectra with (solid) and without
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(Fig. 10(b)). This implies that the ESA contribution has a similar magnitude as the SE contribution, and that they both decay as the population ﬂows out of e4 and e5 . This matches the
observations of the experiments, where the low energy diagonal peak shows little dynamics even though it is clear from
the pump-probe measurements that the dark states in the bottom of the manifold of excited states get populated on a 100
fs timescale.
The changes in the shape of the cross-peak below the diagonal during relaxation from the upper to the lower band
could provide valuable information on the relaxation pathways. The experimental 2D spectrum at t2 = 45 fs (Fig. 2)
shows that cp2 has its maximum at lower v1 as compared to
cp1. The simplest interpretation of this effect is that e5 gets
populated from e7 while e4 gets populated from e8 . The kinetics shown in Fig. 9 shows that e7 preferentially populates
e4 and thus gives some support for such a conclusion. However, inspecting the simulated spectra in Fig. 2, we can conclude that the inclusion of ESA is essential to reproduce the
temporal evolution of the shape of the cross-peaks. The negative ellipticity of the cross-peaks (an elongation along the
anti-diagonal) remains after relaxation, but is only reproduced
when the ESA contribution is included in the simulations. The
shape of the cross-peaks is thus not related to anti-correlated
diagonal disorder46 (site energies) or off-diagonal disorder
(coupling disorder), but result from the overlap of the different signal contributions.

IV. DISCUSSION
A. Role of charge transfer states in [LuPc2 ]

The ability to alter the CT state energies in [LuPc2 ] electrochemically gives a good opportunity to study the inﬂuence
of CT states on the electronic structure and dynamics in a
coupled system. In this respect, it is instructive to compare

[LuPc2 ]− to [LuPc2 ]• and for a moment neglect the inﬂuence of the counter-ion. It is already clear from Fig. 1 that the
presence of the CT states in [LuPc2 ]− dramatically changes
the excited state structure giving rise to new transitions and
a redistribution of the oscillator strength. Comparing the evolution of the upper state(s) in [LuPc2 ]• and [LuPc2 ]− illustrates that there is a strong impact on the dynamics as well:
the lifetime decreases from 400 to 30 fs in the presence of
the CT states. The results summarized in Fig. 8(a) show that
our model can interpolate between [LuPc2 ]− and [LuPc2 ]• by
just shifting the energy of the CT states, and this allows us to
pinpoint the mechanism for the slower dynamics in [LuPc2 ]• .
Our model shows that the energetic splitting between the
upper and lower band is signiﬁcantly larger in [LuPc2 ]•
(∼2800 cm−1 ) as compared to [LuPc2 ]− (∼2000 cm−1 ). We
ﬁnd that the fast rates in [LuPc2 ]− can only be reproduced
when we include vibrational (intra-molecular) modes in the
bath. From this we conclude that the 1600 cm−1 mode responsible for the vibrational sideband in [LuPc2 ] plays a central role in the relaxation processes. To fully explain the rates
in the experiments we need to account for the inﬂuence of the
counter-ion. The association with the counter-ion splits the
degenerate energy levels and opens up additional relaxation
pathways in the appropriate energy range (∼1600 cm−1 ).
Turning to [LuPc2 ]• , we ﬁnd that the energy gap is too large
for relaxation via the high frequency vibrational mode. Relaxation must thus proceed via the (weak) high energy wing
of the Brownian oscillator spectral density used to describe
the overdamped bath modes. The difference in the relaxation
rates between [LuPc2 ]− and [LuPc2 ]• is thus not related to the
enhanced coupling to the bath of the CT states, but determined
by the differences in the energy level structure of the two systems. We note that the speedup of relaxation in the presence of
CT states depends on the details of the relaxation mechanism
and the spectral densities. In the presence of high frequency
vibrational modes, the larger system-bath coupling of the CT
states may not necessarily lead to a signiﬁcant increase in the
relaxation rates as was shown recently in a simulation study
of the photosystem II reaction center.40
From the geometrical structure and linear optical properties, [LuPc2 ]− seems to be a highly suitable candidate
for investigations of fundamental processes such as electronic coherence dynamics, dephasing, and population relaxation. Such studies would be valuable for a better understanding of the more complicated dynamics observed in
protein pigment complexes.47–49 However, the 2D spectra of
[LuPc2 ]− TBA+ show distinct differences to the dimer models in the literature.39, 46, 50–55 These differences cannot be explained by a rapid damping of the electronic coherences due
to stronger system-bath coupling of the CT states. Rather, our
analysis shows that including vibrational modes as well as
employing a proper model for the two-exciton manifold is
needed in order to understand the spectra and dynamics. The
properties of the states in the two-exciton manifold responsible for ESA cannot be deduced from available quantum chemical calculation with the needed precision, and therefore we
need to resort to the exciton model. Perhaps the most prominent observation in the present experiments is the absence of
a cross-peak below the diagonal at short population times (or
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lack of SE in pump-probe). While this requires a special structure of the two-exciton manifold, the same effect can show up
in any coupled system. In fact, such cancelation happens readily in the exciton model when the two LEs have unequal transition dipole moments. The absence of the cross-peak should
thus not be seen as a direct effect of the CT states, but illustrates the importance of the two-exciton manifold and ESA
for a proper interpretation of the spectra and dynamics. This
might seem surprising because the 2D spectra are dominated
by positive signal contributions (Fig. 2). However, ESA reshapes the peaks and strongly affects the observed kinetics
(Fig. 10). We note that our simple model for the two-exciton
band can account for the cancelation of the cross-peak below
the diagonal as well as the absence of decay dynamics in the
low energy band. To reach this agreement we need to shift the
two-exciton band by −1000 cm−1 from the values estimated
from the Frenkel exciton model. A similar redshift of the twoexciton manifold can be observed in [LuPc2 ]• (−550 cm−1 ),
indicating that electron correlation effects56 are signiﬁcant in
this system even in the absence of the CT states. Inspecting
the (full) pump-probe spectrum, one ﬁnds a very broad ESA
covering the entire visible spectral range.31 In order to reproduce the ESA spectrum in the visible spectral range, we
would need to include more (high energy) conﬁgurations to
the two-exciton Hamiltonian. The interaction of these high
energy conﬁgurations with the ones included in our model
could further contribute to the red-shift of the ESA observed
in the experiments.
The current experiments and analysis highlight the importance of the two-exciton manifold for the interpretation
of time-resolved spectroscopy of processes which take place
exclusively in the one-exciton manifold. In one-dimensional
techniques, like pump-probe or transient grating, the presence of ESA may easily be overlooked leading to erroneous
interpretation of the dynamics. In this respect, the combination of single- and double-quantum 2D spectroscopy is most
useful to elucidate the role of ESA and the associated signal
contributions.57, 58
The pronounced inﬂuence of ESA in [LuPc2 ] makes indepth analysis of the 2D spectra without numerical modeling
difﬁcult. Such simulations require a simple Hamiltonian mimicking the electronic structure of the system. There are many
models which could ﬁt the linear spectrum and give rise to a
suppressed cross-peak below the diagonal which grows as t2
increases, e.g., the simple exciton model with unequal transition dipole moments of the two LEs or the isolated [LuPc2 ]−
model discussed above. However, none of these models is
able to reproduce the dynamics in the cross-peak below the
diagonal, or the double peak structure of the low energy band.
By linking the exciton model to quantum chemical calculations, it is clear that precisely these features are signatures of
special interactions, and that they provide important information on the dynamics in the system.

B. Excited state charge transfer in [LuPc2 ]− TBA+

The association of [LuPc2 ]− with the TBA+ counter-ion
provides a natural explanation for the observation of the dou-
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FIG. 11. Dominant orbitals involved in selected transitions for
[LuPc2 ]− TBA+ using TD-BHLYP/SV(P). The legend to the left refers to
the number of the state in Table I, and the legend to the right to the features
assigned in Fig. 2. The timescales are obtained from the analysis of the
kinetics of the 2D spectra. The curved arrows indicate the different electron
(ET) and hole-transfer (HT) processes taking place after excitation of the
upper band in [LuPc2 ]− TBA+ .

ble peak structure in the low energy band in the 2D spectra
(Fig. 2). The formation of such ion-pairs has strong impact on
the character of the excited states. The (positive) charge of the
counter-ion serves to stabilize states representing CT towards
the counter-ion. This gives rise to an asymmetry in the energies of the CT states, and as a result, the electronic eigenstates
in [LuPc2 ]− TBA+ will reﬂect varying degrees of charge separation. Relaxation between the different energy levels thus
represents a net redistribution of electron and hole densities
between the two rings, which can be followed by the evolution
of the cross-peaks in the 2D spectra. By combining the analysis of the cross-peak dynamics within the exciton model with
the results of the quantum chemical calculations, it becomes
possible to obtain a molecular view of the CT dynamics.
Figure 11 shows the orbitals for the different bright transitions with labels indicating the states and the corresponding
features in the spectrum in Fig. 2. In addition, curved arrows
are used to indicate the CT processes connecting the different
states. An excitation of the high energy band (dp3) populates
an excited state with most of the charge density located on the
side of the counter-ion (ring A). The system ﬁrst relaxes via
hole transfer (CT in the HOMO orbital) to ring B in 30 fs.
This process is revealed via the faster rise of cp2 in the 2D
spectrum. Further relaxation requires electron transfer (CT in
the LUMO orbital) to ring B, and we ﬁnd that this process
also takes place on a 30 fs timescale. The system then goes to
a stable (on ps timescale) charge separated state with a transition in the NIR. For this state, the excited state charge density
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is located on the ring closest to the counter-ion. Our pumpprobe measurements reveal that populating the dark states
in the NIR takes only about 100 fs. The combination of CT
states and asymmetric interaction with the counter-ion thus
opens up a relaxation pathway which very rapidly localizes
the charge on one side of the complex. At ﬁrst glance, one
may assume that the counter-ion lowers the energy of both
CxA and CyA and stabilizes the charge in both orbitals on the
side of the counter-ion. However, it is clear from both the
quantum chemical calculations as well as the exciton model
that the molecular details of the interaction between [LuPc2 ]−
and the counter-ion need to be considered. The counter-ion
induces different distortions of the molecular structure along
the x- and y-coordinates, and this also affects the energies of
the CT states representing CT into the corresponding orbitals
on the macrocycle closest of the counter-ion. This selectivity is clearly manifested in the orbitals shown in Fig. 11, and
shows that a detailed understanding of the ultrafast dynamics requires careful consideration of the interactions in the
ion-pair.
[LuPc2 ]− TBA+ has many similarities to the so called
special pair in the bacterial reaction center. The special pair
is a dimer of bacteriochlorophylls coupled to CT states with
higher transition energy than the fundamental excitations.9
However, because of different orientation of the transition
dipoles, the lowest excited state (often named P− ) carries
most of the oscillator strength. Charge separation in the special pair takes place after direct excitation or energy transfer
to P− . Numerous works have concluded that P− corresponds
to a state with most of the charge density located on the Mside of the special pair. This localization of the charge density
has been explained by speciﬁc interactions, such as hydrogen bonds,24, 59 asymmetric interaction with the protein,21, 23
or a special arrangement and interaction of the reaction center pigments.20, 59–61 In the language of the exciton model, all
these mechanisms serve to lower the CT states on one side of
the complex in a similar way as the counter-ion in our case.
Our results show that the presence of an asymmetric interaction facilitates relaxation to the bottom of the band, where the
charge is localized on one side of the complex. In the special
pair, the relaxation time between the upper and lower exciton
band has been measured to be 65 fs.62 The localization of the
charge density on the M side of the special pair is thought to
be important for the directionality of electron transfer in the
bacterial reaction center, since the M side has a better overlap with the accessory bacteriochlorophyll on the L branch.61
Our experiments show that this type of charge localization can
be mimicked by our model system, and followed in real time
with 2D spectroscopy. The combination of 2D spectroscopy
and theoretical analysis including density matrix propagation
and quantum chemical calculations thus offers new possibilities to disentangle the complicated CT dynamics observed in
the photosystem II reaction center.63, 64
V. CONCLUSIONS

In this work we have investigated the electronic structure and excited state dynamics in a bis-phthalocyanine dimer
([LuPc2 ]− ) where the resonance- and CT-coupling are of the
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same magnitude. To selectively investigate the effects from
the resonance coupling, we have exploited the possibility
to “turn off” the CT coupling by oxidation of the complex
([LuPc2 ]• ). Based on linear absorption, 2D spectroscopy, and
pump-probe measurements, we have shown that the mixing of
exciton and CT states in [LuPc2 ]− leads to signiﬁcant changes
of the electronic structure and a tenfold speedup of the excited state dynamics as compared to the excitonic [LuPc2 ]• .
The speedup of the dynamics in [LuPc2 ]− can be qualitatively understood from the changes in the energy level spacing due to the presence of CT states in combination with
quasi-resonances between the energy gaps and high frequency
vibrational modes. However, a detailed analysis of the 2D
spectra has shown that the interaction of [LuPc2 ]− with its
TBA+ counter-ion needs to be considered to account for all
peaks and their evolution. Using quantum chemical calculations, we have demonstrated that the speciﬁc details of the
interaction in the ion-pair determines the electronic structure
of [LuPc2 ]− TBA+ . The interaction with the counter-ion stabilizes CT states corresponding to CT into speciﬁc orbitals
on the macrocycle closest to the counter-ion. The subsequent
imbalance in energy of the CT states results in an electronic
structure where the different excited states represent varying
degrees of charge separation. Relaxation in the excited state of
the complex thus proceeds via electron- and hole-transfer processes, which give rise to distinct cross-peak dynamics in the
2D spectra. The analysis of the cross-peak dynamics, together
with quantum chemical calculations, demonstrate the ability
of 2D electronic spectroscopy to provide a detailed molecular
view on these transient CT processes.
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APPENDIX A: QUANTUM CHEMICAL CALCULATIONS

The BHLYP65 ) functional was applied in DFT and
TD/DFT66 ) calculations of optimal electronic ground state
and lowest singlet excited-state geometries. This functional
combines Becke’s half-and-half exchange functional with
the LYP correlation functional proposed by Lee, Yang, and
Parr. Among the tested functionals (PBE,67 B3LYP,68 and
BHLYP65 ), the overall best results were obtained using
BHLYP, which can be explained by the larger amount of
exact exchange.69 The optical transitions were calculated
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using TD/DFT on the basis of the optimized geometries.
We employed the split valence basis sets def-SV(P) (for N,
C, H, and O atoms) and def-ecp for lutetium70 from the
TURBOMOLE library. Herein, valence orbitals were calculated
in a double-zeta basis and augmented with higher angular momentum polarization functions to account for the nonplanarity
of the macrocycles. All quantum chemical calculations were
performed with the TURBOMOLE 5.7 package.71
APPENDIX B: SIMULATIONS OF EXCITED STATE
DYNAMICS AND NONLINEAR SPECTRA

Excited state dynamics were simulated by applying timedependent Redﬁeld theory to the diagonalized Frenkel exciton
Hamiltonian of the system.11 Altogether eight singly excited
electronic states were considered in the [LuPc2 ] dimer. In addition to the local Qx /Qy -excitations on each Pc ring, CT states
corresponding to electron transfer from the excited state orbital on one macrocycle to the excited state orbital on the other
ring were considered. The CT states were modeled as excited states with zero transition dipole moment from the electronic ground state and increased reorganization energy (with
respect to the LE states).9, 10 The sign of the resonance coupling matrix elements, Jex , was determined from the structure.
For the coupling between CT and LE states, Jct , we chose the
signs of the matrix elements so that the Hamiltonian was invariant under rotation of the rings. The magnitudes of Jex and
Jct were ﬁtted to the linear absorption spectrum. Linear and
nonlinear spectra were calculated by a standard semiclassical
response function theory.72 For calculation of nonlinear spectra we constructed response functions corresponding to GSB,
SE, and ESA in the Markov approximation,73 i.e., neglecting
correlations between the systems time evolution at different
intervals of the response functions. Orientational average was
directly taken into account for each response function.45 To
describe line shapes and kinetics of the peaks, the dissipative population and coherence dynamics have to be calculated
for the electronic states of the molecule. Dissipation was included via an analytical form of the time-dependent Redﬁeld
equation, invoking the secular approximation.31 For the calculation of the nonlinear spectra, the two-exciton manifold
responsible for the ESA contributions needs to be included.
As a ﬁrst approximation we included the 28 states which can
be constructed by simultaneous excitation of two single exciton transitions (doubly excited states). This is a straightforward generalization of the usual Frenkel exciton model to the
case of CT states. However, electron correlation effects,56 or
inclusion of doubly excited monomeric states74 can shift the
energy of the two-exciton manifold. To account for these effects, not included in our model, we adjusted the energy of
the two-exciton band to obtain the best agreement between
simulation and experiment. A more rigorous treatment of the
two-exciton CT band would have to account for various special properties of the combined doubly excited states, e.g., the
fact that some double CT conﬁgurations result in normal double exciton states.40 For calculation of the dephasing in the
ESA part of the signal, the depopulation rates of the doubly
excited states are required. Here we assumed that the depopulation rates are equal in the one- and two-exciton manifolds.
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The coupling of the electronic transitions to the bath,
described by the spectral density, determines both the line
shapes and the population relaxation rates. Each transition
was coupled to 3 vibrational modes with frequencies of 160,
725, and 1600 cm−1 and Huang-Rhys factors of S = 0.3, 0.4,
and 0.3, respectively. Additionally, one over-damped Brownian oscillator with reorganization energy of 80 cm−1 and a
decay rate of 100 fs−1 was used. For the CT states, we increased the coupling to the over-damped mode by a factor
of 1.3. The vibrational modes are needed in order to reproduce the vibrational sideband in linear absorption as well as
the fast rates found for [LuPc2 ]− . In all calculations of optical
spectra, we explicitly averaged the signals over 1000 conﬁgurations where the transition energies were randomly sampled
from a Gaussian distribution with a FWHM of 300 cm−1 .
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Complex multi-stage relaxation and reaction pathways after the optical excitation of
molecules makes the disentanglement of the underlying mechanisms challenging. We
present four examples that a new transient spectrometer with excitation fully tunable
from the deep UV to the IR and 225 to 1700 nm probing allows for an analysis with
greatly reduced ambiguity. The temporal resolution of about 50 fs allows us to resolve
all relevant processes. For each example there is a new twist in the sequence of
relaxation steps that had previously been overlooked. In malachite green it appears
that the importance of the phenyl twisting has been overemphasized and rather a
charge transfer state should be considered. In TINUVIN-P the predicted twisting as the
driving motion for the ultrafast IC is conﬁrmed and leads to a resolution of the earlier
puzzle that the sub-5 ps regime shows kinetics deviating from a pure cooling process
despite the sub-ps proton transfer cycle. For the bond cleavage of Ph2CH–Cl and
Ph2CH–Br the degree of electron transfer within the radical pair can now be
determined quantitatively and leads to a profound understanding of the long term
cation yield. For the ﬁrst time coherent wavepacket motion in the photoproducts is
reported. Last but not least the measurement of the GSB recovery in the deep UV
allows for the surprising result, that even after S2 excitation of cyclopentenones the
triplet states are reached with near unity probability within a few picoseconds.

1

Introduction

Optical spectroscopy in a wide range of varieties is a prime source of microscopic
information on molecular systems and processes. Simple continuous wave
ultraviolet visible (UV/vis) absorption allows the identication of the energies of
excited electronic states and infrared (IR) measurements render typical vibra
tional modes that are used to identify the associated motives in the molecule. The
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two regimes are complementary in many ways and the skilful choice or combi
nation is oen needed.
Modern time resolved versions of UV/vis and IR spectroscopy permit the
observation of the temporal evolution of the system with well below 100 fs
precision. Particularly in the UV/vis practically all relevant processes can now be
resolved. The interpretation of the raw measurements does, however, require the
identication of unambiguous signatures of the reaction intermediates and the
eventual products. This is by far not trivial, as only the spectrum of the
reactants is typically well known and possibly that of the product, if it can be
isolated in suﬃcient quantity and purity. Any short lived intermediates can only
be characterized by the transient measurement itself and so there is oen a
“chicken and egg” dilemma that a model of the reaction is needed to assign the
observed spectral signatures and these would be of great help to develop the
model.
As the structural motives that determine the vibrational frequencies are quite
localized, e.g., N H or C C stretches or specic bending motions in the nger
print region, at least rst guesses for the assignment are readily made. However,
this also means that only moderate changes result in many regions of the IR
spectrum due to the chemical transformation. Identifying the signicant ones
and isolating them from solvent signals can then become quite challenging. The
electronic bands do change quite largely on the contrary, both in position and in
strength. The problem there is the large homogenous and inhomogeneous width
of each electronic transition. Sometimes even the decision of what is a separate
electronic band or just a vibronic structure can become diﬃcult.
Many of the seminal experiments in femtochemistry were done with xed
frequency pulses1 and this in retrospect required a fair amount of chemical
intuition for the analysis. Broadband transient measurements have, however,
been developed continuously and the change from liquid based continuum
generation to crystal based continua has allowed an ever widening application.
Due to the intrinsically broad spectrum of a femtosecond IR pulse relative to the
typical 15 cm 1 width of vibrational transitions somewhat of an overview was
originally easier to gain in this spectral range.2 The coverage of a wide spectral
range requires tuning the probe pulse repeatedly and performing the time scan at
each setting. This is where UV/vis transient spectroscopy has an intrinsic
advantage, as extremely broad continua are now available3,4 and can be combined
with detectors of a thousand or more pixels.
In this contribution we want to demonstrate the potential of a cutting edge
broadband UV/vis/NIR transient spectrometer that will be briey described in
Sec. 2. We then present and discuss measurements on four sample systems ranging
from ultrafast nonradiative decay, excited state proton transfer, and bond cleavage
to ultrafast intersystem crossing. For all systems we nd surprising new details that
had been overlooked by the earlier investigations with limited spectral coverage. We
thus can demonstrate that transient electronic spectroscopy is now becoming
extremely powerful and the redundancy of information obtained in the measure
ments gives an unambiguous and clear picture of the complex dynamics.
Combined with high level computations the energy ow in molecules aer
absorption of a photon and leading eventually to photochemistry can be traced
most reliably.
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2 Ultra-broadband transient spectroscopy with 50 fs
resolution
The transient spectrometer used for our measurements relies on a fully tunable
pump source and a broadband continuum for wavelength selective probing. The
general setup has been described in detail4 and is based on a kHz Ti:sapphire
amplier (CPA2001; Clark MXR, Inc.). The pump pulses are derived from a blue
pumped noncollinear optical parametric amplier (NOPA) frequency doubled in a
BBO crystal with typically 100 mm thickness. The visible NOPA pulses are over
compressed in a fused silica prism compressor to precompensate for all
dispersing elements aer the doubling stage. With various mixing strategies and
a possible intermediate continuum stage the range from 189 nm to 5 mm can be
covered without any gaps.5,6 The pump pulse lengths can be adjusted to 30 fs or
below from the deep UV to 1200 nm and are only slightly longer at longer
wavelengths.
In the original setup we used a 775 nm pumped single lament super
continuum that spans from 290 to 720 nm as the probe. Such a wide continuum is
generated in a selected 5 mm CaF2 plate that is translated in a circular fashion to
avoid optically induced damage. The plate is carefully oriented to avoid depo
larization of the continuum.7,8 The broadband probe light is dispersed in a fused
silica prism and detected with a multichannel detector. The continuum chirp is
corrected in the data postprocessing. The pump probe delay up to 2 ns is
adjusted with the help of a computer controlled delay line accurate to better than
10 fs. The overall temporal resolution is as good as 50 fs, mainly limited by
residual group velocity mismatch between pump and probe in the 120 mm solu
tion sample. Transient spectrometers with parameters similar or close to ours are
in use in a number of laboratories around the world.9–12
To access an even wider probe spectral range we alternatively pump the CaF2
based continuum generation by the frequency doubled or tripled Ti:sapphire

Fig. 1 (a) Scheme of the supercontinuum generation with various harmonics of the Ti:sapphire
ampliﬁer or the output of a NIR OPA. (b) Spectra of the continua as seen on the spectroscopic multichannel detector.
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output (see Fig. 1(a)). We nd that signicantly less pump energy is needed at
these shorter wavelengths (387 and 258 nm) and therefore no damage is found
even in prolonged operation. The resulting spectra are shown in Fig. 1(b). They
span from close to the pump wavelengths down to 245 and 225 nm. The long
wavelength cut oﬀ is given by the dielectric lter used to suppress the high
spectral power near the pump wavelength. Optimized lters with a smooth roll oﬀ
could add some more spectral range in this vicinity to the probe pulse.
To access the near infrared (NIR) probe range we use a single stage collinear
optical parametric amplier (OPA) to generate a red shied continuum.3 With the
OPA signal at 1200 nm and the CaF2 plate the useful continuum spans from 420 to
1100 nm. In this range the silicon based CCD or diode array can still be used. For
the 750 to 1700 nm range we use the idler at 2100 nm to generate the continuum
in a 4 mm YVO4 crystal. As detector an InGaAs based 256 pixel detector (Series
2000CV2 camera with uncooled Hamamatsu G9203 256D detector; Ent
wicklungsbüro Stresing) was used.
All continua are single lament and can therefore be well collimated and
focused into the sample cell. Their spectra are summarized in Fig. 1(b). They
overlap suﬃciently and in total span from 225 nm to 1.7 mm. Typically two or
three of the ranges are needed to cover the region of interest for a particular
molecule. They are measured sequentially and then stitched together in the
postprocessing to render the comprehensive manifold of transient spectra for all
desired delay times.

3

Selection of sample molecules and processes

The development of the transient spectrometer described above has been moti
vated by our various investigations of ultrafast molecular and chemical dynamics.
These range from photophysical process, via excited state electron and proton
transfer to complex chemical reaction sequences. For this discussion we have
chosen four examples that serve to demonstrate the newly available capabilities
from the application point of view.
The rst decision that has to be made in an ultrafast molecular experiment is
the choice of the pump wavelength, lpump. As we have ultrashort pulses at all
possibly needed wavelengths to our disposal, we choose lpump purely according to
the energy level structure of the molecule. We strongly believe that this enhances
the value of the results as we do not have to worry about some initial electronic
relaxation that is inevitably connected to some vibrational excitation. As shortly
discussed above, such a choice of pump wavelength is always possible with the
existing nonlinear pulse generation schemes.
The choice of lpump can be made quite readily by inspecting the linear
absorption spectrum of the sample. The spectra of the four substances are shown
in Fig. 2. For 2,3,4,5 tetramethyl 2 cyclopentenone (TMCPO) in cyclohexane there
is an extremely weak S1 ) S0 transition around 320 nm and a quite strong S2 ) S0
transition below 250 nm. We excite TMCPO at 228 nm to specically investigate
the relaxation from the S2 state. Diphenylmethylbromide (Ph2CH Br) can be
excited through the weak benzoic absorption at 270 nm. In 2 (20 hydroxy 50
methylphenyl) benzotriazole (commercial name TINUVIN P) ultrafast excited
state intramolecular proton transfer (ESIPT) can be triggered by p p* absorption at
350 nm. The cationic dye malachite green (4 [(4 dimethylaminophenyl)phenyl methyl]
142 | Faraday Discuss., 2013, 163, 139–158
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Fig. 2 Absorption spectra of the molecules studied in this work. TMCPO: 2,3,4,5-tetramethyl-2-cyclopentenone. In the panel for Ph2CHBr also the spectra of the benzhydryl radical and cation are shown
(dotted line). The arrows indicate the pump wavelength.

N,N dimethylaniline; MG) is known to laser spectroscopists as it made the rst
real femtosecond laser system, the colliding pulse mode locked laser (CPM)
possible due to its saturability at the 620 nm emission wavelength of Rhoda
mine 6G. In the present report we reinvestigate the ultrafast dynamics aer 620
nm excitation.

4 Putting the analysis of the ultrafast dynamics in
malachite green on a sound basis
Malachite green (MG, see Fig. 3(a)) is a cationic triarylmethane dye that absorbs
strongly in the visible region. Since this absorption overlaps perfectly with the
output of the CPM laser it is actually used as a saturable absorber in this device
it was one of the rst molecules investigated for its ultrafast dynamics. The early
studies concentrated on the ground state bleach (GSB) recovery. Rather complex
kinetics with a main time constant of 2.1 ps in methanol and a strong solvent
dependence were found.13,14 The solvent dependence is attributed to the viscosity
of the solvent and it is postulated that an intermediate state Sx is reached aer

Fig. 3 Transient spectroscopy of malachite green dissolved in ethanol. (a) Structure of the dye. (b)
Manifold of transient spectra. Red colours indicate an increase in absorption, blue colours a decrease.
The wavelength scale is roughly reciprocal to pronounce diﬀerent energetic parts equally. The time scale
is linear in the range of 1 to +1 ps and logarithmic beyond. (c) Selected kinetic traces at the maximum
of the NIR absorption of the LE state (1420 nm), the broad excited state absorption in the UV (350 nm)
and the GSB (620 nm).
This journal is ª The Royal Society of Chemistry 2013
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excitation through torsion of the phenyl rings.14–19 Aer relaxation from the Sx
state to the ground state the geometrical relaxation and cooling of the hot S0 is
thought to complete the cycle.
We investigated the dynamics of MG in ethanol aer 620 nm pumping and
utilizing the probe ranges III and V to cover the range from 300 to 1700 nm. The
resulting manifold of the transient spectra is shown in Fig. 3(b). A pump probe
cross correlation of 35 fs in the NIR and slightly longer in the UV is reached and
matches the resolution of previous one 14,20 or two colour pump probe15 and
uorescence up conversion18 measurements.
The strongest feature in the transient spectrum is the region of negative optical
density around 635 nm (blue colours; Fig. 3(b))), where GSB and stimulated
emission (SE) overlap. This is also the spectral region where most of the inves
tigations were performed. In addition, the whole range from 300 nm to the GSB
region and the NIR displays strong excited state absorption (ESA). A preliminary
global t analysis shows a 100 fs component with an increase of signal in the SE
region and a decrease in the GSB region. This can be interpreted as the inertial
motion of the optically prepared wavepacket away from the Franck Condon point
towards the equilibrium geometry of the excited electronic state S1 that leads to a
time dependent red shi of the SE. Such an extremely fast dynamics was already
reported previously.14,20
A second decay component of about 440 fs has major peaks in the decay
associated spectrum (DADS) at 433 nm (with 33 nm width) and at 1400 nm
(430 nm width). These peaks can be readily assigned to the ESA following S1
excitation and leading to the S2 and S4 excited electronic states. In the absorption
spectrum, transitions to these two states are found at the matching positions of
428 and 255 nm (compared in Table 1). A third spectral feature with a positive
amplitude in the DADS is found to be nearly coinciding with the S1 ) S0
absorption band, but is signicantly diﬀerent in shape. If this feature was due to a
change in the GSB, it would indicate an increase in GSB with time. There is no
argument known to us that would predict such a change in the hundreds of fs
range. Therefore we have to assign this feature to the S3 ) S1 transient absorption
(ESA). Finally a decrease in SE with a 440 fs time constant is found that reaches
from 635 nm to 1100 nm. This matches the spontaneous emission spectrum
within the limitation that certainly the stimulated emission in the sub ps range
does not originate from a thermalized S1 vibronic distribution. In summary, this
means that the strong transient signal around the usual 620 nm pump

Table 1 Absorption energies for the Sn ) S0 and Sn ) S1 transitions obtained from the cw spectrum of
MG together with the Sn ) S1 transitions energies (widths in brackets) extracted from the transient
absorption (TA) of MG. The time constants are obtained from single wavelength ﬁts. “d” signals where
the time constant cannot be determined due to spectral overlap, “a” signals no amplitude for the
associated time constant

S1
S2
S3
S4
ESA

l (nm) Sn ) S0

l (nm) Sn ) S1

l (nm) TA exp

s1 (ps)

s2 (ps)

s3 (ps)

622
428
315
255

1372
638
432

1400 (430)
635
433 (33)
355

0.10
a
d
a
a

0.44
0.44
d
0.33
a

2.2
a
d
1.7
2.0
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wavelength of most investigations is the sum of GSB, SE and ESA. It follows that
the undiscussed averaging over the spectral width of the pump/probe pulse will
not lead to any unambiguous interpretation of the dynamics of MG.
To display the transient absorption at selected times more clearly, we extracted
the spectrum of absorption change (black lines in Fig. 4) from the complete
manifold shown in Fig. 3(b). We then added a constant fraction of the ground
state absorption spectrum (grey line in all panels of Fig. 4) to obtain the
momentary spectrum (blue lines) of the sub ensemble of molecules that was
initially excited. The rapid decay of the 1400 and 433 nm peaks is clearly seen, as
are the changes in the 635 nm region. At 1 ps, there is a broad absorption beyond
the ground state absorption remaining that decays with about 2 ps. At 2 ps the 622
and 428 nm bands are the only remaining signals. The 622 nm S1 ) S0
absorption band has, however, not yet fully recovered. It is interesting to notice
that the shape of the 622 nm band does not signicantly change during the
relaxation processes. This is surprising in view of the generally accepted inter
pretation that large amplitude torsional motions of the phenyl rings dominate the
dynamics. We cannot rationalize how such motions do not lead to changes in the
622 nm band of more than the 3% upper limit we can deduce as maximum
spectral change compared to the full GSB signal.
Kinetic traces at selected wavelengths are shown in Fig. 3(c). The tted expo
nential decay constants are shown in Table 1. At 1400 nm we explicitly probe the
S1 population through the S2 ) S1 ESA. We nd a relaxation time of 440 fs in good
agreement with uorescence measurements.21 It should be noted that the largely
increased probe range of our experiment allows for this unambiguous determi
nation of the S1 lifetime by transient spectroscopy alone. At 433 nm there is an
overlap between the specic S4 ) S1 ESA and the very broad ESA that lasts into
the ps range. The decay curve can be tted with a rst 330 fs exponential
contribution that again signals the S1 decay and a further 1.7 ps components. At
355 nm there is no ground state absorption and we do not have to expect any GSB.
At this wavelength we can therefore exclusively probe the intermediate state Sx
that the S1 state relaxes to with the 440 fs time constant. The 2.0 ps decay is within
experimental accuracy identical to the 1.7 ps component already found at 432 nm.
For the GSB recovery we need a 100 fs, a 440 fs and a 2.2 ps time constant. The
rst two most likely just result from the overlapping SE and ESA components. The

Fig. 4 Selected transient spectra at the indicated pump–probe delays (black lines). For visualization of
the underlying changes in malachite green dissolved in ethanol, an equal amount of absorption spectrum is added to each transient spectrum (blue lines). In this way the recovery to the absorption spectrum (grey line) of the sub-ensemble excited by the pump pulse can be recognized.
This journal is ª The Royal Society of Chemistry 2013
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slightly longer 2.2 ps recovery time of the GSB as compared to the Sx decay is quite
reasonable in view of cooling processes. Temporal signal oscillations of about
226 cm 1 that can be attributed to a symmetric carbon phenyl stretch vibration14,22,23
are only found in the region from 605 to 635 nm. This must mean that a ground state
wavepacket prepared by resonant stimulated Raman scattering is observed.
The extremely wide probe range of our measurements and the detailed anal
ysis leads to the following conclusions. Aer S1 excitation MG relaxes to a state Sx
that neither uoresces below 900 nm nor carries any oscillator strength to the
known higher electronic states. Instead a nearly 2 eV broad ESA band decaying
with a time constant very close to the GSB recovery is found. This all points to a
charge transfer (CT) character of the Sx state. Indeed, recent high level calcula
tions predict such a character already for the S1 state24 and for the related
molecule crystal violet a relaxation mechanism involving charge redistribution
has been proposed.25,26 We suggest that the initially excited (local excited) state
has an electronic character more similar to the ground state. This property would
explain the very strong S1 ) S0 absorption. The oen discussed torsion of the
phenyl rings starts aer the initial 100 fs geometric relaxation and leads to a
simultaneous change in the electronic character towards a CT state on the half ps
time scale. Charge recombination then takes about 2 ps to repopulate the S0 state
with little optical signature from the “reverse” torsion of the phenyl rings.
From an extensive search of the literature it does not become clear, why
repeatedly claims were made that the polarity of the solvent does not inuence the
dynamics of MG. It was always the viscosity that has been considered. If one,
however, considers a series of alcohols with increasing size, not only the viscosity
increases but also the polarity decreases. Future work should investigate this
point by the reanalysis of existing data and solvent dependent transient spec
troscopy. The solvation times of alcohols that are much longer than the ps times
in the decay of excited MG are no intrinsic hindrance, as already a partial
solvation can lead to eﬃcient CT.27 Given the capabilities demonstrated in this
section, a nal decision on the MG relaxation mechanisms should readily be
possible.

5 An overlooked twisting isomerization in the proton
transfer cycle of TINUVIN-P
TINUVIN P is one of the best studied ESIPT systems.28–31 Aer a 60 80 fs proton
transfer the keto type molecule relaxes to the electronic ground state with a
120 150 fs time constant. In the excited keto state a pronounced wavepacket
motion is observed.31 As the internal conversion (IC) was assumed to happen in the
closed keto form originating from the optically excited enol form, the subsequent
600 fs decay found at probe wavelengths in the visible region was assigned to the
proton back transfer.29,30 In the enol form a 180 twist around the central bond
between the phenyl and the benzotriazole ring regenerates an identical conforma
tion and a possible “isomerization” cannot be detected spectroscopically. In the
keto type form the same twist transfers TINUVIN P from the closed form with the
intramolecular hydrogen bond to the open form.32
The ultrafast proton transfer cycle leaves the TINUVIN P in a highly vibra
tionally excited state. This is seen as a positive transient absorption below the
S1 ) S0 absorption edge at 367 nm and a decrease in absorption at shorter
146 | Faraday Discuss., 2013, 163, 139–158
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Fig. 5 (a) Transient absorption changes at selected delay times for TINUVIN-P in cyclohexane excited at
355 nm. (b) Absorption spectrum of the sub-ensemble excited by the pump pulse.

wavelengths.33,34 For times from 5 ps onward the relaxation of this transmission
change can be well modelled with a cooling process. However, it was already
realized in the earlier investigations that the cooling picture was not suﬃcient to
explain the spectral evolution in the rst few picoseconds.
With our broadband spectrometer we investigated the dynamics of TINUVIN P in
cyclohexane. The diﬀerential absorption spectra shown in Fig. 5(a) display a rich
variety of kinetics in the rst 50 ps. To allow for an easier discussion of the under
lying dynamics, we added a suitable xed fraction of the ground state spectrum to all
traces. The resulting time dependent absorption spectrum of the sub ensemble
excited by the pump pulse (see Fig. 5(b)) is used to discuss the observations.
At 60 fs aer the excitation depletion of the ground state absorption is clearly
seen below 367 nm. In the blue spectral region a strong transient absorption is
found that initially displays some vibronic structure. This initial absorption must
be due to ESA from the enol or keto excited state. The absorption extends into the
UV and overlaps with the ground state absorption. A weaker structure between
500 and 600 nm that develops with some delay is assigned to the closed keto
ground state in accordance with ref. 30. Beyond 600 nm stimulated emission is
found. The SE decays very rapidly and therefore can be assigned to the excited
keto type state.
Kinetic traces at selected wavelengths are shown in Fig. 6. For clarity the traces
are shown on an expanded scale in part (a,c) and over the full relevant range of 30
ps in part (b,d). At 684 nm we nd a delay/increase of the SE with about 80 fs and a
decay with 154 fs. Within the experimental precision this ESIPT and IC behaviour
matches the previous reports.29,30 At 551 nm we nd a 144 fs increase of the signal
and a 588 fs decay. Therefore we can conrm that in the 500 to 600 nm region the
suggested proton back transfer is observed and takes 600 fs.
At exactly the vibrationless 0 0 transition of the optically pumped S1 ) S0
band (367 nm) we nd an isosbestic point in the sub ensemble spectra (Fig. 5(b))
at times beyond some ps. This is in close agreement with the earlier reports33,34
and we can safely assign the decrease of absorption around 400 nm and the
increase in the range around 350 nm to vibrational cooling. The spectral evolution
of a cooling process does not render simple exponential decays with a wavelength
independent decay time. Still, the value of 13 ps found at 344 nm near the band
maximum gives a characteristic time constant of the cooling process. A very
detailed resonance Raman study nds mode specic behaviour with time
constants in the same range.35,36 The traces at 362 and 375 nm, energetically
This journal is ª The Royal Society of Chemistry 2013
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Fig. 6 Selected kinetic traces at the spectral positions, where the various conformers and relaxation
processes of TINUVIN-P can be best diﬀerentiated. (a) and (c) show the traces within the ﬁrst picosecond,
while (b) and (d) show the range up to 30 ps. For clarity the coherent artefact due to the solvent
cyclohexane has been subtracted from the traces except at 367 nm. The trace for 367 nm is multiplied by
a factor of 4 and shifted upward.

slightly above and below the 0 0 transition consequently display quite compli
cated kinetics as many opposing eﬀects contribute to the optical signal.
At exactly 367 nm the cooling does not inuence the optical signal and the
kinetics at this wavelength can therefore report the pure population evolution of
the enol electronic ground state. We still have to assume that none of the other
states involved in the full ESIPT and relaxation cycle contributes to the signal.
Since the ESIPT itself proceeds in below 100 fs, the IC in 150 fs and the back
transfer from the closed keto type form in 600 fs, this is a fairly safe assumption
aer about 1 ps. Inspection of the 367 nm trace (Fig. 6(c,d); grey lled circles for
the experimental values and blue line for a multi exponential t) shows indeed an
80 fs decrease, a 150 fs increase and a 410 fs decrease. The vibrational cooling is
seen as a very weak 15 ps decrease of the signal back to zero. Clearly there is
another 2.2 ps contribution that was not seen in earlier work. In a global t this
time constant can be found as a prominent decay within most of the GSB range
and the range around 450 nm. However, single wavelength ts show a systematic
variation of the time constant due to the cooling and the overlap with the ESA.
To assign this 2.2 ps relaxation constant we return to the red region of the
spectrum. The width of the spontaneous emission spectrum of the closed keto
type form of TINUVIN P is known31 and it is also established that the ground state
closed keto type form shows a mirror image to the uorescence spectrum with a
0 0 transition at 625 nm.30 Assuming a similar width and strength for emission
and the absorption bands, only the region down to about 500 nm in the transient
absorption spectrum can be assigned to the closed keto type form. What is le to
explain is the strong absorption in the range 380 to 500 nm and the 2.2 ps time
constant.
It has been calculated, that the IC of the excited closed keto type form proceeds
via a conical intersection that involves a twisting around the central bond and a
pyramidization.32 A similar prediction backed up by experimental evidence was
also made for the related 2 (20 hydroxyphenyl)benzothiazole (HBT).37 As a result of
the twisting motion necessary for the extremely fast IC, parts of the molecules do
not relax to the closed keto type form but to the open keto type form. This is
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directly corroborated by transient IR spectroscopy38 and in line with early indi
cations.29,39 In view of all the evidence we assign the 2.2 ps time constant in
TINUVIN P to the back isomerization of the open to the closed keto type form that
is then followed by an even faster back transfer of the proton to lead to vibra
tionally excited enol molecules. These are subsequently cooled by the solvent in
10 to 20 ps. The majority of the strong transient absorption in the blue is
consequently assigned to the open form.
These additional species populated with the 150 fs IC can readily explain the
diﬃculties discussed previously to model the cooling kinetics at times before
5 ps.34 It is not yet clear what this means for the interpretation of the resonance
Raman studies.35,36 In summary, the relaxation cycle in UV excited TINUVIN P,
that takes as little as some ten picoseconds for completion, involves forward
ESIPT (s 80 fs), a branching in the IC to the closed and open keto type form
(s 150 fs), a back twisting (s 2.2 ps), back proton transfer (s 600 fs) and
nally cooling (s
15 ps). One might ask oneself whether such a complex
sequence is a rare exception or a more general occurrence. The ring opening of
1,3 cyclohexadiene comes to mind with the subsequent multi step relaxation to
the lowest energy tZt conformer. In this system also highly complicated kinetics
were reported.40

6 The generation and interconversion of benzhydryl
radicals and cations by photolysis of
diphenylmethylbromide
Aer UV excitation diarylmethylhalides undergo homolysis to the pair of a
benzhydryl radical and halogen radical or heterolysis to the benzhydryl cation and
the halogen anion. The overwhelming majority of investigations on this process
and the subsequent interconversion between radical and ion pairs were per
formed without transient spectroscopy which renders spectra of the reactive
intermediates, but rather by a priori chosen pump and probe pulse wavelengths.
In addition, very intricate analysis with multiple exponential rates and a highly
complex interpretation was deduced from these xed colour recordings.41 Last
but not least, only ps resolution was employed, even though it had been shown
that the initial processes proceed on the sub ps time scale.42
We utilized 30 fs pulses at the rst maximum of the absorption spectrum (270
nm; see Fig. 1) to excite either diphenylmethylchloride (Ph2CH Cl) or diphe
nylmethylbromide (Ph2CH Br). As the strong absorption features of the photo
lytic products Ph2CH+ and Ph2CH are well separated from the absorption of the
precursors, we can use the range III of our continuum generation for a full process
analysis. The spectrum of Ph2CH at 330 nm and the one of Ph2CH+ at 430 nm are
shown as dotted lines in Fig. 1.
The manifold of transient spectra for Ph2CH Br in acetonitrile at various
pump probe delays is shown in Fig. 7(a). It can be readily seen that the radical
signal appears very early aer the optical excitation and decreases in the ps range.
The cation signal increases more slowly and then also decreases later. The kinetic
traces shown in Fig. 7(b) give a more detailed view. They show the integrated
signal over the full bands. The optical signal can be considered to be proportional
to the species population within good approximation. The step in the rise of
Ph2CH (blue line) at about 50% amplitude happens at 100 fs. In agreement with

_

_

_
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Fig. 7 (a) Transient spectra after 270 nm excitation of diphenylmethylbromide in acetonitrile. Red
colour indicates a large transient absorption, green an intermediate one and blue colours little. (b) Signal
for the resulting benzhydryl radical (blue line) and benzhydryl cation (red line) integrated over the
respective band.

the observation for Ph2CH Cl, where we observe such a step at 80 fs,43 we assign
this to the delayed generation of the radical. The excited state wavepacket prop
agates from the Franck Condon region to a rst conical intersection that leads
part of the wavepacket to the radical product. The remainder of the wavepacket
stays on the excited potential hypersurface and reaches a second conical inter
section leading to the cation product. This takes a total time of 125 fs in Ph2CH Cl
and 200 fs in Ph2CH Br (see step in the red line). This means that the cation does
not appear until this later time. No more radical and cation population is
generated at later times. The slight increase in the optical signals is rather due to
an increase in transition strength due to solvation and planarization of the
products.44
A close inspection of the product signal curves and the full set of transient
spectra show signicant modulations up to about 2 ps. The frequency is about 300
cm 1 for the radical and 350 cm 1 for the cation. To analyze these modulations,
we compare the signal at the blue side of the radical absorption to that at the red
side (see Fig. 8(a)). Clearly a p phase shi is seen that proves that the modulation
is due to a vibronic wavepacket. In addition, we determined the position of the
maximum of the radical and cation absorption for each delay.45,46 The resulting
temporal dependence of the peak position shows the already mentioned ps
relaxation due to solvation and planarization and also the oscillations. This
conrms the interpretation as a vibronic wavepacket. An analysis of the normal
modes of the radical and cation suggests that these wavepackets correspond to a
symmetric stretch motion of the phenyl rings relative to the central carbon. This
is very similar to the situation in MG (see above). However, in the photolysis of
Ph2CH Br the wavepacket motion is in the photochemical products. The bond
cleavage proceeds so fast that an impulsive excitation of the vibrational motion
occurs. The stabilization of the radical and the cation leads to an increased
electron density in the vicinity of the central carbon. Such an increase in electron
density leads in turn to an impulsive shortening of the bonds and the suggested
vibrational motion.
In the time up to about 10 ps the radical population decreases while the
population of the cation increases. This is due to electron transfer between closely
spaced benzhydryl and bromine radicals leading to the ion pair. We nd that a
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Fig. 8 (a) Transient absorption changes after 270 nm excitation of Ph2CH–Br on the low wavelength
(326 nm) and high wavelength (339 nm) edge of the radical product band. (b) Temporal dependence of
the peak position of the benzhydryl radical (blue curve) and cation (red curve) band.

stretched exponential describes this process best, just as in our recent analysis of
Ph2CH Cl.46 The only diﬀerence is that for the chloride system an 11 ps time
constant was found for this process compared to the shorter time constant of 2.1
ps in the bromide system. The decay of the radical population and the increase of
the cation population with the identical temporal behaviour is direct proof of the
interconversion by electron transfer. This nding is in contrast to the conclusions
drawn from ps experiments on Ph2CH Br.47,48 Clearly the very fast termination of
the electron transfer in the bromide system did not allow the correct interpreta
tion in the earlier experiments with 20 ps resolution. The electron transfer is
stopped by the depletion of closely spaced radical pairs.46
Aer the end of the electron transfer the remaining radical pairs separate by
diﬀusion to give a stable population of free radicals. The ion pairs stick together
for a longer time due to the Coulomb attraction. Therefore they can eﬀectively
undergo recombination and the reduced population of free ions eventually
evolves (94 ps time for Ph2CH Br and 138 ps for Ph2CH Cl).
The complete set of transient data cannot be modelled anymore with the usual
kinetic scheme of well dened species like contact pairs, solvent separated pairs
and free species. Instead we developed a combined model of Marcus type electron
transfer and Smoluchowski diﬀusion.46 We have to assume an initial radical and
cation pair distance distribution that extends far beyond the contact distance
considered explicitly in earlier work.41,42,47,48 The various processes are treated as
distance dependent. The time dependent populations can then be deduced by
integration over the full radial distribution for each delay time. The time
dependent rates result from the convolution of the distributions with the distance
dependent rates.46
The observation of the full range of optical signals connected with the
photolysis of diarylmethylhalides with 50 fs temporal resolution renders many
hitherto covered details on the dynamics. Hypotheses that have been carried on
for decades can now nally be scrutinized. The investigation of complex and
multistep chemical process is now possible in a most direct fashion. Together
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with high level theoretical considerations the inuence of conical intersections49
and the microscopic arrangement can be investigated quantitatively. Since the
breadth of optical signals renders a high degree of redundancy and cross checks,
the ambiguity of many theories will be put to a serious test.

7 Direct determination of the triplet yield after S2
excitation
One of the little mentioned understandings in ultrafast molecular dynamics
seems to be that the rates connecting the originally excited state to the series of
product states or chemical species are evaluated, presented and discussed, while
the eﬃciencies and possible branching ratios are much less oen put into the
focus of the investigation. This stems from the fact that the yields of transient
species are much less direct to determine compared to nal product yields. For a
hypothetical photochemical process leading from a precursor A to a stable
product B the yield can readily be determined, as well established chemical
means can be used to determine the product quantum yield. With modern illu
mination sources like high power LEDs this is extremely simple.50 As a by product
one nds out which fraction returns to the reactant and eﬀectively just undergoes
a photophysical nonradiative relaxation.
For transient species or states the situation is much more diﬃcult. Even if a
time resolved measurement is available and able to uniquely identify the tran
sient species as exemplied in the sections above one can still not rely on the
Beer Lambert law as the molar absorption coeﬃcient 3 of the species is generally
not known. So only the product of 3 and concentration can be determined. For the
benzhydrylbromide photolysis discussed in Sec. 6 one can chemically stabilize the
cation and actually measure the value of 3. If in addition the uence of the pump
pulses at the sample position and all other relevant geometric parameters are
determined, quantitative transient spectroscopy results that actually determines
the time dependent yield of all species absolutely.46
More frequently other methods have been employed to determine the yield of
intermediate species, particularly triplet states. Triplets are of special interest to
chemistry as they are long lived compared to singlet states and therefore can
allow for diﬀusion controlled photo initiated bimolecular processes like the ones
found in photocatalysis51 and photo initiated organic synthesis. One method uses
triplet triplet energy transfer to a system with a known triplet absorption coeﬃ
cient and the measurement of the resulting quencher triplet by spectral
photometry can be used. However this procedure requires very careful calibration
and a certain degree of assumptions. The oxygen production by triplet sensitized
photooxidation of 1,3 diphenylisobenzofuran is an example of actually producing
a physically measurable specic product that should be proportional in amount
to the amount of triplet molecules produced over a selected period.52 Another
spectroscopic method that requires many assumptions and checks is the
measurements of the ESR spectrum that specically can report the triplet
concentration.53 To decouple the triplet yield and the triplet absorption cross
section, Van Stryland and coworkers have introduced a very elaborate double
pump method that relies on the partial saturation of transitions. This approach
still has limitations given mainly by the molecular energy level structure.54 The
most direct method is the determination of the ground state bleach recovery. This
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method relies on the ability to separate the time scales of the decay of the initially
excited singlet and the resulting triplet in the GSB signal. This has been
demonstrated by various single colour probe transient absorption measurements
in the visible region.55–57
A more general application of the GSB recovery has so far been hampered by
two issues. First, many systems of interest have their rst strong absorption far in
the UV. Second, a measurement at just one GSB wavelength still leaves the
uncertainty that a superimposed ESA falsies the interpretation. Both issues can
now be solved with our extended probing range reaching as low as 225 nm. This is
certainly suﬃcient to reach the strong absorption bands of almost any substance
of chemical interest. By recording a full transient spectrum, the shape of the
known ground state absorption spectrum can be used to unambiguously disen
tangle GSB and ESA or product contributions.
For an experimental demonstration we chose 2,3,4,5 tetramethyl 2 cyclo
pentenone (TMCPO) in cyclohexane. As seen from the absorption spectrum dis
played in Fig. 2, there is a very weak S1 ) S0 absorption around 320 nm and a
strong S2 ) S0 absorption centred at 229 nm. The assignment of the spectrum
and the qualitative picture of the dynamics are made in analogy to the closely
related acrolein.58 We pump the S2 state with 228 nm pulses of sub 60 fs duration.
The transient spectra are measured with the three continuum ranges I III
(Fig. 1(b)). They display very broad structures (see Fig. 9(a)) and it becomes clear
that such a wide probe range is needed for a clear interpretation. The spectrum at
0.15 ps pump probe delay is dominated by the S2 state through its ESA and
possibly direct stimulated emission. The TMCPO relaxes to the S1 state with a
time constant of 0.25 ps, a quite reasonable time for an IC mediated by a conical
intersection. Subsequently the molecule relaxes to the triplet manifold within 4
ps. This is quite fast and the underlying mechanisms are presently under study
(compare the scheme in Fig. 9(b)).
To determine the S1 and triplet yield, we evaluate kinetic traces at probe
wavelengths that allow for a straightforward interpretation. A full analysis shows
that a kinetic scheme purely based on population transfer cannot describe the
observed dynamics. A more complex model incorporating solvation and vibra
tional relaxation has to be considered. At 400 nm we can see predominantly the S2

Fig. 9 (a) Selected transient spectra after 227 nm excitation of TMCPO in cyclohexane. The spectra
were recorded in three parts and stitched afterwards. (b) Reaction scheme after S2 excitation. (c) Selected
kinetic traces monitoring mainly the S2 population (400 nm), the S1 population (260 nm) and the GSB
(235 nm).
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state relaxation with a 0.25 ps exponential decay. At 260 nm the signal reports the
S1 build up and decay with 0.25 and 4 ps. Finally, at 235 nm the lack of any GSB
recovery can be directly seen. Within the present experimental uncertainty given
by signal uctuations and the coherent contributions from the solvent and cell
windows, we see no recovery of the GSB. This means that the whole S2 population
initially generated by optical excitation transfers to the triplet. We can compare
this to the previously reported triplet yield of the parent molecule cyclopentenone
of also near unity.59 While an ultrafast intersystem crossing (ISC) proceeding with
such a high yield is not unreasonable when the vibrationless S1 state is excited,
the nding of a unity yield aer S2 excitation is surprising. The vibrational excess
energy released in the S2 / S1 relaxation would easily suﬃce for IC to the elec
tronic ground state as reported for acrolein.58 High level quantum chemical
calculations do indeed show a low lying conical intersection between the S1 and
the S0 state. The fact that this process is highly ineﬃcient while the ISC is highly
eﬃcient indicates that kinetic factors determine the dynamics and the branching
ratio. That the triplet is accessed with near unity yield can be deduced from the
transient spectra without any necessary assumptions as the GSB acts as an easily
interpretable internal standard. The measurement is also corroborated by further
recordings of TMCPO and 3 methyl 2 cyclopentenone in acetonitrile that also
show near unity triplet quantum yield aer S2 excitation.

8

Summary and conclusions

The four molecules investigated in this work all display complex multi stage
relaxation aer optical excitation. This has in the past lead to investigations with
partially contradicting interpretations and conclusions. The extremely broadband
probe investigations now possible with about 50 fs temporal resolution render a
detailed picture that allows an interpretation with unprecedented unambiguity.
For each example a new twist in the story of the relaxation results that had been
overlooked. In malachite green it appears that the importance of the phenyl
twisting has been overemphasized and rather a charge transfer state should be
considered. In TINUVIN P the predicted twisting as the driving motion for
the ultrafast IC is conrmed and leads to a resolution of the earlier puzzle that the
sub 5 ps regime shows kinetics deviating from a pure cooling process. For the
bond cleavage of Ph2CH Cl and Ph2CH Br the degree of electron transfer within
the radical pair can now be determined quantitatively. The earlier single wave
lengths measurements with ps resolution lead to strongly contradicting conclu
sions. For the rst time coherent wavepacket motion in the photoproducts is
reported. Last but not least the measurement of the GSB recovery in the deep UV
allows for the surprising result, that even aer S2 excitation of cyclopentenones
the triplet states are reached with near unity probability within a few picoseconds.
All these investigations were purely based on UV/vis/NIR transient spectros
copy. As similar problems have been tackled in the past with transient IR spec
troscopy, we would like to ask ourselves how the two methods with state of the art
setups4,10–12,60–62 compare. For the comparison a gure of merit is helpful. A
sensible gure of merit seems to be the ratio of the broadest spectral probe range
available to the smallest width found in the spectrum. In the IR vibrational
transitions in solution are about 15 cm 1 wide and the whole spectrum covers
about 3000 cm 1. This gives a factor of 200. The spectral width in the electronic
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spectrum is at least as wide as the homogeneous broadening determined by the
pure electronic dephasing on the time scale of tens of fs. This converts to a
linewidth of 200 cm 1. Our experimental setup can cover close to 40 000 cm 1
probe range and again a factor of 200 results. This means that transient electronic
spectroscopy has nally caught up with transient IR spectroscopy with respect to
detection width.
In both kinds of spectroscopies one has to identify the relevant spectral
regions where the intermediates can be most unambiguously identied and
tracked. The continua used in our setup (compare Fig. 1(b)) cover huge ranges
and together with the highly resolving UV/vis/NIR detector arrays a rst overview
can be gained from a single time scan measurement requiring one or two hours.
The temporal resolution is typically 50 to 100 fs, somewhat superior to the IR.
Most importantly we nd that the extension to the NIR allows for a qualitative new
feature. We can always probe to the red of the GSB and SE region where only ESA
or product bands can be located. Identifying the “last transition” in the NIR then
allows to obtain the kinetics of the single species. This is nicely seen in the MG
transient peak at 1400 nm assigned to the S2 ) S1 transition. Once the kinetics of
this species are deduced from the measurement, the full associated spectral
components can be extracted and used to decompose the set of transient spectra.
In a second step the next to last transition is tackled and so on leading to a
complete picture of photoinduced dynamics, however complex it might be.
The quantitative determination of transition strengths is readily possible by
comparison with the intrinsic standard of the GSB of known strength. This is then
oen helpful to determine the electronic character of the intermediate species by
comparison to quantum chemical calculations. What our setup also provides is
suﬃcient spectral reproducibility and resolution to allow the observation of shis
as small as 0.1 nm or 10 cm 1. These can be identied with solvation, ion or
radical pairing,46 and cooling. The temporal evolution of the shis gives extra
information on the dynamics.
It is also interesting to compare the ultra broadband TA spectroscopy with fs
uorescence spectroscopy (fs FS) as it can be measured with up conversion63,64 or
Kerr gating.65 The reason that much eﬀort is put into developing techniques of fs
FS is that the uorescence is a very clean signature of the electronically excited
molecule. There is no superposition in the signal by ESA or GSB as typically seen
in TA spectroscopy with a limited detection range. As demonstrated in the
examples of this work, ultra broadband TA spectroscopy can full the same
condition by choosing the right spectral range, typically to the red of the GSB and
stimulated emission. The well separated ESA transitions seen in this low energy
part of the spectrum are also clean reporters of excited state dynamics. The great
advantage is that the transient ESA signal can be measured with sub 50 fs
temporal resolution, only reached by extremely well optimized fs FS experi
ments.64 Contrary to fs FS, where an improvement in temporal resolution leads to
a largely decreased signal strength and long averaging times, the TA spectroscopy
can be performed quite quickly. We therefore expect that particularly transient
NIR detection will be able to rival fs Fs without the need for a dedicated setup.
Last but not least we want to address the detection and identication of
vibronic coherences. In many one colour pump probe measurements much
debate is needed to nd out whether the observed modulations in the TA signal
are due to vibrational wavepackets in the electronic ground state or to vibronic
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wavepackets in an excited state. The rst are a nice conrmation of our under
standing of ultrafast experiments and the underlying molecular level structure,
but they do not reveal much information beyond that already known from Raman
spectroscopy and resonance Raman spectroscopy. Only the latter render real new
information on the structure of the excited molecule and the course of reactions.
We were able to report earlier that in ESIPT those modes contribute to the
wavepacket signature that are intimately connected with the proton transfer by
shortening of the donor acceptor distance.66 Now we even nd that in the bond
cleavage discussed in Sec. 6 the photoproducts display long lasting vibrational
coherences. This can only be understood if the whole cleavage process proceeds
coherently. It gives great hope that coherent control, e.g., by double pulses or
shaped pulses, can be used to control the branching ratio between homolysis and
heterolysis and the yield of individual products. Also incoherent control by time
delayed pulses of largely diﬀering wavelengths might be feasible as the electron
transfer, the recombination and the diﬀusional separation are understood in
detail.
The newly available experimental capabilities should be able to revitalize the
use of electronic spectroscopy for the elucidation and quantitative analysis of
complex molecular and chemical processes. Unlike the typical use of UV/vis
spectroscopy for stable species or just processes in the ms range, our strategy
comes with 50 fs temporal resolution. As a consequence, even the shortest lived
intermediates can be looked for. Unlike the earlier fs experiments the ultra
broadband detection allows the full range of spectroscopic knowledge to be
utilized. We therefore think that the best is still to come for electronic spectros
copy and we look forward to a bright, visible future.
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Abstract. The origin of ultrafast intersystem crossing and its competitiveness with
singlet pathways was studied in cyclic DE-enones by transient absorption, time-resolved
photoelectron spectroscopy and ab initio calculations.

1 The role of triplet state dynamics
Intersystem crossing (ISC) in photoexcited organic molecules is often thought of as an inherently
slow process. Especially in molecules with fast singlet channels as those governed by conical
intersection (CoIns), triplet state formation is rarely seen. For example, the dynamics in butadiene
(CH2 CH-CH CH2) takes place within 100 fs after light absorption [1]. However, there exist
examples where this is not the case as, e.g., for DE-enones [2,3]. In acrolein (CH2 CH-CH O) a
CH2-group of butadiene is replaced by an oxygen and triplet state formation can be observed
although both butadiene and acrolein dynamics are governed by ethylene-type CoIns which are
localized only at one side of the molecule [2]. So the question arises as to why such a small change
in the molecular structure causes completely different dynamics. To address this issue, we used timeresolved photoelectron spectroscopy (TRPES) and transient absorption (TA) in cyclohexane,
acetonitrile and methanol as solvent to discern the initial dynamics of cyclic DE-enones. Here, we
focus on our results on 2,3,4,5-tetramethyl-2-cyclopentenone (TMCPO) and compare them with the
less methylated derivatives 2-cyclopentenone (CPO) and 3 methyl-2-cyclopentenone (3MeCPO).

2 Absorption Spectrum and Potential Energy Surfaces
The absorption spectrum of TMCPO is typical for many DE-enones. It has a bright 1SS*-state
around 220 nm and a weakly absorbing 1nS*-state on its red flank (see Fig. 1a). The significant
spectral shifts correlate with the dipole moments of the states which increases for the 1SS*-state and
decreases for the 1nS*-state with respect to the ground state. The shape of the 1nS*-band shows that
the lifetime of this state might be significantly reduced in methanol as a solvent.
A sketch of the relevant potential energy surfaces is shown in Fig. 1b. Upon excitation to the
bright 1SS*-state, the molecules relax to the lower lying 1nS*-state from where they can return to the
ground state by one of multiple CoIns (see examples for CPO in Fig. 1c) or progress to the triplet
manifold where various pathways are possible [3]. Our calculations show that direct access to the
CoIns is hindered by a large energy gap to the energetic minimum of S1 (more than 1 eV at the
This is an Open Access article distributed under the terms of the Creative Commons Attribution License 2.0, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
Article available at http://www.epj-conferences.org or http://dx.doi.org/10.1051/epjconf/20134105029
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3s2p1d ANO/MR-SOCI level) but that the 3SS*-state is energetically close favoring ISC through a
spin-orbit coupling of 30-50 cm-1 on the whole 1nS*-manifold.

Fig. 1. a) Absorption spectrum of TMCPO b) Sketch of the potential energy surfaces c) Lowest lying
conical intersections between S1 and S0 at 3s2p1d ANO/MR-SOCI for 2-cyclopentenone (CPO).

3 Experimental results
The photoelectron spectrum of TMCPO
excited to the 1SS*-state at 216 nm and
probed at 267 nm is shown in Figure 2. The
1
SS*-state is seen by the band at low
photoelectron kinetic energy and relaxes to
the 1nS*-state within roughly 150 fs. It is
shifted in time toward lower photoelectron
kinetic energy due to large amplitude
motions caused by the CoIn between the
1
SS*- and the 1nS*-state being strongly
deformed out-of-plane (a similar motion has
been observed before in TRPES [3]). The
1
nS*-state is seen in the two photon probe
region at higher photoelectron kinetic
energy and decays itself within 2.8 ps.
These decay times are much shorter in CPO
and 3-methyl-CPO (ca. 100 fs for 1SS**Fig. 2. a) Photoelectron spectrum of TMCPO
state and 1.15 and 1.4 ps for the 1nS*-state,
excited at 216 nm and probed at 267 nm.
respectively). A residual spectrum which is
similar for all investigated molecules stays constant for at least 250 ps.
The TA spectrum following excitation of TMCPO in acetonitrile at 228 nm is depicted in Figure
3. Besides the coherent artifact around time zero, one sees three processes, one on the 200 fs
timescale originating from the 1SS*-state relaxation, one on the ps timescale (1nS*-state) and a
residual spectrum peaking around 280 nm which can be assigned to the triplet states in agreement
with [4]. When comparing the time constants for the 1nS*-decay, one sees no big changes between
the solvents and the gas phase (between 3 and 4 ps). This is different for CPO and 3MeCPO where
the gas phase dynamics are more than a factor of 3 faster than those in the liquid phase. Between 230
and 240 nm, we see a strong ground state bleach. On the timescale of the experiment, we do not
observe a change in optical density which means that no population has returned to the ground state
and hence, intersystem crossing seems to be the predominant relaxation channel.
05029-p.2
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4 Discussion
Considering the similarity of the
transient spectra of the investigated
molecules (both TRPES and TA), we
conclude that the main reaction pathway
is via ISC which is governed by the
presence of a 1nS*-state and the
energetically close lying 3SS* acceptor
state. If internal conversion (IC) were
dominant, we would expect the ground
state bleach to recover on a ps time
scale. Similar time constants in the
different solvents indicate that ISC does
not depend on polarity and that the
relative energetic position of the states
only plays a minor role, although
Fig. 3. Transient absorption spectrum of TMCPO in
relative shifts of the 1nS*-band indicate
acetonitrile excited at 227 nm measured with different
that the singlet dynamics might differ.
white light continua and pump sources (see [5]).
This behavior can be explained with the
large 1 eV barrier between the CoIns with the ground state and the 1nS*-state minimum. The CoIn
can be accessed after conversion to the 1nS*-state. However, as time progresses, the 1nS*-state
minimum is reached and the CoIn lies energetically too high to play a significant role. Therefore, IC
might play a role in the gas phase where a faster time constant for the nS*-state is observed and
where vibrational motions are less dampened than in liquid phase. In solvent, however, we almost
exclusively observe ISC.

5 Outlook
Exact calculations of the solvent dependent energetic position of the states as well as ab initio
dynamics calculation will reveal more information about these systems. In addition, further
experiments on differently substituted molecules and wavelength dependent pump pulses will allow
deciphering the role of specific motions on the dynamics. The final goal is to understand the
conditions for ISC in molecules which, in principle, would also allow fast IC-processes and to
predict when a molecule can be supposed to predominantly react via its singlet or its triplet manifold.

References
1.
2.
3.
4.
5.

W. Fuß, W. E. Schmid, S. A. Trushin, Chem. Phys. Lett. 342, 91 (2001)
A. M. D. Lee, J. D. Coe, S. Ullrich, M.-L. Ho, S.-J. Lee, B.-M. Cheng, M. Z. Zgierski, I.-C.
Chen, T. J. Martinez, A. Stolow, J. Phys. Chem. A 111, 11948 (2007)
O. Schalk, A. E. Boguslavskiy, A. Stolow, M. S. Schuurman, J. Am. Chem. Soc. 135, 16451
(2011)
I. Schuster, D. A. Dunn, G. E. Heibel, P. B. Brown, J. M. Rao, J. Woning, R. Bonneau, J. Am.
Chem. Soc. 113, 6245 (1991)
U. Mergele, I. Pugliesi, C. Schriever, C. F. Sailer, E. Riedle, Appl. Phys. B 96, 215 (2009)

05029-p.3

Appendix A9

Continuum generation in bulk materials from the deep UV to the infrared
with pump pulse durations over the entire femtosecond regime
M. Bradler and E. Riedle
Proceedings of the XVIIIth International Conference on Ultrafast Phenomena,
Lausanne, Switzerland. EPJ Web of Conferences 41, 10011 (2013)

Reprinted with kind permission from Oxford University Press, Inc.

EPJ Web of Conferences 41, 10011 (2013)
DOI: 10.1051/epjconf/20134110011

C Owned by the authors, published by EDP Sciences, 2013
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femtosecond regime
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Abstract. We demonstrate continuum generation with pulses from the long
femtosecond up to the picosecond regime. To understand the mechanism involved in
this process we study the influence of the spectral width and the chirp of the pump
pulses. We further investigate the threshold for stable continuum generation with
smooth, plateau-like spectra from the deep ultraviolet to the infrared. We visualize the
processes of the generation and study filament parameter such as length, diameter and
observe multiple filamentation. This visualization allows us to determine and understand
the temporal jitter of newly generated frequencies.

1 Influence of pump pulse duration on continuum generation in bulk
When ultrashort intense laser pulses are focused in bulk materials, one of the most fascinating
phenomena in ultrafast nonlinear optics can occur: supercontinuum generation. The octave wide
spectral broadening gives access to wavelength regions not supported by available laser systems.
These continua render smooth, flat and gap free spectra with a high amount of coherence,
compressibility, and high stability on all time scales [1]. This favors them as a most valuable source
for broadband radiation in laser technology and spectroscopy [2]. Continuum generation works well
with a pump pulse duration below 150 fs, even with extremely short few cycle pulses. However, it
fails with longer pulses in common crystals like sapphire owing to avalanche ionization.
Nevertheless continuum generation with longer pulse duration would be of great interest for many
applications. It would be particularly advantageous for strong pump lasers of optical parametric
chirped pulse amplifiers which have pulse durations in the picosecond regime.
In this contribution we show first proof of ps continuum generation in laser crystals retaining the
advantageous properties of fs continua like flat and smooth plateau-like spectra over the entire
visible range (see figure 1 (a)). To understand the role of the pulse duration on continuum
generation, experiments on the influence of the spectral width and chirp were performed. For this
purpose we generate picosecond pulses from a Ti:Sappire system (Clark MXR, CPA 2001, 775 nm,
150 fs): One time by narrowing the spectrum and one time by up-chirping the pulse with the entire
spectrum by transmission through glass. With sufficient pump energy new spectral components can
occur for these pulses during propagation in crystals. The stability at selected wavelengths serves as
criterion for continuum generation. Figure 1 shows the pump energy for stable continuum generation
in sapphire, YAG and KGW, when chirping (b) and spectral narrowing (c) the pump pulse.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License 2.0, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Article available at http://www.epj-conferences.org or http://dx.doi.org/10.1051/epjconf/20134110011

EPJ Web of Conferences

Fig. 1. Continuum generation in selected crystals with picosecond pulses (a), chirped (b) and spectrally
narrowed (c) femtosecond pulses.

Further studies indicate that especially for longer pulses the spectral width is a limiting factor,
because long pulses compress towards the Fourier limits during the propagation in the first few mm
of the crystal due to self-steepening. If the spectral width is low, self-phase modulation has to first
broaden the pulse to reduce the Fourier limit and than self-steepening can shorten the pulses. This
configuration needs more energy and show a stronger broadening, as confirmed by the experiment.
In upcoming experiments we will analyze the chirp of the newly generated frequencies and the
temporal behavior of the pump region during filamentation.

2 Continuum generation with pump wavelengths from the UV to the IR
Nonlinear processes like optical parametric amplification, second harmonic generation, and sum or
difference frequency generation allow the generation of energetic pulses from the deep UV to the
infrared [3] largely independent from the original laser wavelength. However, these pulses often
have a limited spectral bandwidth originating from the necessary phase-matching of the nonlinear
processes. The generation of broadband spectra around these new frequencies is a challenging task
and often requires high energies. Continuum generation in bulk materials on the other hand only
needs μJ energies and therefore spectral broadening is possible. The choice of the crystals
additionally allows to reduce the necessary energy or to increase the spectral width. To show that
continuum generation is not only limited to small regions around the pump wavelength, we show
continua generated with frequency doubled Ti:sapphire and Yb:KYW lasers, the original
wavelength, and infrared pulses from an optical parametric amplifier. Figure 2 shows selected
continua covering the ultraviolet, visible and infrared. The pump wavelength is blocked with filters,
so that only the newly generated frequencies are shown.

Fig. 2. Continuum generation with pump wavelengths from the UV to the IR (400, 800 and 1600 nm).

All these continua show a smooth, gap free and wide spectrum with a proper beam profile and a
high stability. This favors them for the use in femtosecond pump probe spectroscopy. The spectral
overlapping allows combining the results from different continua. The short wavelength continuum
10011-p.2
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cut-off remains constant if the pump wavelength is increasing. This allows octave-wide gap free flat
continua when pumping with an infrared source. Combining the principles of optical parametric
amplification (OPA) with the fact that the energy threshold is low, these infrared sources can easily
be generated by nearly any laser systems. For OPCPA systems passive carrier-envelope phase (CEP)
stabilization can be obtained in this conversion.

3 Visual observation of continuum generation in YAG
During filamentation and continuum generation many nonlinear processes take place like selffocusing, self-steepening, self-phase modulation, or multi-photon excitation. In Yttrium aluminum
garnet (YAG) not only the continuum can be observed as beam profile along the propagation axis,
but also the filament channel is clearly visible from the side. This is presumably due to the
recombination of the electrons from the conduction to the valence band. By imaging the visible
filament on a camera we can investigate the position and length of the filament. The filament length
of up to 2 mm is independent of the incidental numerical aperture and can therewith be significantly
larger than the Rayleigh length. This is due to the balance between self-focusing and plasma
defocusing which overcomes the natural divergence. Also filamentation starts closer to the entrance
surface of the crystal, if the input energy is increased. This is due to the stronger self-focusing, what
leads to a shorter self-focal distance.
From the side view of the filamentation also the temporal jitter of the newly generated
frequencies can be analyzed and optimized to 0.5 fs/nJ. The jitter comes from the fluctuation of the
filament position which originates from the energy fluctuations of the pump. This is for example
important for passively CEP stabilized pulses from an OPA [4]. If the energy for continuum
generation is increased and exceeds twice the threshold for continuum generation we observe a
second filament arising. These filaments line up on the propagation axis and show spatial and
spectral interference. Figure 3 shows this spatial (a) and spectral (b) interference, and the side view
of two filaments in a YAG crystal (c).

Fig. 3. Spatial (a) and spectral (b) interference and side view (c) of two filaments in YAG

The field of continuum generation in bulk materials is still under investigation and offers many
rewarding opportunities for advanced laser applications and broadband spectroscopy. Continuum
generation with multi-ps pump pulses is within reach, as confirmed by our first successful
experiments. The ease of handling and the very compact setup qualify continuum generation as
excellent alternative broadband source for many applications.
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Abstract. We present an efficient concept for generating carrier-envelope phase stable
pulses tunable between 1.6 and 2.0 μm with durations down to 8.2 fs based on nonlinear
frequency conversion. As a first application we measure the high nonlinearity of
multiphoton photoemission from a nanoscale metal tip.

1 Sub-two-cycle pulses by OPA and DFG at 100 kHz
The generation of few-cycle light pulses with stable carrier-envelope phase (CEP) at wavelengths
around 2 μm is still a challenging but worthwhile task [1]. High-power pulses at these wavelengths
are of interest because they allow extending the cutoff of high-order harmonic generation towards
the water window. But also in the CEP-sensitive emission of electrons from metal nanostructures,
where pulse energies of only 240 pJ at 800 nm sufficed to generate electrons with kinetic energies of
up to 13 eV, the use of longer wavelengths is expected to greatly enhance electron energies and to
give further insight into the interplay between multiphoton and tunneling ionization [2]. For
investigations along these lines, CEP stable sub-two-cycle pulses with high repetition rates are a
promising tool.
Here we present an efficient and simple scheme for the generation of such pulses with a duration
around 10 fs and energies on the order of 100 nJ at a repetition rate of 100 kHz [3]. The pulses are
tunable in the range from 1.6 to 2.0 μm while maintaining a sub-two-cycle duration (see Fig. 1). To
the best of our knowledge this constitutes the shortest pulse durations in this wavelength range for
repetition rates above 1 kHz, combined with excellent tunability.
Our concept is based on supercontinuum generation (SCG) in bulk material followed by
noncollinear optical parametric amplification for the generation of a broadband visible spectrum, and
subsequent broadband difference frequency generation (DFG) with the narrow-band pump laser to
generate the passively CEP stabilized output around 1.8 μm. A commercial Yb:KYW based pump
laser (Jenlas® D2.fs; JENOPTIK Laser GmbH) delivers ~ 300 fs pulses at 1025 nm with an energy
of 40 μJ at 100 kHz repetition rate. Approximately 5 % of the used 32 μJ are split off for SCG in a
4 mm thick YAG crystal, producing the seed for the NOPA. The remainder of the pump pulse is
frequency-doubled in a BBO crystal with an efficiency of about 30 %. The continuum seed is then
noncollinearly amplified by the 512 nm pump pulses in a 3 mm thick BBO crystal. The amplified
spectrum can be tuned in central wavelength between 650 nm and 700 nm while maintaining a
Fourier limit below 10 fs and energies around 2 μJ per pulse. After collimation with a spherical
mirror the output pulses are compressed using fused silica prisms.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License 2.0, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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Fig. 1. Spectra and corresponding autocorrelation measurements showing the wavelength tunability of
our concept while maintaining a sub-two-cycle pulse duration ('W: deconvolved FWHM Gaussian pulse
duration).

The 1025 nm light remaining after frequency doubling is rotated in polarization by 90°. It is then
focused into a 0.8 mm thick BBO crystal together with the compressed NOPA output to perform
type-I DFG to the infrared. This crystal thickness is much less than typically used for an OPA stage
and therefore allows a largely increased acceptance bandwidth. To avoid the need for dichroic optics,
the two beams are combined under a small angle, which is kept as small as possible (~ 0.9°) to limit
the associated spatial chirp of the infrared pulse. For the chosen angle the angular dispersion between
the spectral components at 1.6 μm and 2.2 μm of the output pulse is 0.55° and therewith less than the
natural divergence of ~ 1°.
The spectrum of the infrared output can be tuned in a considerable wavelength range by changing
the NOPA spectrum and readjusting the phase-matching angle of the DFG and the time delay
between the NOPA output and the 1025 nm pulses (see Fig. 1). The deconvoluted pulse durations,
obtained from autocorrelation measurements, lie between 8.2 fs and 12.7 fs, corresponding to only
1.5 to 1.9 optical cycles. Pulse energies of up to 145 nJ are achieved, however with slightly longer
pulses (11.7 fs at 1.6 μm central wavelength). For the shortest pulse durations pulse energies of 40 nJ
are achieved.
The compression of the infrared pulses is solely adjusted by the chirp of the NOPA output and
thus the prism compressor in the visible. The shortest IR pulses are achieved when the NOPA pulses
are also nearly optimally compressed. This scheme even allows compensating for material dispersion
in the infrared, introduced by, e.g., an entrance window to a vacuum chamber.

2 Stability and control of the carrier-envelope phase
The NOPA output inherits the CEP fluctuations of the supercontinuum seed and hence of the
1025 nm pump. Since the NOPA output is subsequently difference frequency mixed with the
1025 nm light, the infrared output is expected to be CEP stable [1]. To verify this, we set up an f-2f
interferometer. To achieve the necessary bandwidth, we coupled the infrared pulses into a highly
nonlinear fiber. The broadened spectrum and the frequency-doubled light were then focused into a
spectrometer with a time delay of ~ 400 fs. For proper alignment of the continuum generation, we
observe high contrast interferences that directly show the CEP stability of the IR pulses. When
integrating over 1 ms and acquiring 500 consecutive spectra (i.e. 0.5 s acquisition time), we measure
phase fluctuations of only 78.5 mrad rms. Fig. 2 shows a measurement over 5 minutes (averaged
over 100 ms). After 1.5 minutes we induce a CEP change of S by translating one of a pair of wedges
located in the 1025 nm beam before the DFG stage. After 3 minutes the wedge is moved back. This
clearly shows that we have full control of the CEP and can compensate for the observed slow drift.
For the slower fluctuations (0.1 Hz to 5 Hz) we find a value of 135 mrad rms.
10012-p.2
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Fig. 2. f-2f interference measurement over 5 min. The right panel shows the spectrum of a single scan,
the lower panel the evaluated phase. After 1.5 min. a CEP shift of S is induced by moving a wedge,
which is reversed after 3 min.

3 Electron emission from nanoscale metal tips and outlook
As first experimental application of our new source, we tightly focus the IR pulses onto a nanoscale
tungsten tip, with the laser polarization parallel to the tip-pointing direction (see Fig. 3(a)). This
leads to photoemission of electrons from the tip, which we accelerate by an electric dc field towards
a microchannel plate (MCP) detector. When measuring the electron current I on the MCP screen as a
function of the incident pulse energy E, we find a I v E3.8 dependence, indicating dominating
multiphoton photoemission in this pulse energy range (see Fig. 3(b),(c) and [2]). The next step will
be the measurement of the energy spectrum of the emitted electrons, which is expected to have a
clear dependence on the CEP of the IR pulses.

Fig. 3. (a) Schematic of the setup for the photoemission of electrons from a nanoscale metal tip.
(b) Schematic of the multiphoton photoemission step. (c) Measured electron counts per second on the
MCP as function of the laser pulse energy in a double logarithmic plot with a linear fit.

Our concept is also an interesting seed source for high power applications. It provides much more
seed energy than the nowadays used few pJ to nJ, which will lead to a drastic improvement in pulse
contrast. The combination of SCG, preamplification in the visible and subsequent DFG is
furthermore expected to provide few-cycle pulses throughout a large part of the IR when used with
different crystals.
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Abstract Difference frequency generation between
broadband visible noncollinear optical parametric ampliﬁer
(NOPA) pulses and the fundamental pump laser pulses
allows the generation of ultrashort infrared pulses with
passively stabilized carrier-envelope phase. A simple prism
compressor for the visible NOPA pulses is sufﬁcient to
generate few-cycle pulses in the infrared and no additional
compression is needed. We theoretically investigate the
concept, explain the principles, and demonstrate it for high
repetition rate, long pulse durations, and various wavelengths by applying it to a Ti:sapphire and an Yb:KYWbased laser systems. For the latter sub-15 fs phase stable
pulses around 1.8 lm with an energy of 100 nJ are
obtained at 100 kHz repetition rate.

1 Introduction
Infrared light pulses are a very helpful tool to reveal elementary ultrafast processes in biology, chemistry, medicine, and physics. Especially vibrational absorption bands
of molecules are located in the infrared and give an insight
into the inner life of complex systems. Also many applications of strong-ﬁeld physics like high harmonic generation, attosecond science or tunneling ionization beneﬁt
from ultrashort infrared pulses. Besides the wavelength
also the carrier-envelope phase and peak intensity can play
an essential role in such experiments. Therefore, often
phase stable few-cycle pulses with highest intensities are
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needed. Many experiments also demand high repetition
rates, because this allows detecting even weak signals and
dramatically decreases the measuring time. Laser systems
with high repetition rates and high pulse energies in the sub
picosecond regime become readily available. Therefore, it
is of considerable interest to develop simple and reliable
concepts for the generation of ultrashort infrared pulses.
Sufﬁciently broadband laser materials for the direct
generation of infrared few-cycle pulses are still in their
early steps of development and therefore alternative concepts must be applied. A very successful approach is
optical parametric ampliﬁcation [1 12], often with chirped
pulses [13 19] as recently reviewed in [20]. Also ﬁlamentation and hollow core ﬁbers are additionally used for
spectral broadening and compression [21 28]. Other techniques to produce shortest infrared pulses are parametric
generation [29], difference frequency generation [30], and
single mode ﬁbers [31, 32]. Most recently sub-10 fs pulses
with a spectrum ranging from 2 to 10 lm were achieved as
conical emission from a ﬁlament created with 800 and
400 nm light [33]. Generating few-cycle pulses is always
challenging independently from the wavelength region.
Especially working in the infrared is demanding and
requires well-suited equipment.
In this paper, we focus on a very recent approach [11,
34, 35] to generate few-cycle pulses in the infrared and
study it in more detail. It is based on difference frequency
generation between the very broadband visible pulses
generated in a noncollinear optical parametric ampliﬁer
(NOPA) and the narrowband pump laser pulses in a thin
nonlinear crystal. We ﬁrst explain in general the setup and
discuss the single stages. Then we theoretically investigate
the key principles of the concept and why it is working so
well. After this we describe the experimental realization in
full detail, characterize infrared sub-two-cycle pulses from
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an Yb:KYW-based system and show the potential for different laser wavelengths and mixing crystals.

2 General setup and results
Our concept is shown in Fig. 1a and based on difference
frequency generation (DFG) between the narrowband laser
pulses and a visible whitelight seeded NOPA pumped by
the second harmonic of the laser light and compressed with
just a prism compressor.
In the beginning, a small part of the laser light is used to
generate a broadband visible whitelight seed for the NOPA.
Here we use continuum generation in bulk, because it
works over the entire femtosecond regime Bradler and
Riedle (unpublished data) and so even laser systems with
pulse durations up to picoseconds are suited for this concept. A big advantage of the concept is that no infrared
seed must be provided and one can beneﬁt from the well
established visible whitelight generation and its favorable
properties [36] such as smooth, ﬂat, gap-free spectrum and
superior beam quality. But also other visible light sources
like ﬁber-based continua might be suited as seed light for
the ampliﬁer. The visible broadband whitelight seed is
ampliﬁed in a NOPA pumped by the second harmonic of
the laser light and compressed in a conventional prism
compressor of two Brewster angled fused silica prisms.
These pulses are difference frequency mixed with the
remaining fundamental laser light, which is not frequency
doubled. To perform DFG the polarization of the
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fundamental laser light is rotated by 90°. Since continuum
generation, optical parametric ampliﬁcation, and compression only add a constant phase term, the relative phase
between the visible and the laser light is constant and the
difference frequency generation delivers phase stable pulses even if the carrier-envelope phase of the laser system is
not stable [20]. Two wedges in the path of the laser light
allow controlling the ﬁnal carrier-envelope phase. Note that
the infrared pulses do not have to be further compressed.
The prism compressor for the visible NOPA can precompensate the phase of the infrared pulses so that nearly
transform-limited pulses are generated. Even further optical elements in the pathway like ﬁlters, entrance windows
or lenses can be compensated, so that few-cycle possible
pulses are still available at the experimental site.
To demonstrate the concept we used two laser systems:
a commercial Yb:KYW-based pump laser (Jenlas D2.fs;
JENOPTIK Laser GmbH) which delivers 300 fs pulses at
1025 nm with an energy of 40 lJ at 100 kHz repetition
rate and a Ti:sapphire-based laser system (CPA2001; Clark
MXR) delivering 150 fs pulses at 775 nm with an energy
of 1 mJ at 1 kHz. The carrier-envelope phase of both
systems is not stable. Infrared few-cycle pulses which are
produced with each system are shown in Fig. 1b when
using beta-barium-borate (BBO) as mixing crystal in the
DFG. This section should only brieﬂy describe the basic
setup. A more complete and accurate description is given
in section IV.

3 Broadband difference frequency generation

Fig. 1 a Broadband visible pulses from a whitelight (SCG) seeded
NOPA pumped by second harmonic (2x, SHG) are compressed with
a prism compressor (PC) and frequency mixed with the narrowband
laser pulses (1x). A half wave plate (k/2) rotates the polarization of
the laser pulses to perform type I DFG and movable wedges allow
controlling the phase of the ﬁnal infrared output. b Two typical DFG
spectra for Ti:sapphire and Yb:KYW as pump source and BBO as
mixing crystal
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To understand how such broadband pulses in the infrared
can be generated with difference frequency generation one
has to consider the group velocities of the participating
wavelengths. The difference frequency generation is performed in a nearly collinear geometry. All shown calculations are performed for exact collinearity, as the used
angle of less than 1° does not signiﬁcantly alter the phase
matching or the group velocities. For the difference frequency generation we use type-I polarization, i.e., the
visible pulses are extraordinarily polarized (e) and the laser
and infrared light ordinarily (o). The small angle of \1°
between the visible pulse and the laser light is used to allow
for spatial separation between the generated infrared and
the input light. This avoids all dichroic optics.
The focusing of both input pulses is performed individually. This allows full control of the intensity, beam
waist, and divergence of both pulses and therefore angular
phase-matching limitations can be avoided. For selected
nonlinear mixing crystals wavelength combinations can be
found such that the group velocity of the visible pulses
matches the group velocity of the ﬁnal infrared pulses. All
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Table 1 Wavelength combinations for extremely broadband DFG between visible NOPA pulses and narrowband pulses at 800 and 1025 nm in
BBO, LiNbO3, and LiIO3
Mixing wavelength

800 nm (o)

1025 nm (o)

VIS (e) (nm)

IR (o) (lm)

H (°)

VIS (e) (nm)

IR (o) (lm)

H (°)

BBO

606

2.5

20.4

696

2.2

20.0

LiNbO3

677

4.4

45.1

796

3.4

44.3

LiIO3

693

5.2

20.1

820

4.1

19.8

A collinear mixing geometry is assumed

relevant data such as phase-matching angles, group
velocities, and acceptance bandwidth are obtained with the
program SNLO [37]. These wavelength combinations and
the cut angle for the crystals are shown in Table 1 for
BBO, lithium niobate (LiNbO3) and lithium iodate (LiIO3)
when mixing with 800 or 1025 nm pulses. In addition, the
polarization of the individual pulses is given. Infrared
pulses from 2 to 5 lm can therewith be generated. The
necessary visible pulses range from 600 to 800 nm.
The equal group velocities of visible and infrared pulses
result in a very broad acceptance bandwidth and allow
transferring a large bandwidth from the visible to the
infrared, even for crystal lengths of up to 1 mm. This is
illustrated in Fig. 2, which shows typical spectra for visible,
laser, and infrared pulses using an 800 lm BBO crystal.
Since the narrowband laser pulses have signiﬁcantly
longer pulse duration, the group velocity mismatch
between the laser wavelength and the visible or infrared
wavelength is not relevant. The laser light ﬁeld is present
the entire time. Therefore the visible, the infrared and the
fundamental laser pulses can interact over the entire crystal
length.
The pulse duration of the infrared output directly after
the difference frequency generation is nearly transform
limited. This is due to the dispersion properties of the
mixing crystals. For a better understanding we demonstrate
this for Gaussian pulses and an 800 lm BBO as mixing
crystal in Fig. 3.
The visible pulses centered at 675 nm have a Fourier
limit of 10 fs [38], but they are chirped due to the imperfect
compression in the prism compressor and show some
residual spectral phase (black dotted line in Fig. 3a). The
actual pulse duration is measured to 14 fs. In addition, the
propagation in BBO adds spectral phase (orange dashed
line in Fig. 3a). After 50 % of propagation in the BBO the
pulse length is 17.5 fs. When these chirped visible pulses
are difference frequency mixed with narrowband transform-limited laser pulses the resulting infrared pulses
centered at 2000 nm will have nearly the same spectral
phase (orange dashed line in Fig 3b) [39, 40]. Now an
advantageous property of BBO becomes relevant. The zero
dispersion wavelength lies between the visible and the

Fig. 2 Broadband visible pulses (orange) are difference frequency
mixed with the narrowband laser pulses (black) resulting in broad
band, infrared pulses (violet)

Fig. 3 a Spectrum (light orange) and spectral phase of visible pulses
after the prism compressor (PC) (black dotted) and propagation
through 400 lm BBO (orange dashed); b the infrared pulses
(magenta) inherit the spectral phase of the visible pulses during
DFG (orange dashed) and self compress due to the remaining
propagation in BBO and become nearly transform limited (violet
solid)

infrared wavelength. This means the infrared pulses are in
the anomalous dispersion regime and self-compress during
the remaining propagation in BBO, which leads to nearly
transform-limited pulses in the infrared (violet line in
Fig 3b). The pulse duration of the infrared pulses shown in
Fig. 3b is 11.8 fs. Since the infrared pulses are generated
over the entire crystal length, we decided to use half of the
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crystal lengths as effective propagation lengths for both the
visible and the infrared pulses. But also for the other
constellations such as earlier or later infrared generation in
the crystal the pulses remain short. Note that there is no
additional pulse lengthening of the infrared pulses caused
by separation between visible and infrared pulses because
of the equal group velocities. And since chirped visible
pulses are needed for the DFG it is sufﬁcient to work with a
simple prism compressor. Even additional chirp from later
propagation in crystals, lenses, or entrance windows can be
pre-compensated with the visible prism compressor, so that
few-cycle pulses arrive at the sample. Residual higher
order chirp will only weakly increase the pulse duration
beyond the Fourier limit.
Another more fundamental aspect is that the duration of
one optical cycle is much longer in the infrared than in the
visible. Therefore it is sufﬁcient to generate ﬁve to six
cycle pulses in the visible for sub-two-cycle pulses in the
infrared because only the bandwidth and pulse duration are
transferred to the infrared but not the number of cycles. A
13 fs pulse in the visible corresponds to a six cycle pulse,
whereas a 13 fs pulse around 2 lm corresponds to a subtwo cycle pulse. This strongly facilitates the generation and
compression of the visible pulses. No few-cycle pulses
must be generated in the visible and moderate demands are
placed on the compression. No further compression with
chirped mirrors or gratings or pulse shortening techniques
like ﬁlamentation must be applied, not in the visible nor in
the infrared.
Besides the choice of the material also the crystal length
is important in difference frequency generation. Normally
the length is a compromise between the efﬁciency and the
attainable bandwidth and limits both. Particularly in an
OPA that aims at a large ampliﬁcation factor a rather long
crystal with its reduced acceptance bandwidth is needed. In
our case, the immense bandwidth due to negligible group
velocity mismatch allows using crystals with lengths up to
1 mm, which is long if compared to mixing crystals for
few-cycle visible pulses. This allows an enhanced efﬁciency. In our case, we transfer up to 22 % of the photons
from the visible to the infrared (see section IV). An even
longer crystal length will not increase this efﬁciency signiﬁcantly due to saturation effects and back conversion
which leads to distortion of the infrared beam. In addition,
the pulse lengthening becomes more relevant for longer
crystals. However, crystal lengths below 1 mm are still
short compared to crystals used in ampliﬁer systems and
unwanted effects like self-phase modulation, self-focusing,
parametric superﬂuorescence background, crystal damage
or pulse lengthening can be avoided. It should also be
noted that the NOPA ampliﬁes the nJ level SCG seed into
the lJ regime and therefore no further ampliﬁcation is
needed for the broadband NIR generation. If one starts
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directly in the NIR, the required long crystal for the initial
ampliﬁcation seriously limits the bandwidth which can
only be partly compensated by the use of periodically poled
crystals [18, 41].

4 Full characterization of infrared few-cycle pulses
To demonstrate the concept we fully characterize sub-twocycle pulses generated with the Yb:KYW-based system.
For this purpose we use 32 lJ pulses at 100 kHz with a
pulse duration of 300 fs and a central wavelength of
1025 nm. Five percent are split off for continuum generation in a 4-mm thick YAG plate serving as seed for the
visible NOPA [36]. The remaining 95 % are frequency
doubled in an 800 lm thick BBO crystal cut at 23.5° with
an efﬁciency of about 30 %. Due to the small beam size of
the laser (1/e2 radius of 0.9 mm), focusing is not necessary.
Seed and the SHG pump are focused into a 3-mm thick
BBO crystal cut at 20° with an external noncollinearity
angle of 3.3°. The ampliﬁed spectrum is tunable in central
wavelength from 650 to 700 nm while maintaining a
Fourier limit below 10 fs. Typical pulse energies are
around 1.5 lJ per pulse. After collimation with a spherical
mirror, the output pulses are compressed to well below
15 fs using a sequence of fused silica prisms with an apex
angle of 68.7°. Please note that the time-bandwidth product
of 0.66 for the visible pulses is sufﬁcient for short infrared
pulses.
The 1025 nm light which is not frequency doubled is
rotated in polarization by 90° with a half-wave plate to
perform type-I DFG and transmitted through a pair of
wedges (10°, BK7) which are used to control the carrierenvelope phase of the infrared output. The laser light
(10 lJ) and the compressed NOPA output (1.2 lJ) are then
focused into a 0.8-mm thick BBO crystal cut at 23.5° to
perform type-I DFG. The beam radii (1/e2 value) were
120 lm for the 1025 nm beam and 90 lm for the NOPA
output for ease of alignment and to ensure total overlap. The
intensity of the laser pulses was 100 GW/cm2 and the
intensity of the visible pulse was 250 GW/cm2. To avoid
the need for dichroic optics, the two beams are combined
under a small angle, which is kept below 1°. The resulting
spatial chirp of the infrared pulse is below the divergence of
also 1°. The energy of the infrared pulses was 100 nJ. This
means that 22 % of the visible photons are transferred to the
infrared (100 nJ * 1.8 lm/(1.2 lJ * 680 nm) = 0.22).
A typical 1.8-lm pulse was fully characterized with
second-harmonic-generation frequency resolved optical
gating (SHG-FROG) [42]. For the retrieval of the spectral
phase and the temporal intensity proﬁle the software
‘‘FROG 3.0’’ was used [43]. The spectrum of the sub-twocycle pulse is shown in Fig. 4a (black line). The spectrum
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Fig. 5 Interference pattern of an f to 2f interferometer to show
carrier envelope phase stability of an infrared sub two cycle pulse
over 4 min (with induced phase change after 1 and 2 min)

Fig. 4 a Measured (black line) and retrieved (red dotted line)
spectrum including spectral phase (green dashed line); b temporal
intensity proﬁle (black line) and Fourier limit (black dashed line);
c measured; d retrieved FROG traces of a carrier envelope phase
stable, sub two cycle infrared pulse

retrieved from the FROG measurement (red dotted line)
matches the experimental one perfectly. There is a small
remaining spectral phase (green dashed line) that indicates
a small amount of residual second and higher order phase.
The reconstructed temporal intensity proﬁle (black line in
Fig. 4b) renders a pulse duration of 13.4 fs. The slight
asymmetry is due to the remaining higher order phase. A
time-bandwidth product of 0.55 results that is fairly close
to the Fourier limit (dashed line in Fig. 4b). Figure 4c, d
show the measured and retrieved FROG traces and their
excellent agreement.
Finally, the carrier-envelope phase of the infrared pulses
is checked with an f-2f interferometer. In our case, the phasematching angle for broadband DFG is close to that for frequency doubling of the 1.8 lm pulses. This leads to some
frequency doubled light directly from the mixing crystal.
This light is extracted with dichroic mirrors and its polarization rotated by 90°. The remaining infrared few-cycle
pulses are focused with a microscope objective into a highly
nonlinear ﬁber to broaden their spectrum down to 500 nm.
The broadened pulses and the frequency doubled light are
then collinearly recombined and temporarily delayed by
400 fs. The resulting stable interference pattern is shown in
Fig. 5 and directly shows the carrier-envelope phase stability of the infrared pulses. Only a proper alignment of the
continuum generation ensures highest phase stability.
When integrating over 1 ms and acquiring 500 consecutive samples of these ‘‘1 ms’’ spectra, we measure a phase

stability of 80 mrad rms. To check the long time stability
we integrated over 100 ms and measured over 5 min. This
measurement is shown in Fig. 5. A slight spectral drift of
the interference pattern in Fig. 5 can be observed which
likely is due to a laser output power drift and intensityphase coupling [44] and small environmental changes. The
two BK7 wedges allow fully controlling the carrier-envelope phase and set the phase to the desired value at the
experiment. We induced a carrier-envelope phase change
of ?p after 1 and -p after 2 min by moving the two BK7
wedges. The slow drift seen in Fig. 5 is compensated in
spectroscopic measurements by actively controlling the
two BK7 wedges. For the remaining ﬂuctuations in the
bandwidth from 0.1 to 5 Hz we ﬁnd a residual phase noise
of 150 mrad.
For the Ti:sapphire-based system typical NOPA pulses
[38] at 600 nm were compressed down to 15 fs and difference frequency mixed with the 775-nm laser light also in
an 800 lm thick BBO cut at 20°. Figure 1b shows the
generated pulses centered at 3 lm. The energies, beam
radii and most importantly the intensities are comparable to
the values described for the Yb:KYW-based system above.
For Ti:sapphire systems, this concept also works well for
few-cycle phase stable pulse generation around 2 lm as
was recently demonstrated [34].

5 Summary and outlook
We have presented the generation of carrier-envelope
phase stable few-cycle pulses in the infrared. We discussed
the relevant theoretical background and simulations that
should allow others to adopt the concept to their speciﬁc
pump laser and needs. The necessary spectral bandwidth is
generated in a continuum seeded noncollinear optical
parametric ampliﬁer in the visible. This bandwidth can
then be transferred to the infrared by broadband difference
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frequency generation. This approach avoids broadening
techniques in the infrared which can become experimentally challenging. For the common mixing crystals, different wavelength combinations can be found so that the
group velocity mismatch between visible and infrared
pulses becomes negligible and nearly the full bandwidth of
the visible pulses can be transferred to the infrared. Since
only a modest pump intensity and a small parametric gain
are needed in this second stage, a rather thin crystal without
severe limitation of the acceptance bandwidth can be used.
For a classical infrared OPA, a much thicker crystal has to
be used and spectral gain narrowing likely limits the
bandwidth further.
The use of very thin mixing crystals is also most
advantageous for the generation of tunable deep UV pulses
with 30 fs pulse length [45]. Just as in the present situation
of infrared generation, a good efﬁciency is already assured
by the intrinsic high intensity of the femtosecond pulses
and does not have to be achieved by a thick crystal. In the
present setup, the obtained infrared energies are limited
since the visible ampliﬁcation and the difference frequency
generation are nonlinear processes that should not be driven to efﬁciencies much beyond 20 % to avoid pulse
deterioration. The infrared light is, however, ideally suited
as seed light for further ampliﬁcation pumped by the laser
fundamental if higher pulse energies are needed. Fortunately for all obtainable infrared wavelengths in Table 1,
broadband optical parametric ampliﬁcation is possible
when using BBO, LiNbO3, or LiIO3 and taking the different types of ampliﬁcation, i.e., choices of polarization
directions, into account [8, 35].
The infrared pulses are already compressed in the
mixing crystal due to the anomalous dispersion and any
chirp further downstream can be well compensated with
the prism compressor for the visible pulses. No further
compression in the infrared must be applied and few-cycle
pulses with a stable and controllable carrier-envelope phase
are directly available after the difference frequency generation. The residual phase drifts are slow enough that they
can be actively compensated. It is sufﬁcient to generate and
compress only several cycle pulses in the visible, because
difference frequency generation inherits the short visible
pulse duration and due to the longer wavelengths this
results in few-cycle pulses in the infrared. Since the visible
and laser pulses have a constant phase relationship the
infrared pulses have a stable carrier-envelope phase independently from the phase ﬂuctuation of the laser. This is all
obtained in a comparatively simple setup which is easily
aligned and passively stable. It only consists of continuum
generation, a noncollinear ampliﬁer, a prism compressor,
and a ﬁnal difference frequency generation stage. All
participating pulses are in the range accessible by bare eye
or viewer cards, except the very ﬁnal output.
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This easily manageable setup is a highly attractive
source for numerous applications in the infrared wavelength region such as electron emission from metal tips
[11, 46], as seed source for high power applications or in
advanced ampliﬁer chains [34, 35]. For some infrared
mixing crystals two-photon absorption of the NOPA input
has to be taken into account. Since we limit the input
intensity as far as possible, this usually is not a serious
concern. Another important point is that this setup is suited
for a wide range of laser systems. The most critical point
might be thought to be the continuum generation. We were,
however, able to recently demonstrate that bulk continuum
generation is possible up to at least a pulse duration of 1 ps
and only requires energies in the lJ regime. Therefore, we
are sure that the presented concept works well for even
longer pulse duration, high repetition rates, and different
wavelengths.
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25. O.D. Mücke, S. Alisauskas, A.J. Verhoef, A. Pugzlys, A. Balt
uska, V. Smilgevicius, J. Pocius, L. Giniunas, R. Danielius, N.
Forget Opt. Lett. 34, 2498 (2009)
26. M. Giguere, B.E. Schmidt, A.D. Shiner, M. A. Houle, H.C.
Bandulet, G. Tempea, D.M. Villeneuve, J. C. Kieffer, F. Legare,
Opt. Lett. 34, 1894 (2009)
27. B.E. Schmidt, P. Bejot, M. Giguere, A.D. Shiner, C. Trallero
Herrero, E. Bisson, J. Kasparian, J. P. Wolf, D.M. Villeneuve, J.
C. Kieffer, P.B. Corkum, F. Legare, Appl. Phys. Lett. 96, 121109
(2010)
28. B.E. Schmidt, A.D. Shiner, P. Lassonde, J.C. Kieffer, P.B. Cor
kum, D.M. Villeneuve, F. Legare, Opt. Express 19, 6858 (2011)

25
29. C. Heese, L. Gallmann, U. Keller, C.R. Phillips, M.M. Fejer, Opt.
Lett. 35, 2340 (2010)
30. C. Manzoni, G. Cerullo, S. De Silvestri, Opt. Lett. 29, 2668
(2004)
31. E.A. Anashkina, A.V. Andrianov, S.V. Muravyev, A.V. Kim,
Opt. Express 19, 20141 (2011)
32. S. Thomas, R. Holzwarth, P. Hommelhoff, Opt. Express 20,
13663 (2012)
33. Y. Nomura, H. Shirai, K. Ishii, N. Tsurumachi, A. Voronin, A.
Zheltikov, T. Fuji, Opt. Express 20, 24741 (2012)
34. J. Darginavicius, N. Garejev, A. Dubietis, Opt. Lett. 37, 4805
(2012)
35. J. Darginavicius, G. Tamosauskas, A. Piskarskas, G. Valiulis, A.
Dubietis, Appl. Phys. B 108, 1 (2012)
36. M. Bradler, P. Baum, E. Riedle, Appl. Phys. B 97, 561 (2009)
37. SNLO nonlinear optics code, available from A.V. Smith, AS
Photonics, Albuquerque, NM, (2013), ‘‘http://www.as photonics.
com’’ and references given therein to the crystal properties
38. E. Riedle, M. Beutter, S. Lochbrunner, J. Piel, S. Schenkl, S.
Spörlein, W. Zinth, Appl. Phys. B 71, 457 (2013)
39. C. Schriever, S. Lochbrunner, E. Riedle, Opt. Lett. 31, 543 (2006)
40. I. Walmsley, L. Waxer, C. Dorrer, Rev. Sci. Instrum. 72, 1 (2001)
41. O. Chalus, P.K. Bates, J. Biegert, Opt. Express 16, 21297 (2008)
42. R. Trebino, K.W. De Long, D.N. Fittinghoff, J.N. Sweetser, M.A.
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Ultrafast Dynamics of meso-Tetraphenylmetalloporphyrins:
The Role of Dark States
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Studying the relaxation pathways of porphyrins and related
structures upon light absorption is crucial to understand the
fundamental processes of light harvesting in biosystems and
many applications. Herein, we show by means of transient absorption studies, following Q- and Soret-band excitation, and
ab initio calculations on meso-tetraphenylporphyrinato magnesium(II) (MgTPP) and meso-tetraphenylporphyrinato cadmium(II) (CdTPP) that electronic relaxation following Soret-band
excitation of porphyrins with a heavy central atom is mediated

by a hitherto disregarded dark state. This accounts for an increased rate of internal conversion. The dark state originates
from an orbital localized at the central nitrogen atoms and its
energy continuously decreases along the series from magnesium to zinc to cadmium to below 2.75 eV for CdTPP dissolved
in tetrahydrofuran. Furthermore, we are able to directly trace
fast intersystem crossing in the cadmium derivative, which
takes place within (110  20) ps.

Introduction
Cyclic tetrapyrroles and their derivatives are ubiquitous natural
pigments and play an important role in nature. For example,
hemoglobin in heme proteins is responsible for oxygen transport in blood, whereas chlorophyll in plant cells is part of the
light-harvesting system that regulates photosynthesis. Its functionality can be tuned by several factors, such as the C N skeleton, which can be saturated to a certain degree; the surroundings, for example, a protein environment; and the central
metal atom. In recent years, porphyrin derivatives were investigated for different purposes, such as light-harvesting complexes in solar cells,[1] photodynamic therapy in medicine,[2]
and electronic devices.[3] Consequently, there is much interest
in the optical properties and photophysical behavior of por-

phyrins.[4–7] To better understand these properties, model systems such as metal meso-tetraphenylporphyrins (MTPP, M =
Mg, Cd) were chosen for investigation.[8]
A simplified molecular structure is presented in Figure 1. Its
symmetry is supposed to be close to D4h. However, in the minimum energy geometry, the four peripheral phenyl rings are
known to be twisted by 65–708 with respect to the porphyrin
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Figure 1. Molecular structure of meso tetraphenylporphyrinato metal(II) com
plexes. In addition to the four fold coordinated species implied, M·THF and
THF·M·THF can also be present.[9]
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skeleton;[10–13] this lowers the symmetry to C2v. In coordinating
solvents, magnesium atoms in chlorophylls or porphyrins
become five- or even sixfold coordinated, which reduces the
symmetry further. The electronic structure of porphyrins in the
free-base or metal-coordinated forms is largely characterized
by their absorption and fluorescence spectra.[14–18] For metals
with closed d shells, the absorption spectra consist of an intense band at l  420 nm in the blue/ultraviolet spectral
region (characteristic of the Soret band, also called the B band)
with a blueshifted shoulder assigned to another close-lying
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state.[19] Two weaker absorption maxima in the visible region
between l = 550 and 650 nm are assigned to the Q bands. The
next higher-lying state in MgTPP is at l  360 nm. The fifth and
more prominent absorption band lies at l  320 nm and is
called the N band.[20] All of these bands have Eu symmetry and
are assigned to pp* transitions. These can be qualitatively explained by means of the well-established Gouterman four-orbital model[21–23] or, more convincingly, by the molecular orbital
(MO) interpretation of Baerends et al.[24] In the context of this
paper, this interpretation is sufficient. However, higher states
are better described by more advanced models, for example,
those from Solheim et al.[25] or Peralta et al.[26] In the MO interpretation, the electronic structure is explained by the interaction of the four pyrrole rings ((Py)42 cage) with CH methine
bridges. For a metalloporphyrin, this leads to several eg orbitals
and non-degenerate ungerade states. The Q and Soret bands
arise from excitation between the two highest occupied orbitals, which have a1u and a2u symmetry and a pair of eg orbitals
(LUMO). The higher pp* transitions in the UV region are mainly
from lower lying ungerade states to the LUMO. The fluorescence spectrum exhibits a small Stokes shift. In addition to
emission from the Q band, one also observes fluorescence
from the Soret band.[27, 28]
Photophysical properties of many diamagnetic metalloporphyrin derivatives, such as ZnTPP, MgTPP and CdTPP (TPP =
tetraphenylporphyrinato), have been studied after excitation to
the Soret band. Fluorescence up-conversion experiments of
Zewail and co-workers showed that, for ZnTPP in benzene, the
fluorescence lifetime of the Soret band was measurably longer
than the rise time of the Q-band fluorescence and was interpreted by the presence of an additional state close to the
Soret band.[29] These findings could not be confirmed by other
groups;[28, 30–34] however, a small fraction of excited ZnTPP molecules was found to bypass the Q band.[4, 35] In MgTPP, the efficiency of S2–S1 relaxation was close to unity, whereas it is decreased to 70 % in CdTPP.[30] As possible explanations for this
behavior, reaction paths through dark gerade states and the
triplet-manifold[30–33, 35–37] were proposed. Evidence for the existence of dark states has been given by time-dependent (TD)
DFT calculations[38–41] and by direct access upon Q-band excitation and near-infrared (NIR) probe in tetratolyl derivatives
(meso-tetra-para-tolyl-21 H,23 H-porphyrin
(TTP-H2)
and
ZnTTP).[42] Most recently, Hopkins and co-workers examined
the transient absorption spectra of ZnTPP in the NIR region.[43]
They assigned the NIR bands to transitions from the Q band to
gerade-symmetry dark states. The role these states might play
in the relaxation pathway of (metallo)porphyrins upon Soret
excitation necessitates additional information about their
origin, for example, from a complete set of experimental data
in the series 2 H, Mg, Zn, Cd. Hence, we studied transient absorption of MgTPP and CdTPP dissolved in tetrahydrofuran
(THF) upon excitation to the Q and the Soret band and
scanned the probe wavelength with various white lights covering the region between l = 290 and 1660 nm. These experiments allowed dark states to be located up to the N band and
also a comparison of transient spectra upon Q and Soret band
excitation; thus it is possible to decipher pathways the mole 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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cule may take upon Soret excitation. Additionally, TDDFT calculations were performed on several TPP derivatives. Based upon
experimental findings and calculations, a model for the relaxation pathway of these molecules upon Soret excitation is presented and sheds light on apparent inconsistencies presented
in the literature to date.

Results and Discussion
Steady-state absorption and emission spectra
Steady-state absorption and emission spectra of MgTPP and
CdTPP in THF are shown in Figure 2. In the absorption spectrum, the maxima of the Soret bands (2Eu symmetry) were
found at l = 429 nm (2.89 eV) for MgTPP and l = 431 nm
(2.87 eV) for CdTPP with a small shoulder on their blue sides at

Figure 2. Steady state absorption and emission spectra of (a) MgTPP and
(b) CdTPP in THF at room temperature; emission spectra were excited at
l = 431 nm for CdTPP and l = 429 nm for MgTPP.

l = 409 nm (3.03 eV) for MgTPP and l = 411 nm (3.02 eV) for
CdTPP. These shoulders are assigned to the higher lying 3Eu
state. The peaks of the Q band (1Eu symmetry) were observed
at l = 613 (610) nm for the Q(0,0) band and l = 571 (569) nm
for the Q(1,0) band, along with a smaller shoulder at
530 (529) nm for MgTPP (CdTPP). The Q-band absorptions can
be understood in terms of vibrational progressions with an
energy splitting of about 1170 cm1.[44] The S1!S0 emission
spectra of both porphyrins are mirror images of the corresponding absorption spectrum. The emission band originating
from the first excited state Q(0,0) has a maximum at
l = 617 nm for MgTPP and l = 626 nm for CdTPP. The second,
weaker band corresponding to the Q(1,0) transition was observed at l = 671 nm for MgTPP and l = 665 nm for CdTPP. The
emission spectra show Stokes shifts of roughly 120 cm1 for
MgTPP and 434 cm1 for CdTPP. The fluorescence yield of
CdTPP is much lower than that of MgTPP; this was attributed
to fast intersystem crossing (ISC) in CdTPP in previous experiments.[45]
TDDFT calculations
To study the absorption spectrum of the one-color forbidden
gerade states, we performed TDDFT calculations on MgTPP
and CdTPP using the GAMESS package[46, 47] and compared
ChemPlusChem 2013, 78, 1244 1251
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Table 1. Electronic energy levels [eV] of MgTPP, ZnTPP, CdTPP, and TPP H2, as calculated with different DFT functionals in the 6 31G* basis set. Geometries
were calculated at the B3LYP/6 31G* level with C2v symmetry.

B3LYP

MgTPP
BP86 M05 2X

OPBE

B3LYP

ZnTPP
BP86 M05 2X

OPBE

B3LYP

CdTPP
BP86 M05 2X

OPBE

B3LYP

TPP H2
BP86 M05 2X

OPBE

Q state

2.232

2.1

2.299

2.112

2.293

2.14

2.364

2.155

2.278

2.082

2.4

2.116

B state

3.225

3.018

3.416

3.04

3.337

3.055

3.456

3.078

3.312

3.07

3.493

3.095

2.136
2.281
3.146
3.265

2.081
2.136
3.095
3.133

2.17
2.381
3.382
3.462

2.034
2.153
3.121
3.158

31Eu state
31B2u state
31B3u state
1 “eg  eg”
2 “eg  eg”
dx2 y2 state

3.625

3.08

4.28

3.116

3.688

3.151

4.225

3.18

3.668

3.134

4.36

3.163
3.553
3.563
3.74
3.867
3.306
3.475

2.855
2.898
3.126
3.255
2.842
2.879

4.111
4.395
4.665
4.537
3.849
4.307

2.872
2.913
3.154
3.264
2.853
2.889

3.617
3.666
4.471

3.122
3.13
4.452

4.198
4.249
4.489

3.146
3.129
4.447

3.61
3.656
3.169

3.112
3.142
2.398

4.194
4.261

them with ZnTPP, TPP-H2, and MgP (magnesium porphyrin
without any substituents).[24, 38] Ground-state geometries were
calculated at the B3LYP/6-31G* level under the restriction of
both D4h and C2v symmetry. Symmetry labels are given based
on D4h (D2d in the case of TPP-H2) in agreement with Solheim
et al.[25] Singlet excitation energies for C2v symmetry were calculated at the B3LYP/6-31G* level and compared with various
functionals (BP86, OPBE, and M05-2X) using the same basis set.
B3LYP results and a comparison of the different methods are
shown in Table 1, and geometries are given in the Supporting
Information.
There is a long history of interpreting the excited states of
porphyrins (see the Introduction). Herein, we use the MO interpretation of Baerends et al.[24] to address a few points: Comparing MgP and MgTPP, one important feature is the energetic
difference between equivalent states (about 0.15–0.3 eV). The
phenyl group at the methine bridge of MgTPP allows slightly
better stabilization than the C H bond of MgP, which is governed partly by the hyperconjugation effect caused by tilting
of the phenyl group; thus reducing the interaction between
the bridges and the (Py)42 cage. This lowers the 5eg state and
raises the 4eg state. As a consequence, the gap between the
(nearly) unaffected 4a2u and 1a1u states (HOMO and HOMO 1,
the orbital numbering is adopted from MgP) and the 5eg state
(LUMO) decreases, leading to a redshift in the absorption spectrum. The differences in the theoretical values for the Q and
Soret band (1Eu and 2Eu) between MgP and MgTPP of 0.16 and
0.28 V, respectively, are in good agreement with the experimental values of 0.11 and 0.23 eV, respectively (see Ref. [48] for
a discussion of the spectrum of MgP). The excited states of the
TPP derivatives investigated are not very sensitive with respect
to the central metal ion (Mg, Zn, and Cd): they all have no
open d shells, the same charge, and similar radii, although
Cd2 + is about 20 pm larger[49] and even small changes in the
radius might lead to serious distortions of the ring (see below).
The excited-state manifold consists of a set of Eu states that
represent the visible absorption spectrum and a variety of different gerade states. The Eu states of the B3LYP calculations
are approximately 0.2 eV higher in energy than the experimental values, but seem to be better represented by both the
BP86 and OPBE-functionals (see Ref. [50] for cold gas-phase
 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

3.139
3.169
2.492

3.533
3.576
2.969

3.047
3.07
2.332

4.133
4.202
3.86

3.076
3.099
2.4

spectra of ZnTPP and TPP-H2 in He). The description of the
gerade states turns out to be more challenging. These consist
of 4 states, following an eg !eg excitation between 3.6 and
3.9 eV (B3LYP) that cannot be assigned to a certain symmetry,
because egeg = a1ga2gb1gb2g (a1 and a2 have C2v symmetry) and a B2g state following HOMO to LUMO + 1 excitation at
around 4.0 eV. The eg !eg states are significantly reduced by
0.5 eV in energy when using BP86 and OPBE, which brings
them close to the Soret excitation. The crucial difference between the molecules with different central metal atoms, however, is an Eg state that results from excitation from a b1g orbital to the LUMO. This orbital is localized at the central nitrogen
atoms of the porphyrin skeleton and interacts with an unoccupied dx2y2 orbital at the central metal (see Figure S1 in the
Supporting Information). In MgTPP, the d manifolds are empty
and at B3LYP/6-31G* level the state is located at 4.46 eV, which
is on the blue side of the Soret band. In ZnTPP, however, the
orbital becomes significantly destabilized owing to interaction
of the larger 4dx2y2 orbital, compared with the 3dx2y2 orbital
in MgTPP, which causes poorer overlap with the N cage. This
lowers the gap to the LUMO and reduces the excitation
energy to 3.17 eV, which places this state between the Q and
Soret bands. This effect is even more pronounced in CdTPP, in
which the excitation energy drops to 2.96 eV concomitantly
with an increase in the ion radius (see Table 1). The energy of
the state significantly varies with the functional. For BP86 and
OPBE, it is placed only 0.3–0.35 eV above the Q band for
CdTPP and ZnTPP. A comparison of these results with experimental results and a comment on the applicability of DFT for
calculations of this type is given in the next section. The most
significant difference between the metalated porphyrins and
TPP-H2 is the reduction of the symmetry to D2h. This reduction
leads to a splitting not only of the Q band (Qx and Qy), but
also of the Eg transition centered at the nitrogen atoms. The
latter state turns into B1g and Ag states, which are separated by
0.2 eV.
Transients of MgTPP
To discuss the role of the dark states and the existence of the
“unknown channel” in CdTPP, we first address the features of
ChemPlusChem 2013, 78, 1244 1251
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Figure 4. DADS for MgTPP upon excitation of the Q(0,0) (blue) and Soret
(red) bands.
Figure 3. a) Absorption and emission spectra of MgTPP, (b) transient spectra
after excitation of the Soret band at l = 425 nm, and (c) transient spectra
after excitation of the Q band at l = 620 nm. For clarity, the early time spec
tra in (c) are clipped in the display to indicate that all four show spectra are
identical within experimental precision.

the transient spectra of MgTPP, which act as a reference, but
are interesting in themselves. Transient spectra at delay times
of 0.1, 1, 3, and 100 ps, ranging between l = 320 and 1700 nm,
are shown in Figure 3 for excitation to the Soret band at
l = 425 nm (Figure 3 b) and excitation to the Q band at
l = 620 nm (Figure 3 c). The data can be fitted with a global fitting routine to a sum of exponential functions, as given by
Equation (1):

Si ðt; lÞ ¼

X


i ai ðlÞ exp

t
ti


 gðt; lÞ

ð1Þ

in which ti are the exponential decay constants, ai(l) are the
decay-associated difference spectra (DADS), and g(t,l) is the
experimental response function, including the chirp (see
Ref. [51]). The DADS for MgTPP are shown in Figure 4 and consist of three (four) components for Q-band (Soret-band) excitation. The spectra predominantly exhibit excited-state absorption (ESA) with contributions from ground-state bleaching
(GSB) in the Soret- and Q-band regions and stimulated emission (SE) in the region between l = 600 and 700 nm. Upon
Soret excitation, the appearance of the SE band is delayed by
t1 = 3.2 ps, so we can assign the first time constant to internal
conversion from the Soret to the Q band, in agreement with
 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

previous reports.[30, 35] The third component of 7 ns was obtained with our ns-setup, with which we only probed the visible region, and which can be assigned to ISC,[45] while recovery
of the ground state takes place within more than 1 ms. For the
last two time constants, the DADS are almost identical and signify that relaxation from the Soret to Q band upon excitation
at l = 425 nm takes place with (almost) unity quantum yield;
this is in agreement with analysis from the Steer group.[30] The
second time constant cannot unambiguously be assigned to
an electronic relaxation and its amplitude is largest in the vicinity of strong modulations of the transient spectrum, that is,
close to the regions where GSB and SE can be observed. This
is an indication that we observe a shift of the bands which
would represent a vibrational relaxation of the molecules. This
can be confirmed when analyzing the shift of the band
maxima. An exemplary shift of the Q(1,0) GSB for Q- and Soretband excitation and details of the analysis is given in Figure S2
in the Supporting Information. These shifts confirm that cooling of porphyrins is a complex process, which takes place on
at least two timescales (1–3 ps and > 10 ps). Hence, the time
constant obtained by the global fitting routine probably has
no significant meaning. Accordingly, Brixner and co-workers[34]
assigned a time interval ranging between 10 and 100 ps to vibrational relaxation of the Q band of ZnTPP in ethanol.
The spectral shape of the ESA signal is the test case to
judge the dynamics of MgTPP. The dominant band in the IR
(after relaxation to the Q band) region has a maximum at
l  1280 nm (0.97 eV), and a minor maximum can be found at
l  1430 nm (0.86 eV). When summing up the energies from
the Q(0,0) band (2.02 eV) and the ESA maxima, one realizes
ChemPlusChem 2013, 78, 1244 1251
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that the total energy for the major peak is 2.99 eV, which is exactly the excitation energy of the 3Eu band, whereas the
energy of the side peak (2.88 eV) corresponds to the energy of
the Soret band (see also Figure S3). Because it is known that
there are no dark gerade states below the Soret band in
MgTPP (see the TDDFT calculations section), this essentially
shows that the oscillator strength between the Q and Soret
bands is significantly decreased with respect to the 3Eu band.
On the other hand, ESA on the blue side of the 3Eu band is relatively structureless, which is in agreement with the UV/Vis
spectrum that also has no marked maximum on the blue side
of the Soret/3Eu band. In conclusion, there is no evidence for
ESA to a gerade state in the MgTPP data. The similarities of
a strong ESA signal between l = 1250 and 1300 nm in MgTPP,
ZnTPP, and CdTPP furthermore show that these bands cannot
be addressed to a dark state in the other porphyrins, in contrast to the analysis of Hopkins et al. who only considered
zinc–porphyrins.[43] As a final result, according to the literature
values,[52] we state that the triplet splitting (T1 and T3) in
MgTPP is 1.44 eV (l = 860 nm), as shown by the DADS in
Figure 4 and the complete transient spectra in Figure S4 in the
Supporting Information.
Transients of CdTPP
Transient spectra of CdTPP following excitation at l = 425
(Soret band) and 620 nm (Q band) are shown in Figure 5 and
their DADS are presented in Figure 6 together with the DADS
from the data following excitation of the Q(1,0) band at
l = 569 nm. The spectra bear some resemblance to the spectra
of MgTPP. The GSB and SE structure in the regions of the
Soret- and the Q-band excitations show similar behavior and
the ESA structures are alike. As expected, there are a few wellknown deviations: Opposite to MgTPP, the Q band is reached
within 230 fs upon Soret excitation and ISC proceeds within
120 ps instead of 7 ns, which is mainly caused by the strong
spin-orbit coupling (heavy-atom effect)[45] of the central cadmium atom. These findings agree nicely with results in the literature.[30] In the following, we discuss 1) the dynamics upon
Soret excitation and compare them with the findings in MgTPP
and 2) the spectrum of the gerade states of CdTPP.
In a previous study, the energy gap law was taken as an indication that part of the population (30 %) generated by Soretband excitation was bypassing the Q band.[30] There are several
alternative pathways available: 1) depopulation directly to the
ground state, 2) ISC from the Soret band to the triplet manifold, and 3) internal conversion to the “dark” 1Eg state. However, inspection of the DADS for excitation to the Q and Soret
bands reveals that the spectra are identical within two percent,
in addition to the existence of the 230 fs component in the
case of Soret excitation. Moreover, no spectral features appear
in the transient spectrum between l = 290 and 1660 nm,
which could be caused by probing either the triplet state or
the 1Eu state. In addition, the dynamics cannot be caused by
direct repopulation of the ground state because this should be
seen in the GSB spectrum at l = 569 nm. Bleaching, however,
does not seem to change significantly within the first few ps.
 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 5. a) Absorption and emission spectra of CdTPP, (b) transient spectra
after excitation of the Soret band at l = 425 nm, and (c) transient spectra
after excitation of the Q band at l = 620 nm. For clarity, the 0.1 ps spectrum
is indicated by a dashed line to signal that it is identical to the 1 ps spec
trum after Q band excitation within experimental precision and different for
Soret band excitation.

Hence, the only remaining explanation of the spectra is quantitative (100  2) % population of the Q band within 230 fs. Because direct internal conversion would be in disagreement
with the energy gap law applied in the work of Steer and coworkers,[30] it is likely that internal conversion between the
Soret and Q bands is mediated by a close-lying state. If this is
the case, the only candidate would be the dark Eg state (see
below).
To confirm the existence of this Eg state, we first analyzed
the spectral structure of the dynamics upon Q-band excitation
of CdTPP. As explained above, the ESA spectrum of MgTPP
upon probing the Q band was dominated by features caused
by u to u transitions and the close similarity of the spectra
taken from MgTPP and CdTPP indicate that the contributions
from gerade states are minor. As in MgTPP, a strong band at
l  1280 nm shows access of the 3Eu state and the peak at
l  1450 nm indicates the Soret band. Because no state was
found in the transient spectrum up to l = 1660 nm, we performed single-color non-collinear optical parametric amplifier–
optical parametric amplifier (NOPA-OPA) experiments with
probe wavelengths up to l = 1750 nm (see Figure 7). For
probe wavelengths of l = 1280 and 1500 nm, the recorded
transients agree with the respective slices from our transient
spectra. For l = 1660 nm, the spectrum shows no signal and
ChemPlusChem 2013, 78, 1244 1251
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Conclusion

Figure 6. DADS for CdTPP upon excitation at the Q(0,0) (blue), Q(1,0) (green,
only IR), and Soret (red) bands.

We performed pump–probe investigations of the Soret and
Q bands of MgTPP and CdTPP in THF to decipher the dependence of the relaxation pathways and the excited-state manifolds from the central metal ion for closed d-shell atoms. The
relaxation dynamics were monitored by measuring transient
absorption spectra in the visible and NIR spectral regimes and
the results were backed by ab initio calculations. Upon Soret
excitation, the dynamics of CdTPP were significantly faster
than for the other complexes, which depended on a dark
Eg state. This state was located at the central N4 cage and
mediated the transition between the Soret and Q bands and
took place with (100  2) % quantum yield. In MgTPP and
ZnTPP the Eg state was higher in energy. This caused the internal conversion in CdTPP an order of magnitude faster than
that in MgTPP for which relaxation required 3.2 ps. In summary,
the light-induced reaction dynamics of porphyrins all proceeded along the same pathway and the only major modification
between the different central metal ions were the lifetimes of
the singlet and triplet states caused by the dark Eg state and
different spin-orbit couplings.
Further investigations into different porphyrins include transition-metal atoms with open d shells and the dependence of
the dynamics of the porphyrin cage.

Experimental Section
Sample preparation

Figure 7. Single color pump probe experiments of CdTPP with a pump
wavelength of l = 620 nm and selected probe wavelengths. The open circles
represent data taken from the transient spectrum with probe wavelengths
of l = 1280, 1550, and 1660 nm. The solid lines show NOPA OPA measure
ments with probe wavelengths at l = 1280, 1500, and 1750 nm.

we see an increased signal at l = 1750 nm, which can be assigned to a rising band. Owing to missing alternatives, this
band must be assigned to the dark 1Eg state, especially when
comparing it to the distinctively weaker signal in MgTPP. The
total energy of this state then results to about (2.75  0.1) eV.
Its small oscillator strength might be taken as an indication
that the gerade states do not possess high oscillator strengths,
even for [1+1] excitation. As a final result, we state that the
triplet splitting in CdTPP is 1.47 eV (l = 846 nm), as shown by
the DADS in Figure 6 and the complete transient spectra in
Figure S4 in the Supporting Information.
 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

5,10,15,20-Tetraphenylporphyrinato magnesium(II): The purified
free-base meso-tetraphenylporphyrin was magnesiated by using
the method optimized by Lindsey and Woodford[53] with a tenfold
excess of magnesium dibromide diethyl etherate (413 mg,
1.62 mmol) in dry dichloromethane (8 mL) in the presence of triethylamine (0.45 mL) under an argon atmosphere. UV/Vis spectroscopy showed that metalation was completed within 15 min at
room temperature. The reaction mixture was diluted with dichloromethane (25 mL) and washed twice (2  25 mL) with an aqueous
solution of sodium hydrogen carbonate and then with distilled
water. Column chromatography on neutral alumina eluted with dichloromethane containing 0.1 % triethylamine afforded the magnesium triethylamine adduct (65 mg). A second chromatography
step on alumina, which was eluted with pure dichloromethane
freshly distilled from calcium hydride, gave after evaporation of
the solvent a plum-colored powder, which was sublimed in
vacuum (10 3 mbar) by heating to over 180 8C.
5,10,15,20-Tetraphenylporphyrinato cadmium(II): A solution of
5,10,15,20-tetraphenyl-porphyrin free of the corresponding chlorin
(0.1 g, 0.16 mmol) in anhydrous DMF (10 mL) was degassed under
nitrogen. Cadmium acetate monohydrate (Aldrich) was dehydrated
by heating at 110 8C for 5 h under vacuum (< 1 mbar). The anhydrous cadmium acetate (0.375 g, 1.6 mmol) was added to the
violet solution of the porphyrin and heated at 120 8C for 1 h under
an argon atmosphere. The solution changed color to pine green.
The reaction mixture was extracted into dichloromethane (50 mL)
and washed with water (2  50 mL). The organic layer was evaporated to afford, after drying overnight in vacuum, lavender green
crystals CdTPP (0.1 g, 87.5 %).
ChemPlusChem 2013, 78, 1244 1251
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MgTPP and CdTPP were checked for impurities by 1H NMR and
UV/Vis absorption spectroscopy. The CdTPP spectra in anhydrous
toluene and THF showed only a very small bathochromic shift of
the two Q bands from l 568 to 573 nm and from l 609 to
615 nm, respectively, which we assigned to a solvatochromic effect
(see Figure S5). For MgTPP, especially in THF, five-coordinated species should be prevalent, in addition to the six-coordinated one.[13]
A four-coordinated Mg species within porphyrins and (bacterio)chlorophylls has never been encountered experimentally in crystal
structures owing to them being unstable and coordinatively unsaturated. Either solvent or even adventitious water molecules are
spontaneously tightly bound, whereas in a protein environment,
various polar amino acid residues function as apical ligands to the
Mg atom.[9] However, upon vertical excitation with a rather large
laser pulse width, the excited species are assumed to be of D4h
symmetry. Future experimental and theoretical studies will address
this issue.

Experimental methods
Steady-state absorption spectra of MgTPP and CdTPP in THF were
recorded by using a Varian Cary5E spectrophotometer and fluorescence spectra were recorded by using a Cary Eclipse fluorescence
spectrophotometer.
For UV to visible and IR time-resolved pump probe spectroscopy,
we used a commercial 1 kHz Ti:sapphire-based laser system (CPA
2001; Clark-MXR), which generated pulses with a center wavelength of l 778 nm, a full-width at half maximum (FWHM) of
170 fs pulses, and an output energy of 1 mJ. The pump was generated in a two-stage NOPA system and subsequently compressed
with a pair of fused silica prisms down to 20 fs, which corresponded to a time bandwidth product of 0.84. The excitation wavelength for both MgTPP and CdTPP was l 620 nm. The spectral
width was 35 nm. To ensure the same properties for the probe
pulse during the experiment, we delayed the pump pulse with
a commercial translation stage (M-531.PD; Physik Instrumente Inc.)
and checked that the spatial overlap and size of the pump stayed
constant when moving the delay stage.
For the UV and visible probe light, we generated a continuum in
a moving 5 mm CaF2 plate with the pump laser. A thin filter was
used to block the region around the pump wavelength. To generate an IR probe continuum, we used the idler of a white-lightseeded l 778 nm pumped collinear OPA centered at 2.1 mm. Focusing this idler onto a YVO4 crystal allowed the generation of
a continuum down to l 550 nm.[54] The broadened 2.1 mm pump
was cut off with a dielectric filter with an edge at l 1650 nm.
For both continua, pump and probe were focused onto the
sample under a small external angle of 48. To minimize anisotropy
effects, the polarization of the pump pulse was set at a magic
angle with respect to the probe pulse by using an achromatic l/2
wave plate. An additional polarizer after the sample minimized
pump stray light. The probe beam was completely located within
the excitation area of the pump pulse in the sample and its diameter was half of the pump beam (1/e2 radius for intensity of pump
w0 135 mm). The probe beam was spectrally dispersed and
imaged onto a line array. For the UV to visible continuum, we used
a fused silica prism to disperse the colors and imaged it onto
a photodiode array (NMOS; S3902-512Q; Hamamatsu Inc.). The IR
white light was dispersed with a SF10 prism and then focused on
an InGaAs array. This allowed stepwise probing from l 290 to
1660 nm. More details on the basic setup are given in Ref. [51] and
the infrared extension will be discussed in a forthcoming publica 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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tion.[55] Additionally NOPA-OPA measurements with l 620 nm
pumping and probing at l 1280, 1550, and 1750 nm were performed. Therefore, we directly used the light from the collinear IR
OPA as the probe light without any further IR continuum generation.
MgTPP and CdTPP were measured in a 1 mm cuvette from Hellma,
as well as in a flowthrough cell. The optical density for MgTPP was
0.2, the pump energy was 800 nJ, and the pump intensity was
6.0  1010 W cm 2. For CdTPP, the optical density was 0.3, the pump
energy was 200 nJ, and the pump intensity was 2.0  1010 W cm 2.
All experiments were performed at room temperature.
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Abstract: We present a three-color mid-IR setup for vibrational
pump-repump-probe experiments with a temporal resolution well below 100
fs and a freely selectable spectral resolution of 20 to 360 cm1 for the pump
and repump. The usable probe range without optical realignment is 900 cm1.
The experimental design employed is greatly simplified compared to the
widely used setups, highly robust and includes a novel means for generation
of tunable few-cycle pulses with stable carrier-envelope phase. A Ti:sapphire
pump system operating with 1 kHz and a modest 150 fs pulse duration
supplies the total pump energy of just 0.6 mJ. The good signal-to-noise ratio
of the setup allows the determination of spectrally resolved transient probe
changes smaller than 6·105 OD at 130 time delays in just 45 minutes. The
performance of the spectrometer is demonstrated with transient IR spectra
and decay curves of HDO molecules in lithium nitrate trihydrate and ice and
a first all MIR pump-repump-probe measurement.
© 2013 Optical Society of America
OCIS codes: (300.6190) Spectrometers; (300.6340) Spectroscopy, infrared; (300.6500)
Spectroscopy, time-resolved; (300.6530) Spectroscopy, ultrafast; (320.7110) Ultrafast nonlinear
optics; (320.7150) Ultrafast spectroscopy.
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1. Introduction
Infrared pump-probe and two dimensional spectroscopy are very powerful tools to elucidate the
complex ultrafast dynamics of an abundance of condensed systems [1 4]. For hydrogen bonded
systems, high-lying stretching vibrations of the hydrogen bond donors can be utilized as local
probe of the chemical environment of the donor group [1,5 8]. Despite the fact, that ultrafast
infrared pump probe spectroscopy is used in many different disciplines including biology and
chemistry, detailed descriptions of the setups remain scarce [5,9 11]. Modern developments in
two dimensional IR spectroscopy and photon echo techniques are much better documented
[12 19]. The intention of this paper is to demonstrate new sources of femtosecond pulses with a
greatly simplified concept and a wide variability of output parameters. They are combined to a
new three-color spectrometer with very flexible operating parameters. We include detailed
insight into the construction of the spectrometer, which we hope will prove useful particularly
for newcomers to the field.
With the advent of ever shorter laser pulses, the time resolution of pump-probe setups
evolved from several picoseconds down into the 100 fs regime, allowing the resolution of
increasingly fast dynamics. Important information on the chemical nature of the vicinity of the
probed molecule lies in the spectral position of the vibration under consideration. It is for
example commonly agreed on, that an increased red shift in the position of an OH stretching
vibration correlates with an increased strength of the corresponding hydrogen bond [20,21].
This means that complementary information can be obtained with long pulses with a narrow
spectrum, as compared to the information gained from investigations with extremely short
pulses that lack high spectral resolution. More advanced techniques like photon echo
spectroscopy partially circumvent this problem, but the interpretation of the obtained data is
quite demanding and has to rely heavily on simulations, where the physical result depends on
the applied theoretical model [6,22]. Pump-probe spectroscopy still yields the most quantitative
and direct information.
With pump-repump-probe spectroscopy, higher lying vibrational levels can be reached via
successive excitation. These high-lying states are a very convenient probe of the shape of the
potential of the hydrogen bond under consideration. Experimental data on the shape of the H
bond potential in different chemical environments are in turn very valuable information for
theory to accomplish a better modeling of this still poorly understood interaction. It could
furthermore open a pathway towards optically induced chemical reactions like proton transfer,
which has not yet been achieved with infrared pulses.
We present first results obtained with a newly developed optical setup that allows mid-IR
pump-repump-probe spectroscopy with a time resolution significantly shorter than 100 fs. The
infrared pulses are generated via a recently demonstrated hybrid NOPA layout [23]. In order to
achieve a selective excitation of the vibrational modes under investigation, the pump pulses are
tunable in the range from 2,000 to 10,000 cm1, and their spectral widths are controlled by a
spectral grating selector. The pulses generated in this way have a spectral bandwidth between
20 and 360 cm1 and pulse durations between 50 and 850 fs, with typical pulse energies of 3 µJ.
The probe pulses are shorter than 50 fs (FWHM up to 450 cm1), yielding few-cycle mid-IR
pulses with unprecedented spectral width. The Fourier limit for these pulses is below 30 fs.
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This paper is organized as follows: In Section 2 we will present the experimental setup and
briefly discuss the layout of the used optical parametric amplifiers and grating selectors.
Section 3 presents a full characterization of the employed pulses, including their spectral and
temporal phase and we will demonstrate that all our pulses have a stable carrier envelope phase
(CEP). Section 4 shows first measurements with the new setup, where we significantly improve
recently published measurements on OH stretching vibration lifetimes of HDO molecules in
lithium nitrate trihydrate [8]. Section 5 concludes with a detailed classification and comparison
to existing state of the art spectrometers.
2. Experimental setup
The basic layout of our setup is illustrated in Fig. 1(a). As source we use a Ti:sapphire based
laser system (CPA 2010; Clark MXR) which delivers 779 nm pulses at 1 kHz repetition rate
with a pulse duration of 150 fs and a pulse energy of 900 µJ. For the current setup we use 600
µJ. The remaining pulse energy is used for diagnostics and further experiments.
To generate the infrared pump pulses we use a hybrid pumping technique [23] which allows
the generation of femtosecond pulses tunable from 1 to over 5 µm at the µJ level. The idea of
the amplifier is shown in Fig. 1(b). A near-infrared continuum is generated in a 4 mm YAG
plate (SCG) [24] and amplified in a noncollinear optical parametric amplifier (pre-NOPA)
pumped by 60 µJ of the second harmonic of the laser light [25]. As amplifier crystal we use a 2
mm thick BBO crystal (type I, 32° cutting angle). Pulses on the µJ level which are tunable
between 900 nm and 1.6 µm are generated in this pre-amplifier. Here, the noncollinearity is
only used to geometrically separate the pump and idler pulses. In this work we denominate the
light which is amplified with the term “signal light”, and with the term “idler light” the light
which is newly generated, independent from their wavelengths.
The near-infrared pulses are then further amplified in a collinear amplifier (IR-OPA)
pumped by the 120 µJ of the fundamental laser light left over in the second harmonic generation
(SHG). Here we use a 1.5 mm thick LiNbO3 crystal (type I, cut at 45°) as amplifier material.
The idler pulses which are produced during this amplification process spectrally range between
1.6 to 5.0 µm (2,000 to 6,250 cm1) and typically have pulse energies of several µJ. The full
details and advantages of this concept have been presented recently [23]. The blue pumped
pre-amplification drastically increases the MIR output energy especially at the spectral limits of
the main amplifier. The high output can be reached with moderate pump intensities in the
IR-OPA that allow the use of nonlinear crystals like LiIO 3 which were previously considered
critical for fs OPA-operation due to the low damage threshold [26 28]. The amplifier is
operated completely collinear to avoid any spatial chirp of the idler pulses. A good method to
experimentally realize the collinearity is to minimize the spatial separation between signal and
pump light. Since the pump, signal, and idler pulses propagate in the same direction dichroic
optics are used to separate the 779 nm light (HR 800 nm, HT 1 - 5 µm) and filters (germanium
or silicon plates) to separate the signal pulses. Due to the high refractive index of germanium
and silicon an anti-reflection coating is needed. It should be mentioned that germanium plates
have a drastically decreased infrared transmission if they are illuminated by high intensity 800
nm light and therefore these filters should be placed in the unfocussed beams or after the
separation of the 800 nm light. If the signal pulses are intended to be used for the experiment to
cover the range from 1.0 to 1.6 µm (6,250 - 10,000 cm1) a slight noncollinearity in the IR-OPA
already leads to spatial separation from the pump and idler pulses and for the signal pulses no
spatial chirp will occur. For all measurements shown in this paper we use the idler pulses and all
IR-OPAs are operated in the collinear geometry.
In some experiments an energetically selective excitation of the sample is required. A
spectral selector [29] whose setup is shown in Fig. 1(d) allows decreasing the spectral
bandwidth of the pump pulses down to 20 cm1. A gold coated grating (3 cm x 3 cm, Horiba
Scientific GmbH) with a blaze wavelength of 3 µm and 100 lines/mm disperses the infrared
light. A f = 100 mm calcium fluoride (CaF2) lens is used to focus the light onto the end mirror
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which reflects the light back to the entrance of the selector. By changing the width of the slit in
front of the end mirror the spectral width of the pump pulses can be adjusted continuously down
to 20 cm1. To separate the input and output pulses at the exit of the selector a slight vertical
shift is introduced by the end mirror. To maintain collimation for the transverse plane of the
pump pulses at the exit and zero dispersion, the distance between lens and grating must be equal
to the focal length [29]. For the sagittal plane the distance between lens and end mirror must be
the focal length. The energy of the pump pulses also decreases proportionally to the narrower
bandwidth. The throughput of the selector is around 85% for the full bandwidth.

Fig. 1. (a) Schematic representation of the mid-IR pump-repump-probe setup. CH1 and CH2
denote chopper wheels, VD1 and VD2 are variable delay lines, L are lenses, and S represents the
sample. (b) Setup of the hybrid NOPA used to generate the pump and repump pulses including
the order of the phase fluctuations (nΔΦ). (c) Setup of the probe OPA for the generation of the
broadband probe pulses including phase fluctuations. (d) Layout of the 4f grating spectral
selector. To avoid any spatial chirp all infrared OPAs are operated collinearly. The different
pulses are shown with a slight angular separation in the figure for a better visualization.

The infrared pump pulses are sent over a motorized linear stage (M-521.DD; Physik
Instrumente GmbH; variable delay VD1 in Fig. 1) to set the delay time between pump and probe
light. A hollow retroreflector with gold mirrors (50.8 mm clear aperture, 1 arcsec precision;
Edmund Optics Inc.) ensures highest reflectivity and with proper alignment no spatial deviation
is found when moving the delay stage over its full range of 200 mm corresponding to 1.33 ns. A
mechanical chopper (CH1) synchronized to the laser is used to obtain alternatingly a pumped
and not pumped sample for measuring the transmission changes. The setup for the repump
pulses is completely identical to the setup of the pump including the amplifier, spectral selector,
chopper (CH2), and variable delay (VD2).To obtain adequate probe pulses we generate an
infrared continuum in a 4 mm thick YAG plate and amplify the spectral region around 1.1 µm
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in a single stage collinear OPA pumped by 80 µJ pulses at 779 nm. The setup is shown in Fig.
1(c). Type I amplification in a 2 mm thick LiNbO3 crystal cut at 45° allows the generation of
extremely broadband pulses around 3 µm. The pulse energy of 300 nJ allows a good
signal-to-noise ratio. The broad bandwidth and the favorable dispersion properties of silicon or
germanium at 3 µm can be used to compress the pulses down to the few-cycle limit. A full
characterization of the pump and probe pulses will be presented in the next section. The easy
wavelength tuning of the single stage OPA even allows expanding the probe range from 1 to
over 5 µm in a stepwise manner. For the shorter wavelengths a BBO crystal can be used.
Figures 1(b) and 1(c) additionally show the phase fluctuations of the different pulses which will
be discussed in Section 3.
For polarization resolved experiments, it is important to have control over the respective
polarizations of all pulses. This is achieved by broadband half-wave plates and polarizers
(Thorlabs, nanoparticle linear film polarizer, 1.5 - 5 µm) for all beams. Pump, repump and
probe beams are focused into the sample chamber which can be controlled in temperature and
pressure. The pump beams are focused with f = 100 mm ZnSe lenses (L1, L2), the probe with a
75 mm ZnSe lens (L3). The advantage of the ZnSe lenses compared to reflective optics is that
small angles of only 10° between pump and probe beams can be experimentally realized and
that no astigmatism occurs. Additionally, the high refractive index leads to less strongly curved
lenses and hence reduced aberrations and an improved beam profile in the focus. The high
losses due to the high refractive index can be partially compensated by anti-reflection coatings.
The probe pulse is finally coupled into a spectrometer (Chromex 250is) which is set up in a
Czerny-Turner configuration. The infrared light is focused into the 200 µm entrance slit via a
parabolic mirror with an effective focal length of 50 mm. After an internal collimation in the
spectrometer a grating with 300 lines/mm and a blaze wavelength of 4 µm is used to disperse
the probe light. At the exit of the spectrometer a nitrogen cooled multichannel infrared HgCdTe
detector (IR-3216; Infrared systems development Inc.) is used which offers 32 neighboring
pixels with 500 µm width and 2000 µm height. The spectral resolution for one pixel is about 5
cm1 (equal to 5 nm at 3 µm) which enables to cover a wavelength range of around 150 nm at
once. The broadband probe pulses cover up to 1,000 nm spectral width which can be covered in
a stepwise manner, simply by turning the internal grating of the spectrometer. This means that
for capturing the full probe wavelength range no adjustments of the infrared amplifier have to
be made. Only the grating in the spectrometer has to be adjusted to change the probe range.
The complete tunability of pump and repump in central wavelength, spectral width, and
delay time allows, in combination with the extremely short and broadband probe pulses,
pump-repump experiments which can reveal molecular dynamics up to the nanosecond scale
with sub-100 fs time resolution and over the spectral region from 1 to 5 µm.
3. Pulse characterization
To perform ultrafast infrared pump-repump-probe experiments adequate infrared pulses must
be provided. The probe pulses should cover a wide wavelength range and the pump pulses
should be tunable in wavelength and spectral width for a selective excitation of the investigated
systems. Our setup described in the previous section allows for the generation of such pulses.
Figure 2 shows spectra of the broadband probe pulses (red) with a full width at half maximum
(FWHM) of 450 nm (more than 400 cm1). The width at the 10% level is 900 nm (900 cm 1)
and can be employed for transient probing. The Fourier limit (calculated for zero spectral
phase) of these pulses is 30 fs which corresponds to just three cycles in the mid-IR.
Additionally, spectra of pump pulses with different degrees of spectral confinement (15 100
nm, black and blue lines) are shown in Fig. 2. The spectral width of the pump pulses can be
tuned between 20 and 360 cm1.
The use of few-cycle mid-IR pulses as probe light will significantly improve the temporal
resolution. To determine the pulse duration and spectral and temporal phase of our pulses we
performed frequency resolved optical gating measurements based on second harmonic
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generation (SHG-FROG) for both the pump and the probe light [30]. To be able to perform the
SHG-FROG and to set up the f 2f interferometer (to show the CEP stability, see below) with
available nonlinear crystals, we slightly had to readjust the pump and probe pulses, but the
obtained results can be readily transferred to the pulses used in the pump-probe spectroscopy.

Fig. 2. Spectra of pump pulses with different spectral widths (black and blue). A typical probe
pulse spectrum is shown for comparison (red).

Figure 3(a) shows the spectrum and the spectral phase of the probe pulses. The SHG-FROG
measurement of the probe pulses yields a pulse duration of 45 fs which is shown in Fig. 3(b). At
a central wavelength of 3.15 µm this corresponds to 4.5-cycle pulses. We used germanium
plates with different thicknesses to compress the pulses and a 500 µm plate was found to be
optimum [13]. The flat phase shows that this straight forward compression is sufficient and no
extensive compression schemes must be applied. This is due to the fact that the second and third
order chirp accumulated in the visible and near-infrared is flipped because of the use of the idler
and then can be compensated by passing through transparent infrared material which has analog
dispersion properties as the material in the visible and near-infrared. This increases the energy
available at the sample and the stability of the setup. The time-bandwidth product for the probe
pulses is 0.55, showing their excellent compression.
The spectrum and spectral phase of typical pump pulses measured without passing the
spectral selector are shown in Fig. 3(c). The almost flat spectral and temporal phase (see Fig.
3(d)) shows that the pulses are close to the Fourier limit of 40 fs. The pulse duration of the pump
pulse is 51 fs and the time-bandwidth product is 0.52. There is a slight post pedestal which is on
the 5% level and also only contains 5% of the pulse energy. When reducing the spectral width
with the spectral selector the time-bandwidth product remains nearly the same leading to an
increased pulse duration of up to 850 fs for a spectral width of 20 cm1.
Another pulse property of high interest is the carrier envelope phase (CEP) [31]. In
commonly used setups the infrared pulses are generated via difference frequency mixing
between signal and idler from a collinear infrared amplifier. Since the pump laser for this
infrared amplifier typically does not have a stable CEP, it is not manageable to obtain equal
phase fluctuations of signal and idler pulses. Thus, the infrared output of the difference
frequency mixing does not have a stable CEP. Since pump and probe pulses in these setups
have pulse durations which lead to many cycles of the electric field this is usually of no
concern. Nevertheless, if theses pulses would be few cycle pulses, the phase fluctuations would
lead to strong variations in the strength of the maximum electric field. And this can affect the
experimental response of the investigated system although the nominal pulse energy shows
very low fluctuations from pulse to pulse. Therefore a stable CEP is desired when operating
with few cycle pulses to ensure a reproducible answer of the studied molecules.
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Fig. 3. Spectral intensity with corresponding spectral phase for typical probe (a) and pump (c)
pulses. Temporal intensity profile and respective phase of the probe (b) and the pump (d) pulses
obtained from SHG-FROG measurements.

In our setup the pump and probe pulses are few cycle pulses and have a stable CEP. This is
ensured by the pulse generation setup, although our Ti:sapphire based laser system does not
have a stable CEP. In Figs. 1(b) and 1(c) the order of the phase fluctuations for all participating
pulses is indicated. The probe pulses are the idler output of a collinear infrared OPA. The seed
for this amplifier is generated with the laser light by continuum generation in bulk which does
not alter the phase fluctuations and therefore the seed has the same phase fluctuations as the
laser light (ΔΦ). Since the amplifier is also pumped by the laser light with its phase fluctuations
of ΔΦ, the idler pulses have a constant CEP [32]. This is due to the fact that the idler pulses
inherit the relative phase difference between signal and pump pulses (besides a constant phase
term).
The situation is more complex for the generation of the pump pulses due to the
pre-amplifier. There the seed light is a bulk continuum generated with the laser light and
therefore it has again the same fluctuations as the laser light (ΔΦ). The pre-amplifier is pumped
by the second harmonic light which has twice the fluctuations of the laser light (2ΔΦ). This
means that the signal pulses of the pre-amplifier have the same phase fluctuations as the seed
light and hence the laser light (ΔΦ) because parametric amplification only adds a constant
phase term and does not alter the fluctuations. Furthermore, the idler pulses have the same
phase fluctuations (ΔΦ) because they inherit the phase difference between signal and pump
phase fluctuations besides some constant phase terms (2ΔΦ  ΔΦ = ΔΦ). The infrared amplifier
is pumped by the laser light (ΔΦ) and since the seed light for this infrared amplifier has the
same phase fluctuations (ΔΦ) the idler pulses are again CEP stable.
To prove the phase stability we set up an f 2f interferometer [31] and measured the CEP for
both pulses. The setup for the interferometer is shown in Fig. 4(b). We first generate a super
continuum in a 4 mm YAG with either the probe or the pump pulses. These continua range
down to 500 nm. We frequency double the 1,000 to 2,000 nm part in a thin BBO crystal (SHG)
and overlap it with the 500 to 1,000 nm part. The interference pattern is recorded with a fiber
coupled spectrometer (HR2000 + ; Ocean Optics). Since the frequency doubled light and the
original continuum have different phase fluctuations (2ΔΦ and ΔΦ) a stable interference
pattern will only appear if there are vanishing phase fluctuations. This means that the infrared
pulses have a stable CEP. Figure 4(a) shows interference patterns between 500 and 900 nm for
the pump pulses over three hours. The Fourier transform of the individual spectra enables the
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readout of the spectral phase of the pump pulses. The resulting carrier envelope phase of the
pump pulses are shown in Fig. 4(d) for the first 90 min (blue line). To show the tunability of the
CEP we inserted a 4 mm ZnSe plate after 10 min, removed it after 20 min, and reinserted it after
30 min (light blue line). The standard deviation of the CEP fluctuations is 67 mrad.

Fig. 4. Spectrum of the long time stable interference pattern from the f-2f interferometer obtained
with the pump (a) and probe (c) pulses. (b) Setup of the continuum generation and second
harmonic based f-2f interferometer. (d) Temporal evolution of the CEP of the pump (blue) and
probe (red) pulses over 90 min. To demonstrate the CEP control we inserted, removed, and
reinserted a 4 mm ZnSe plate after 10, 20, and 30 min (light blue).

Figure 4(c) shows the interference pattern obtained from the probe pulses which was
measured over 1.2 hours. The corresponding phase is shown in Fig. 4(d) (red line). For clarity
we shifted the CEP of the probe pulse upward. The standard deviation of the CEP of the probe
pulses is 97 mrad. The intensity fluctuations of the interference pattern which can be observed
in Fig. 4(c) are due to the continuum generation. The energy of the probe pulses is just above
the threshold for proper and stable continuum generation. However, long time laser power
drifts will lead to temporally unstable white light which explains the observed intensity
fluctuations.
Summarizing, we have shown that broadband probe pulses and bandwidth and wavelength
tunable pump pulses can be generated on the multi-100 nJ or even µJ level with our simplified
setup. The pulse duration of both pulses is very close to the Fourier limit. The utilization of
few-cycle IR pump and probe pulses significantly improves the time resolution. Also the carrier
envelope phase of both pulses is stable. This ensures the same electric field for all measurement
points. After the full characterization of the infrared (re-)pump and probe pulses we next show
the potential of the setup by investigating the ultrafast dynamics of isotopically diluted lithium
nitrate trihydrate and ice.
4. Validation of the temporal resolution, high sensitivity and the repump capability in
LiNO3•(HDO + 2D2O) and ice
Aqueous salt hydrates serve as a promising model system for confined water molecules in a
very well-defined geometrical arrangement [8,33]. In this study we document our improved
measurements of isotopically diluted (5 M HDO in D2O) aqueous lithium nitrate trihydrate. The
polarization resolved FTIR spectra in Fig. 5(a) show three different features arising from three
different kinds of H bonds, a strong (3385 cm1), a weak (3536 cm1) and a bifurcated one
(3475 cm1), leading to parallel and perpendicular signals. This behavior is due to the crystal
structure of LiNO3x(HDO + 2D2O) with all of its OH groups lying in two mutually normal
planes [8]. We performed time resolved measurements at 220 K with the new spectrometer.
Figure 5(b) shows the transient change in optical density, measured at various delays after
pumping of the OH group engaged in the weak H bond. For short times the ground state is
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depleted by the pump pulse, leading to the ground state bleaching (GSB) at 3536 cm1. Due to
the anharmonicity of the OH stretching mode an excited state absorption (ESA) is observed at
3325 cm1. Both features decay within the first 10 ps. The spectral lineaments remaining after
15 ps are assigned to transient heating of the sample. By fitting Lorentzian distributions to the
transient data we achieve a FWHM of 62 ± 10 cm1 for the ESA which is significantly larger
than that of the GSB (20 ± 10 cm1). The analysis of the spectra corresponding to strong and
bifurcated H bond shows widths of 125 ± 10 cm1 and 110 ± 10 cm1 for the ESAs (centered at
3140 cm1 and 3260 cm1) and 30 ± 10 cm1 and 80 ± 10 cm1 for the GSBs [8].

Fig. 5. (a) FTIR spectra of the OH stretching region of the sample. It can be seen how the three
resonances are polarization separated due to the orthorhombic structure of the crystal. The
corresponding H bonds are depicted in the insets above the spectrum. (b) Transient spectra after
excitation of the OH group engaged in the weak H bond. The delay times between pump and
probe are 0.1 ps (black), 2.5 ps (brown), and 15 ps (orange). (c) Transient measurement of the
weak OH stretching resonance for one detector position. (d) Transient signal of the maximum of
the excited state absorption of the weak (blue), bifurcated (green), and strong (red) OH stretching
resonances in LiNO3 × (HDO + 2D2O) including fits. (e) Transient signal over the first few
hundred femtoseconds of an ice sample to demonstrate the ultrafast instrumental response
function of 61 fs.

Figure 5(d) shows the temporal evolution of the ESA after excitation of the three individual
OH stretching vibrations at the center wavelength of the associated GSB. After a short time of
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about 0.3 ps all three signals start to decay exponentially. The fast dynamics observed around
delay time zero may be influenced by coherent artifacts that become more significant in the
blue shifted part of the ESA approaching the excitation wavelength of the pump beam. The
extracted lifetimes for strong, bifurcated and weak H bond are 1.1 ± 0.1 ps, 1.9 ± 0.2 ps and 3.4
± 0.3 ps. It is noteworthy that the lifetime, just like the strength of the observed H bonds,
correlates not only with the red shift of the respective OH stretching, but also with the
magnitude of their anharmonicity, indicated by the spectral shift between GSB and ESA. The
lifetimes in LiNO3x(HDO + 2D2O) are considerably faster than those of isolated HDO
monomers that are on the order of 6.8 ps [33 35] and exceed those measured in isotopically
diluted ice Ih of about 380 fs [36]. To show the spectral coverage of the 32 pixel detection, Fig.
5(c) presents the transient measurement from 3240 to 3400 cm1 of the weak OH stretching
resonance. The entire transient spectrum shown in Fig. 5(b) is obtained by adding the transient
measurements from other spectral regions. For this purpose no optical alignment is needed. Just
the internal grating of the detection setup has to be rotated.
A first estimation of the temporal resolution is obtained from the FROG measurements of
the pump and probe pulses. The FWHM of the convolution between both pulses is 72 fs.
Although a possible resolution of 72 fs is already quite competitive, it has to be considered that
pump and probe pulses were slightly optimized to perform the FROG and CEP measurements.
A better method to determine the temporal resolution of our new spectrometer is the analysis of
the transient signals. This is superior to a pure optical determination by cross correlation in a
nonlinear crystal as it incorporates not only the pulse durations, but also any possible
broadening mechanisms in the interaction region. Furthermore it measures the instrumental
response function directly at the sample position. In addition, no restraints as continuum
generation for the CEP measurements must be regarded.
The instrumental response function was determined by the increase of the ESA (at 2920
cm1) in pure H2O ice excited in the maximum of the OH stretching mode at 3300 cm 1. As
shown in Fig. 5(e), we find a time resolution of 61 fs. To fit the experimental trace (dark grey
solid circles, red curve for the fit) we included a coherent artifact (grey curve) in addition to the
exponentially decaying molecular response (blue curve). The coherent artifact steepens the
initial rise and slightly shifts the apparent time zero. If we do not include the artifact in the fit, an
even better time resolution would be concluded. The future full analysis will clarify this
situation. We can, however, be sure from both the pulse convolution and the spectroscopic
measurement that the new spectrometer has a temporal resolution far better than 100 fs.
Extracting the pulse durations from the cross correlation represented by the increase of the
measured signal yields time bandwidth products of 0.6 ± 0.1, which are in good accordance
with the FROG measurements shown in Section 3. The setup allows to determine transmission
changes with just a strength of 1.5·104 for short measurement times which corresponds to
6·105 OD. The extracted lifetimes are in good agreement with our former measurements that
rendered lifetimes of 1.2 ± 0.3 ps, 1.7 ± 0.3 ps and 2.2 ± 0.3 ps for the strong, bifurcated and
weak H bond [8]. The deviation of about 1 ps for the weak bond is believed to be a result of an
improved fit procedure which explicitly considers the coherent artifact. The artifact is most
distinctive in the signal from the OH group engaged in the weak H bond because of the smaller
red shift of the ESA. On the other hand the observation in the new recording may be due to the
improved signal-to-noise ratio. The extremely high temporal resolution and excellent
sensitivity of the setup should be noted. The employed pump pulse energy was just 1 µJ, to
avoid artifacts due to excessive heating of the sample. Even this comparatively low excitation
energy already results in about 10% excitation of the sample. The signal-to-noise ratio of the
measurements is extremely satisfactory. The probe pulses have energies on the order of 100 nJ.
To prove the repump capability of our setup, we performed pump-repump-probe
measurements in a 5M HDO in H2O sample at a temperature of 230 K. The sample thickness
was 10 µm, the absorption spectrum of the sample is shown in the lower right hand part of Fig.
6 (black curve, note differing scaling). Due to the low concentration of OD oscillators as
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compared to the OH oscillators, the OD stretch band at 2440 cm1 is much weaker than the OH
stretch at 3250 cm1. When we raise the temperature of the sample by 20 K a shifted spectrum is
found [37]. The difference between the two spectra is shown as dotted blue line. Since the
deposition of energy into one of the high lying stretching modes yields a heating of the sample
after the relaxation of the high frequency modes, this difference spectrum represents the
transient response at long delay times [37]. Thus, we expect a build-up of the GSB with the
instrumental response function, and a subsequent relaxation to a constant signal value, which
depends on the probed spectral position and can be deduced from the stationary difference
spectrum.

Fig. 6. Transient 2-pulse (black), 3-pulse (blue) and difference signal (red) measured at 2440
cm1 (OD stretching mode) in a 5M HDO in H2O sample at 230 K. The solid lines are fits
according to a simple exponential model as guide to the eye. The symbols represent the raw data.
The delay between pump and repump pulse is set to 4.5 ps. At this time the pump-repump-probe
curve shows an additional signal due to further heating induced by the repump pulse absorbed by
the OH stretching modes. The inset shows the absorption spectrum of the sample (black, note
differing scaling factors) and the difference spectrum obtained by heating the sample by 20 K
(blue dotted). The spectral position of pump, repump and probe pulse at the OD and OH stretch
band are shown as black and red arrows.

For the pump-repump-probe measurements the pump and probe beams were tuned in
resonance with the fundamental OD stretching vibration at 2440 cm1 (4100 nm). The repump
beam was set to 3250 cm1 (3075 nm), corresponding to the equivalent excitation in the OH
regime. The black curve in Fig. 6 shows the pump induced signal. It consists of a ground state
bleaching of the OD stretching vibration around zero delay time (sub-100 fs rise). The
aforementioned long-term signal is due to a spectral shift of the OD stretching band caused by
heating of the sample [37]. An effective signal decay of 1.1 ps is determined from the
measurement and sets a lower limit for the heating time. The initial change of optical density is
35%, a very large value for MIR experiments. This shows that the 3 µJ pump energy together
with the 100 µm focal diameter in the sample is well sufficient for any transient measurements
on water or ice. At 4.5 ps after the pump pulse the repump pulse is applied. The excitation of the
OH oscillators is not immediately visible in the OD stretching region, but results in an
additional heating of the sample with a new rise time of 0.5 ps, in which the high-lying
vibrations located on individual water molecules relax to low lying thermal modes including
many molecules. This manifests itself as a clearly visible additional signal in the OD stretching
vibration region and can only be observed in 3-pulse experiments.
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The blue curve shows the pure repump-induced effect as a difference between the 3- and
2-pulse signal transients. The 3.5% signal increase at 4.5 ps is recorded with excellent
signal-to-noise ratio. This is in striking difference to the pure signals with and without repump.
From earlier work we know that the pulses of our Ti:sapphire pump system are highly
correlated, i.e. subsequent pulses are nearly identical in energy despite a sub-1% overall
fluctuation [38]. The repump is blocked on every other shot and thereby the high degree of
correlation is optimally used to reduce the fluctuations in the difference signal just as this is
done in our broadband UV/Vis spectrometer [39].
Extended 3-pulse experiments are in progress to elucidate this combined action of OD and
OH induced heating of ice. The first data presented here not only show the possibility to
perform three-color experiments with excellent signal-to-noise. They also demonstrate that the
high spectral tunability of the setup in combination with well engineered samples facilitates the
interpretation of the data. In this way the influence of overlapping pump-probe signals on top of
the pump-repump-probe signal [40] can be minimized.
5. Summary and conclusions
In summary, we have presented a detailed description of a novel setup for IR
pump-repump-probe spectroscopy with few-cycle, carrier-envelope phase stable pulses. A
Ti:sapphire pump system operating with 1 kHz and a modest 150 fs pulse duration supplies the
total pump energy of just 0.6 mJ. The pump and repump pulses are tunable in the range from
2,000 to 10,000 cm1. The range from 6,250 cm1 downward is covered by the idler of the
IR-OPA, the higher energy range by the signal. This enables investigations on a broad variety
of vibrations (e.g., OH, NH, CH stretching modes and overtones) important for a plethora of
biological and chemical systems. Pump and repump spectral widths are controlled by grating
selectors. The pulses generated in this way have a spectral bandwidth between 20 and 360 cm1
and are nearly Fourier limited with a time-bandwidth product of 0.55 ± 0.05. The probe pulses
are shorter than 50 fs with an unprecedented spectral width of 450 cm1 (FWHM). A first
estimate of the ultrafast instrumental response function as short as 60 fs has been found. This is
even shorter than the fastest vibrational dynamics like the relaxation of the OH stretching mode
in ice Ih [17,19,41] and will allow the full temporal resolution of these processes.
The complete experimental system, delivering some of the shortest pulses applied for IR
spectroscopy to date [12 14,42,43], allows to determine transient absorption changes smaller
than 104 OD. This high sensitivity allows for measurements with extremely low pump
intensities, to suppress artifacts due to strong temperature jumps [37]. The shot-to-shot stability
of the presented setup is exceptionally high, allowing for high quality measurements with
moderate measurement time. A typical time-resolved measurement like the one shown in Fig.
5(c) consists of about 130 time delays and takes around 45 minutes. The transient spectra
presented in Fig. 5(b) were recorded by one selected pixel of the IR detector via turning the
grating of the spectrometer and each was recorded in only 20 minutes. In the future we will
implement and validate a procedure that uses all 32 pixels in parallel and should decrease the
recording time by more than an order of magnitude.
With the available pump pulses, we have shown measurements with 8.5% of the molecules
in the LiNO3x(HDO + 2D2O) sample volume excited. For a thin ice sample even more than half
of the OH stretch absorption is bleached. This allows the ready performance of
pump-repump-probe measurements with large reasonable signal strength and excellent
signal-to-noise. In combination with the extremely high time resolution, re-excitations within
the short time window spanned by the lifetime of the initially excited vibrations are possible
without temporal overlap of pump and repump pulses. Thus, we can avoid artifacts caused by
the temporal overlap between pump and repump pulses. Excitations to higher lying levels will
not only enable us to investigate the properties of higher lying vibrational states, but might also
serve as a pathway to optically induced chemical reactions like proton transfer initiated by
mid-IR pulses, which has not yet been achieved.
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The warming up of the system and the fine adjustment of the setup on a day-to-day basis
only takes around two hours. The alignment of the invisible mid-IR pulses is greatly alleviated
by the fact, that all IR-OPA stages are collinear. Thus, the visible components of the NOPA
output can be employed as alignment guides. The low time consumption of both daily
alignments and data recording makes the setup very suitable for the investigation of biological,
short-lived samples, and enables high data output under routine operation. Finally, it is possible
to tune the pump and repump pulses to the visible and UV via minor modifications of the
NOPA layouts. This will allow us to carry out UV-pump-IR-probe experiments that can for
example provide important information on the mechanisms of UV induced DNA damage or
photosynthesis.
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Abstract Broadly tunable picosecond pulses in the UV
for nonlinear microscopy and lifetime measurements are
not yet readily available. Complex synchronously pumped
optical parametric oscillators with subsequent frequency
doubling are typically used. We show that direct second
harmonic generation of a visible picosecond supercontinuum source at 78 MHz renders pulses easily tunable from
250 to 430 nm. We ﬁnd that an unexpectedly large
numerical aperture and the use of thick crystals increase the
efﬁciency of the frequency doubling process dramatically.
The observed spectral width and efﬁciency are nearly two
orders of magnitude larger than predicted by conventional
theory. With broadband achromatic doubling, a 130 nm
wide spectrum is achieved. Pulse durations of 17 35 ps are
found in the UV and an average power between 1 and
70 lW. This qualiﬁes the setup for most UV-based
microscopic investigations. As ﬁrst application, the ﬂuorescence lifetime of two differing conformations of 2-(20 hydroxyphenyl) benzothiazole is measured.

1 High repetition rate sources of ultraviolet pulses
For many ambitious microscopic investigations involving
chromophores absorbing in the ultraviolet (UV), reliable
and readily tunable sources of UV pulses at high repetition
rate are needed. Applications in chemistry and biology
M. Bradler  C. E. Eckert  E. Riedle (&)
Lehrstuhl für BioMolekulare Optik, Ludwig Maximilians
Universität (LMU), Oettingenstraße 67, 80538 Munich,
Germany
e mail: Riedle@physik.uni muenchen.de
F. D. Nielsen
NKT Photonics A/S, Blokken 84, 3460 Birkerød, Denmark

range from ﬂuorescence lifetime imaging, total internal
reﬂection ﬂuorescence microscopy, stimulated Raman
scattering, broadband spectroscopy, optical coherence
tomography, nano photonics, and ﬂow cytometry, to single
molecule and bio-imaging. So far, only few possibilities
have been found to generate the desired UV pulses. The
simplest scheme uses a mode-locked Ti:sapphire laser that
is then frequency tripled [1, 2]. As the Ti:sapphire laser
only possesses a limited tunability, the tunability of the UV
pulses is typically limited to the range from 250 to 300 nm.
Even this performance comes at the price of a high-power
green pump laser. When the Ti:sapphire laser is used to
pump an optical parametric oscillator, full tunability is
reached, however with an even higher system complexity.
Still nonlinear frequency conversion is necessary to get to
the UV [3]. Similarly, a near-infrared ﬁber laser can be
frequency quadrupled in two consecutive stages [4].
Supercontinuum generation in microstructured ﬁbers
seems like the best suited method. It can readily generate a
wide range of new frequencies covering the visible and
near-infrared region [5 7]. It can be achieved with pulse
durations over the entire femto- and picosecond regime,
and also the input wavelength can vary over octaves. The
favorable zero-dispersion properties of photonic crystal
structures allow long ﬁber lengths and the highly efﬁcient
generation of new colors. As a consequence, even energies
in the nJ regime out of MHz repetition rate oscillators are
sufﬁcient for the spectral broadening [8]. Nevertheless, the
shortest observed wavelengths are just below 400 nm.
Only for 30 fs pulses with 1 lJ energy from a low repetition rate Ti:sapphire ampliﬁer pulses down to 200 nm have
been reported with a gas-ﬁlled hollow-core ﬁber [9, 10].
High repetition rate UV light in the range from 250 to
300 nm as needed for the optical excitation of DNA
bases has not been derived from either laboratory or
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commercial white-light lasers in the MHz regime to the
best of our knowledge. In particular, the attractive combination of a picosecond pump laser with a photonic ﬁber has
not been utilized for UV generation.
It is not perspicuous why visible supercontinuum
generation has not yet been combined with second harmonic generation (SHG). We can only speculate that the
achievable SHG efﬁciency given by a simple estimate
results in too low a value and makes this approach seem
futile. In this study we show that tight focusing and the
use of a crystal thickness well above the traditional
acceptance bandwidth and angle actually renders a very
useful level of UV light. We generate tunable as well as
extremely broadband pulses from 430 down to 250 nm at
repetition rates up to 78 MHz. We frequency double the
visible and near-infrared output of a commercially
available picosecond white-light laser in a 4-mm-thick
beta-barium borate (BBO) crystal in a single-pass geometry. In addition, we also perform achromatically phasematched SHG [11] to achieve pulses in the UV with more
than 100 nm bandwidth. In combination with the high
repetition rate, the available UV light is well suited either
as pump or probe light. The simple setup allows an easy
handling and offers a high robustness. To demonstrate
this, we couple the new pulse source with a streak camera
and measure the ﬂuorescence lifetime of 2-(20 -hydroxyphenyl) benzothiazole (HBT).

2 Experimental setup and results
As pump source for the generation of tunable UV pulses
we use a picosecond continuum source (EXR-15; NKT
Photonics A/S) that delivers visible and infrared unpolarized light from 400 to 2400 nm and has an overall output
power of 4 W. The high bandwidth is achieved by spectral
broadening of a 5-ps pulse at 1064 nm in a nonlinear
photonic crystal ﬁber. The repetition rate of the laser is
stepwise tunable from 2 to 78 MHz. The newly generated
colors have typical pulse durations of 50 ps. The blue end
of the spectrum is delayed by 400 ps as compared to the red
end (data measured with a streak camera, not shown). From
the established mechanisms of supercontinuum generation
in ﬁbers, we have to conclude that the duration of each
color is not further compressible [7]. We only use the
visible and near-infrared part from 500 to 900 nm yielding
1.5 W of average power (see Fig. 1a). This corresponds to
20 nJ pulse energy over the whole spectrum and a typical
spectral energy density of 20 50 pJ/nm. The peak power is
about 50 W, quite low for nonlinear frequency conversion.
By applying interference ﬁlters and black body lamps for
calibration, we are able to determine the spectral power
density in absolute units [12].
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Fig. 1 a Spectral power density and beam proﬁle of the visible part
of the white light laser. b Spectra for tunable SHG with the single
path scheme shown between the panels. The blue curve shows the
spectrum of the continuum source when transferred to the UV
considering the acceptance angle and bandwidth. For details of the
calculation, see text

The white-light laser has an excellent beam proﬁle (see
inset in Fig. 1) with a beam radius of 530 lm (at 600 nm)
after the collimator, a divergence of below 5 mrad, and an
M2 between 1.1 and 1.2 for the entire visible region. These
properties and the high spatial coherence allow a good
focusability close to the Gaussian limit. This is essential for
our work as we have to achieve a sizable intensity despite
the low peak power. Since the laser light is unpolarized, we
use a polarizing beam splitter and therefore effectively
0.75 W of average power for frequency doubling. Since the
nonlinear crystal can only utilize linearly polarized light,
this splitting does not lower the conversion yield, but
decreases the optical load on the crystal. The remaining
half of the light can be used as broadband probe light or
again for SHG.
Above Fig. 1b the setup for tunable SHG is shown. The
laser light is focused with a short focal length lens (ARcoated achromat, f = 30 mm) to achieve a small focus and
the necessary high intensity for efﬁcient SHG. To further
enhance the SHG efﬁciency, we use a 4-mm-thick type I
BBO crystal cut at 32.5°. The used focal length and crystal
length will be discussed in section 4. The generated UV
light is collimated with a fused silica lens and highly
reﬂecting dichroic mirrors. An a-BBO Glan-laser polarizer
and a UG5 colored glass ﬁlters are used to separate the UV
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from the fundamental light. Additionally dispersive elements like a prism or a grating can be used to further
discriminate the UV from the remaining visible light.
The generated UV pulses are tunable from 430 down to
250 nm and have pulse energies up to 900 fJ corresponding
to 70 lW average power. This corresponds to an efﬁciency
of only 0.009 % if referring to the entire 1.5 W of the
unpolarized white-light laser. The spectral width is found
to decrease from 19 THz (11 nm) at 420 nm to 13 THz
(3 nm) at 260 nm. Referred to the effectively used spectral
region and considering the polarization, the effective efﬁciency is 0.26 %. Even the 900 fJ do not seem much for
users accustomed to kilohertz femtosecond systems. Each
pulse, however, still consists of 2 9 106 photons. Combining the high repetition rate of 78 MHz and the fact that
even single photons can be readily detected, these pulse
energies are well suited for many applications. At 250 nm
the pulse energy is 13 fJ which is equal to 1 lW average
power and still 16,000 photons per pulse. Already pulse
energies as low as 1 aJ were found to saturate the optical
transition in single-molecule measurements [13], and 500
photons were found to constitute a pi-pulse excitation [14].
Even though these experiments were performed in the
visible, they show that the number of generated UV photons in our setup will be easily sufﬁcient for many
applications.
In Fig. 1b spectra for individual settings of the crystal
tilt are shown. It is evident that the amount of UV energy
generated decreases toward shorter wavelengths much
more strongly than the pump spectral distribution. The blue
curve in Fig. 1b shows a simulation of the UV power
spectral density. We translate the wavelength scale from
Fig. 1a to the UV according to the ‘‘frequency doubling’’
and square the spectral power due to the quadratic intensity
dependence of SHG. In addition, the varying acceptance
angle and bandwidth of the frequency-doubling process is
explicitly taken into account. Both of them become smaller
for shorter wavelengths and therefore allow less efﬁcient
doubling. All values are calculated with the module Q-Mix
from the nonlinear optics program SNLO [15]. The SHG
power was estimated with 2D-mix-SP also from SNLO
[15]. For further details see section 3. Cross-terms can be
neglected due to the strong chirp. When the blue curve is
compared to the pulse energy generated for various UV
wavelengths, a nearly perfect match is found. As a result
we can be conﬁdent that the standard description of SHG is
a good starting point to describe our observations.
The pulse-to-pulse ﬂuctuations at 78 MHz are measured
for the total output in the 500 850 nm region to 2.2 % rms.
For a small spectral region around 700 nm we ﬁnd a stability of 7.7 %. The lower ﬂuctuations for the total output
originate from the use of the 1064-nm pump source. Since
the infrared light is shifted to other colors and there is no

Fig. 2 Spectra of UV pulses at selected wavelengths and measured
temporal intensity proﬁles

intensity-dependent loss in the ﬁber for the 2.2 % ﬂuctuation, the shot-to-shot stability of the entire continuum is
high. On the other side, the ﬂuctuations for a small spectral
region are much higher because the power spectra strongly
vary from shot-to-shot due to the modulation instability
effects observed for long pump pulses [7]. For the frequency doubled light at 350 nm, the single-shot ﬂuctuations are determined to 13.5 %. Although these values
seem high for users of standard mode-locked lasers, one
has to bear in mind that the high repetition rate helps to
obtain a much lower ﬂuctuation for even small averaging
times if the ﬂuctuations are statistical. If for instance the
averaging time is set to 1 ms at the full 78-MHz repetition
rate, the ﬂuctuation of the 350-nm light should decrease
down to 0.05 % rms according to Poisson statistics. We
indeed ﬁnd this enhanced stability and can conclude that
the ﬂuctuations of the white-light laser are largely statistical. It should also be kept in mind that in applications like
lifetime measurements moderate ﬂuctuations do not play
any role.
Besides the spectrum, energy, and stability of the UV
source, we also measure the actual pulse duration with a
streak camera (C5680; Hamamatsu Photonics). Pulse
durations (FWHM) from 35 ps for shorter wavelengths
(280 340 nm) to 17 ps for longer wavelengths (360 440 nm)
are found (see Fig. 2).
This is in good agreement with the typical pulse shortening during the SHG process. At the shorter wavelengths
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Fig. 3 Setup and spectrum for achromatic SHG

shoulders at later times are seen. These are already suggested in the corresponding visible spectral range. Future
improvements in the white-light laser should be able to
eliminate these afterpulses.
Figure 3 shows the setup for achromatic frequency
doubling adapted from our previous femtosecond setup
[11, 16]. First, the pulse is laterally dispersed with a pair of
fused silica prisms (apex angle of 68.7°) with a tip distance
of 150 cm. Then, the light is focused with an off-axis
parabolic mirror onto a 4-mm-thick BBO crystal (type I,
32.5°). The mirror has a parent focal length of 35 mm and
is designed for 45° deﬂection. An identical mirror is used
to collimate the UV light, and the above-described methods
were used to separate the UV and visible light.
The obtained spectrum is shown in Fig. 3 and has an
integrated pulse energy of 380 fJ. This corresponds to an
average power of 30 lW and roughly 500,000 photons per
pulse. The extremely high bandwidth of 130 nm (10 % level)
in combination with the MHz repetition rate favors such
pulses as broadband continuum probe in the UV. In our
previous work [16] we also show how to collimate the beam
and manage the spatial dispersion. Again, we measured the
pulse-to-pulse ﬂuctuation. Since we frequency double nearly
the entire spectrum that is more stable than parts at selected
wavelengths, the achromatically doubled light is also more
stable with 3.8 % rms at the single-shot level.

picosecond white-light source operating at tens of MHz, it
has not been demonstrated. The question is whether this
possibility has just so far been overlooked or whether
expectations from standard SHG models fail for the optimized conditions used in our work.
To clarify these points, we perform simulations of the
frequency doubling with the module 2D-mix-SP of SNLO
[15]. The code uses established descriptions of v(2) threewave mixing. To ensure the reliability of the obtained values
under our experimental conditions, we ﬁrst model the frequency doubling of a 1-kHz femtosecond Ti:sapphire system
and ﬁnd excellent agreement. For the investigated picosecond system, the extreme bandwidth of the white-light laser
leads to a more complex situation. It is not appropriate to
assume the entire pulse energy, since most wavelengths are
certainly not frequency doubled. In addition, only half the
average power shown in Fig. 1a is to be used due to the
polarization selection. Within the plane-wave approximation, we can calculate the acceptance bandwidth for a
selected crystal thickness. For 700-nm input wavelength and
a 4-mm BBO crystal, this amounts to 0.8 THz (1.3 nm). As a
result, the effective pulse energy of only 42 pJ in a roughly
50 ps pulse is available for conversion. The simulation predicts an UV pulse energy of only 1 fJ. Observed are 500 fJ.
At the same time we ﬁnd an UV bandwidth of up to 22
nm at 350 nm compared to the predicted width of 0.5 nm.
This excess by a factor of 40 hints at the relevant mechanism. When we use the much broader bandwidth that is
necessary to generate the observed bandwidth in the UV, we
obtain an effectively usable pulse energy of 1.7 nJ and
predict an UV energy of 500 fJ. This value strikingly matches the experimental observation. The initial calculation
assumes a 4-mm-thick crystal in the plane-wave approximation. The obviously too low acceptance bandwidth and
efﬁciency are predicted. Since the SHG scales with the
square of the intensity, a tight focus is used, and this leads to
a focusing geometry that spans a much larger angle than the
nominal acceptance angle for the 4-mm crystal. Therefore,
wavelengths slightly off the nominal phase-matching condition can still be utilized for the SHG process. We believe
that it is this effect that increases the UV bandwidth and the
efﬁciency so drastically. A way too large SHG bandwidth in
thick crystals has already been reported for single-pass SHG
of femtosecond pulses [17]. To further study the hypothesis,
we describe an investigation of the inﬂuence of the numerical aperture in the following section.

3 Modeling of the frequency conversion
The experimental results show that quite sizable amounts
of UV light can be generated by single-pass SHG. For
ampliﬁed femtosecond pulses at the lJ level such conversion is quite routine, and even for picosecond nJ pulses it
has been reported quite early [2]. However, for a
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4 Inﬂuence of numerical aperture, crystal thickness,
and spatial chirp
A major challenge in the nonlinear conversion of picosecond pulse trains of limited average power in the range of
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1 W is the low peak power. This is particularly true for
high repetition rate systems needed for applications like
microscopy or single-molecule investigations. In our setup
the peak power is only 260 W integrated over the whole
spectrum. The most efﬁcient method to achieve high
enough intensities for nonlinear effects and hence SHG
with such low peak powers is tight focusing. Therefore, we
use an achromat with a very short focal length of 30 mm.
Due to the M2 value of 1.1 to 1.2 of the supercontinuum
source, we are able to achieve a beam waist diameter of a
few lm in the focus leading to a peak intensity of 2 GW/
cm2. This is still much less than the 50 GW/cm2 used in
femtosecond SHG. To achieve efﬁcient SHG with such low
intensities, long crystals are needed. Both of these conditions the long crystal and the high numerical aperture
(NA) seem to be counterproductive for frequency doubling due to the resulting limited acceptance bandwidth and
acceptance angle derived in the standard description of
SHG. The full acceptance angle predicted for a 4-mm BBO
crystal used at 700 nm is 1.2 mrad corresponding to an NA
of just 0.6 9 10-3. The typical numerical apertures (NA)
used in our experiments are considerably higher and range
from 12 9 10-3 to 150 9 10-3.
Figure 4a shows SHG spectra centered at 350 nm for a
variation in the NA. The different values for the numerical
aperture were realized by enlarging the beam size at the
achromat by propagation over a distance of a few meters. The
dotted line shows the theoretically expected spectrum
according to the acceptance bandwidth and angle of the
4-mm BBO crystal in the plane-wave approximation. Figure 4b shows the obtained average power and spectral width.
The UV power maximizes at about NA = 60 9 10-3. For
NA = 150 9 10-3 the obtained spectrum has a spectral
width of 22 nm and is therewith 40 times broader than
expected. It is interesting to note that the NA found to optimize the SHG yield and the resulting spectral width are larger
by a factor of 100 and 40 than the predictions. This matches
the observed increase in SHG yield over the plane-wave
modeling. We interpret this as strong evidence that our picture described above, that the efﬁciency results from the
utilization of a large spectral width, is correct.
The tight focusing and hence high numerical aperture
already lead to partially achromatic phase-matched second
harmonic generation [17]. The phase-matching angle for
frequency doubling of 350 nm in BBO is 33.7°. The NA of
0.15 leads to an external range of input angles of 17° which
corresponds to a variation over 10° inside the BBO due to
refraction at the entrance surface. Since the crystal and the
Rayleigh length have the same magnitude, the different
transversal parts of the beam effectively see a different
phase-matching angle. This allows other wavelengths
beside 700 nm to be frequency doubled and enlarges the
effective acceptance bandwidth. It should be noted that the

plane phase front in the focus does not imply a uniform
wave vector direction perpendicular to the phase front. The
highly reduced transversal size necessitates a spread of the
wave vector direction according to the uncertainty principle. The spread is just the spread that is generated by
focusing the originally collimated beam.
The Rayleigh range (twice the Rayleigh length) and beam
waist radius for the range of NA values shown in Fig. 4 are
summarized in Table 1. Outside the Rayleigh range, the
intensity and hence the SHG efﬁciency are strongly
decreasing. As the NA is initially increased, the higher
intensity increases the overall efﬁciency. Eventually, however, the effective interaction range decreases so strongly that
the efﬁciency decreases again. The maximum of the efﬁciency is obtained at an NA of 0.060. From the NA we can
also qualitatively deduce the obtained spectral shape of the
UV light. As a rule of thumb, we see that the full width half
maximum (FWHM) in nanometer is 150 times the numerical
aperture. This directly follows from the larger range of phasematching angles seen by the strongly focused beam.

Fig. 4 a SHG spectra centered at 350 nm for varied numerical
aperture (NA). The dotted line shows the expected spectrum
(acceptance bandwidth) for a 4 mm BBO crystal in the plane wave
approximation. b shows the obtained average power and spectral
width of the UV light

Table 1 Beam waist radius w0
and Rayleigh range (twice the
Rayleigh length) for various
numerical apertures (NA) used
for frequency doubling

NA

w0 (lm)

Rayleigh
range (mm)

0.0125

17.8

2.85

0.0138

16.2

2.34

0.0207

10.8

1.04

0.025

8.9

0.71

0.06

3.7

0.12

0.09

2.5

0.06

0.12

1.9

0.03

0.15

1.5

0.02
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Also the correct choice of the crystal length is crucial for
efﬁcient doubling. We tested a 1-, 2-, and 4-mm-thick BBO
crystal under identical focusing conditions for frequency
doubling. We obtained a nearly linear correlation of the
efﬁciency to the crystal length while maintaining a constant
spectral width of the UV light. An ever longer crystal did
not improve the SHG efﬁciency because the intensity is
getting too low for SHG near the borders of the long
crystal. The 4-mm crystal length is close to the optimum,
because when moving the crystal slightly back and forth
from the optimum position, the SHG yield does not
decrease. It is worthwhile to mention that the optimum
position for the 4-mm BBO is not reached if the focus is in
the middle of the crystal but slightly before the middle. The
exponential dependence of the SHG on the crystal length is
then optimally combined with the different intensity levels
at the beginning, middle and end of the crystal.
Another important point that has to be mentioned is the
beam proﬁle and spatial chirp since partially achromatic
frequency doubling is performed. Each spectral component
is generated in a differing part of the beam. Therefore, the
diverging beam has a pronounced spatial chirp. This is
shown in Fig. 5. The gray lines show the spectrum for
different parts of the beam. The spatial chirp occurs in the
plane where the phase-matching angle is changing. In the
orthogonal direction, no spatial chirp occurs. When
focusing the diverging UV light and hence imaging the UV
generation region, again an elliptical focus is obtained but
without any spatial chirp (see Fig. 5b inset).
The remaining ellipticity is due to the spatial walk-off in
the birefringent crystal. For larger spectral widths of the
UV light also the ellipticity increases. To recollimate the

Fig. 5 Beam proﬁle and spatial chirp of UV light for the collimated
UV light (a) and in the focus (b)
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UV beam properly and to obtain a round and spatial chirpfree focus, a setup similar to achromatic SHG with two
CaF2 prisms [16] has to be used.

5 Measurement of the ﬂuorescence lifetime of HBT
As ﬁrst application of the generated UV light, we measure
the ﬂuorescence lifetime of HBT. This molecule is of high
interest since ultrafast photochemical processes such as
proton transfer, coherent skeletal motion and internal
conversion, and their interplay can be monitored [18 20].
To determine the ﬂuorescence lifetime, we excite HBT
at 330 nm and measure the ﬂuorescence with a streak
camera (C5680; Hamamatsu Photonics). No spectrograph
is used to select a chosen range of emission wavelengths.
Instead we use a combination of a WG345 and UG5 colored glass ﬁlter (Schott AG) to select a range from 345 to
400 nm and a GG475 ﬁlter to select emission longer than
475 nm. The emission of HBT after the ultrafast excited
state proton transfer is found in the range from 470 to
600 nm [19]. The proton transfer is inhibited by substitution of the intramolecular hydrogen bond by a hydrogen
bond to an ethanol molecule, and the emission is observed
from 360 to 410 nm [20]. Since a mixture of both forms is
present, dual ﬂuorescence is observed. To determine the
excited state lifetime of the two conformations, the emission decays in the two spectral ranges are measured.
The large number of photons from our setup and the
high repetition rate allow a strong ﬂuorescence signal and a
good signal-to-noise ratio. We simply focused the 330-nm
beam into a 1-mm cuvette containing the HBT solution and
imaged the resulting emission onto the entrance slit of the
streak camera with a f = 50 mm, 100 -diameter fused silica
lens. We even had to signiﬁcantly decrease the excitation
power to not saturate the streak camera used in photon
counting integration mode. Figure 6 shows the measured
ﬂuorescence decay around 500 nm (green solid line) and
380 nm (dark blue solid line). The two different signals are

Fig. 6 Fluorescence lifetime of HBT in ethanol after excitation with
17 ps pulses at 350 nm

A broad and tunable 250 to 430 nm

in excellent agreement with previous measurements
(shown as dotted green line for 500 nm and dotted blue line
for 370 nm) performed with selective femtosecond excitation at 1-kHz repetition rate.
The described example shows that the simple setup
consisting just of the turn-key supercontinuum laser, a
singlet lens, a doubling crystal, two more lenses and a
cuvette for the ‘‘spectroscopy’’ and a streak camera allow
determining picosecond dynamics of complex molecules.
Each decay curve corresponds to only an averaging time of
less than one minute. A variation in excitation wavelengths
can be made by just tilting the doubling crystal.

6 Summary and concluding remarks
We have developed a tunable and broadband source of
picosecond ultraviolet light at high repetition rates of up
to 78 MHz. This is achieved with a commercially available supercontinuum laser and single-pass frequency
doubling. Pulses from 430 down to 250 nm with average
powers of up to 70 lW corresponding to two million
photons per pulse are obtained. The conditions for optimum SHG were investigated and the proper crystal
thickness and focusing geometry determined. The necessary tight focusing and hence high numerical aperture of
0.06 are far above the classical acceptance angle of the
thick BBO crystal and lead to pseudo-achromatic phase
matching. Pulses with spectral widths up to 30 nm are
obtained from a setup consisting only of an achromatic
lens and a crystal. The long crystal length of up to 4 mm
does not limit the spectral width but increases the SHG
efﬁciency and the average power of the UV light. The
inescapable initial spatial chirp of SHG can be corrected
either by focusing the light again onto a sample or by a
proper setup with dispersive elements. Typical pulse
durations of 17 to 35 ps are achieved in the UV. As ﬁrst
application, we measured the ﬂuorescence lifetime of
HBT to 380 and 50 ps with time-correlated single-photon
counting. The longer time corresponds to the S1 ? S0
relaxation of the keto-type HBT, while the shorter to the
relaxation of the intermolecularly hydrogen bonded enoltype HBT.
The remarkably simple setup with a single-pass doubling crystal allows fast and straightforward experiments.
This favors the setup as unique tool for studying ultrafast
processes with tunable and broadband UV light on the
picosecond timescale with MHz repetition rates. In combination with well-established detection techniques like
streak cameras or single-photon counting, even smallest
signals can be resolved with a good signal-to-noise ratio.
And since the setup only consists of one adjustable element the frequency doubling crystal it can easily be

motorized to perform series of measurements in shortest
time. If several UV sources are needed, one can use the
two polarization components of the continuum source,
separate wavelength regions, or reuse the not-yet-frequency-doubled light again. Due to the long pulses and
hence low peak power and the resulting moderate SHG
efﬁciency, the not-doubled light has nearly the same
advantageous properties and power. Disturbing effects
found for much shorter pulses such as self-focusing or
back conversion are not present. The presented concept is
not limited to the UV, and also infrared continuum
sources can be transferred to the visible [21, 22]. Besides
second harmonic generation, also sum or difference frequency mixing should be possible and therefore will
further extend the accessible wavelength regions. This
unique and easy manageable light source with high spatial
coherence should allow many innovative experiments that
so far have not been feasible. The system is ideally matched to microscopic techniques and single-molecule
investigations.
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Optical parametric amplifiers render widely tunable ultrashort pulses, but for full spectral coverage, complex mix
ing schemes are needed. In particular, the blue and near UV part of the spectrum is not directly reached with the
800 nm pump from Ti:sapphire systems or the 1030 nm pump of Yb based lasers. We combine third harmonic
pumping at 343 nm with seeding by a second harmonic (SH) pumped continuum to tune a noncollinear optical
parametric amplifier down to 395 nm. Together with a SH pumped branch, the full range from 395 to 970 nm
is covered with 20 fs pulse length or less. Pulse energies up to the μJ level with an average power of up
to 200 mW at 200 kHz and 480 mW at 1 MHz are achieved. With additional frequency doubling, the full range
down to 210 nm is reached without gap. Two photon absorption in the amplifier crystal is discussed as the critical
issue in UV pumped systems. © 2014 Optical Society of America
OCIS codes: (190.2620) Harmonic generation and mixing; (190.4410) Nonlinear optics, parametric processes;
(230.4480) Optical amplifiers; (320.7110) Ultrafast nonlinear optics.
http://dx.doi.org/10.1364/OL.39.002588

The generation of energetic ultrashort pulses at high repetition rates that are fully tunable in the ultraviolet (UV),
visible, and near-IR (NIR) is still a challenging task. Many
applications, such as transient spectroscopy, material
processing, nonlinear imaging, diffraction of single electrons, high-harmonic generation, or resonant plasmonic
field enhancement, benefit from such pulses. The high
repetition rate ensures a good signal-to-noise ratio, enhances the total flux, and leads to reduced acquisition
and measurement times. The tunability is needed to
excite the samples resonantly and at the lowest possible
flux to avoid rapid degradation. Such pulses can be
generated by synchronously pumped optical parametric
oscillators [1–4]. Modest pulse energies result from
comparatively complex setups.
A broadly used technique to obtain high-energy pulses
at sub-MHz repetition rates is optical parametric amplification of continuum seed light. It allows tunability in
the visible [5–8] and shortest pulse durations [9]. Only
a few reports are found on the extension to UV wavelengths [10–12]. The early developments were based
on Ti:sapphire pump systems, and improvements like
noncollinear phase-matching were pioneered with kHz
systems [13]. The tuning range for a noncollinear optical
parametric amplifier (NOPA) pumped by the second
harmonic (SH) of a Ti:sapphire system ranges from
450 to 720 nm and from 860 nm into the NIR. The gap
around the 800 nm pump is caused by the distorted seed
light and can be filled by a two-stage NOPA with intermediate continuum generation [14]. Second harmonic
generation (SHG) also renders a gap around 400 nm that
is laborious to fill.
Recently, the development of femtosecond lasers has
turned to Yb-based active media, because higher average
powers are achievable with diode laser pumping. The
consequences are a central wavelength around 1030 nm
and pulse durations from hundreds of femtoseconds to
picoseconds. Pumping a NOPA with the SH at 515 nm
[7] and BBO as active material, the shortest output wavelength is 620 nm. With third harmonic (TH) pumping [8],
0146 9592/14/092588 04$15.00/0

387 nm should be reachable, but this output was not yet
demonstrated due to lack of suited seed light.
We now show with a Yb-based system at up to 1 MHz
as pump that the sub-400 nm range can be reached if a SH
pumped continuum is used as seed and combined with
TH pumping at 343 nm [see Fig. 1(a)]. We generate fully
tunable blue pulses with Fourier limits in the 10 fs range.
Together with a SH pumped NOPA seeded by a fundamental pumped continuum, a tuning range from 395 to
950 nm and with just an additional SHG stage a gap free
tuning range from 210 nm into the NIR results.
As pump source, we use a fiber amplifier (Tangerine fs;
Amplitude Systems Inc.) that delivers 300 fs pulses at
1030 nm and 20 W output with high beam quality. We
use pulse energies of 20 μJ at repetition rates between

Fig. 1. (a) TH pumped NOPA seeded by the 2ω pumped
continuum (SCG). (b) Continuum generated in a 4 mm YAG
and 1030 nm pumping. (c) Continuum from a 4 mm YAG and
a 10 mm sapphire plate with 515 nm pumping.
© 2014 Optical Society of America
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200 kHz and 1 MHz. Roughly 3 μJ are split off for continuum generation with a half-wave plate and a thin film
polarizer (BS). With weak focusing of the remaining
1030 nm light (f  250 mm at 2 mm beam diameter),
2 ω and 3 ω light can be generated efficiently by placing
the SHG crystal (BBO type I, 23.0°, 700 μm) slightly before and the third harmonic generation (THG) crystal
(BBO type II, 62.8°, 1.5 mm) slightly behind the focus
[8]. The differing group velocities of the pulses during
the generation are compensated by the proper choice
of the crystal type and length. Dichroic mirrors separate
the 343 nm TH pump light from the 515 nm SH and
the fundamental. In the TH pumped NOPA, 3.5 μJ of
UV light are used to amplify the seed pulses. The short
pump wavelength allows amplification down to below
400 nm before idler absorption in the BBO crystal becomes relevant. Even at a 400 nm, very broadband phase
matching is predicted.
To reach the near-UV and blue wavelengths, a suited
seed light source must be provided. Bulk continuum
generation with 1030 nm pulses only ranges down to
slightly below 500 nm [7,15] [see Fig. 1(b)]. To utilize
the potential blue tuning range, we generate a SHpumped continuum [16–18] and use it as seed. The 3 μJ
pulses are frequency doubled in a second, identical SHG
crystal and 0.7 μJ green result. Spectra from a 4 mm YAG
and 10 mm sapphire (f  50 mm focusing) are shown in
Fig. 1(c). A dielectric filter (B-51; Optics Balzers) is used
to suppress the 515 nm pump light. A f  30 mm fused
silica lens recollimates the continuum and focuses it
slightly before the amplifier crystal. The exact size at
the BBO crystal has to be carefully adjusted to match
it with the pump spot size for best use of the seed light.
The amplifier crystal in the TH pumped NOPA is a type
I BBO crystal, cut at 32.5°, with 3 mm length. The noncollinear geometry in combination with the long pulse
duration of 170 fs for the 343 nm pump light allows
the generation of pulses with Fourier limits from 20 down
to 10 fs [green line in Fig. 2(a)]. Tunable pulses from 395
to 640 nm [Fig. 2(b)] with energies of above 1 μJ in the
maximum, but at least 0.5 μJ over the entire range, are
obtained [black line in Fig. 2(a)]. If very clean pulses
are needed around 515 nm, the 1030 nm pumped seed
light should be used. For the tuning range, the noncollinearity angle has to be adjusted from 2° to 4.5° (internal)
and the phase-matching angle from 28° to 37°. The choice
of angle was guided by standard phase matching calculations and tweaked experimentally [8,13,14].
The 640 nm pulse is close to the degeneracy point
and the needed noncollinearity is 3.0° (4.8° external).
Operation close to degeneracy allows a large amplification bandwidth. Tuning toward the UV, the documented
feature of the NOPA of a flat phase-matching behavior is
found and large output bandwidths result. A particularly
broadband pulse results near the inflection point at
550 nm. The Fourier limits start increasing at the blue
edge due to the decreasing temporal overlap of the
needed seed frequencies with the pump pulse [8]. At
the shortest wavelengths, the chirp of the seed continuum is largest. In the present setup, the pump pulse
is longer by 30% compared to our earlier work, and
the SH pumped continuum seems to have less chirp than
the 1030 nm pumped one. Both factors contribute to the
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Fig. 2. (a) Pulse energy (black squares) and Fourier limit
(green dots) of the UV and visible pulses. Red stars, measured
sub 20 fs pulse duration. (b) Widely tunable pulses from the TH
pumped amplifier. (c) Spectrum of simultaneously generated
output from the 343 and 515 nm pumped NOPA stages.

much larger bandwidths seen now. The smaller chirp of
the seed is thought to be due to the fact that, starting from
515 nm, we have to push less hard to reach the blue, and
an effectively shorter distance is traveled by the new
spectral components inside the crystal.
The advantage of our scheme for TH pump generation
is that enough SH light is produced and remains after
THG to operate simultaneously a second SH pumped
NOPA. We add a SH pumped amplification stage seeded
with a fundamental pumped continuum and two independently tunable outputs result. Figure 2(c) shows an
example of this dual output. Note the simultaneous output energy of 1.0 μJ in the blue and 1.6 μJ in the red.
A pair of Brewster angled fused silica prisms is used to
compress the pulses to below 20 fs. Figure 3 shows the
spectrum [(c) and (d)], the autocorrelation [(a) and (b)],
and the predicted autocorrelation trace for transform
limited pulses (dotted lines). The sub-20 fs pulse durations (Gaussian FWHM) correspond to a time bandwidth
product of 0.73 each. More elaborate compression should
render pulses close to 10 fs.
To show that the pulses are useful for spectroscopic
applications, the pulse-to-pulse fluctuations were determined. The 1030 nm pump pulses have fluctuations of
2.9% rms, the SHG light 2.7%, the THG light 3.0%. The
higher stability of the 2ω light is due to the starting saturation of the SHG process [8]. The output pulses of the
NOPA fluctuate with 4.1% rms. This value seems slightly
high, but the high repetition rate has to be taken into
account. When averaging over 1 ms, the fluctuations
between 1 ms bunches reduce to a measured value of
0.12% in good agreement with the predicted reduction
following Poissonian statistics.
To demonstrate the superb output power at short
wavelengths, Fig. 4(a) shows pulses at 445 nm with an
average power of 480 mW. These pulses have sufficient
energy (0.48 μJ) for further nonlinear processes like SHG.
Figure 4(b) shows the spectrum of deep UV pulses at
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Fig. 3. Spectrum of 430 nm (c) and the 640 nm (d) pulses and
autocorrelation traces (a) and (b) showing the compressibility
to below 20 fs. The dotted line shows the predicted autocorre
lation traces of transform limited pulses.

215 nm resulting from SHG of 430 nm pulses. A 30 μm
type I BBO crystal cut at 55° is used. The SHG in combination with the wide tuning range of the NOPA allows
covering a spectral range from the deep UV at 210 nm
up to the NIR at 970 nm. The use of the 1030 nm pump
system greatly simplifies the deep UV generation, as
compared to a Ti:sapphire pump [19].
A critical issue when pumping with UV light is twophoton-absorption (TPA) in the amplifier crystal [20–22].
When operating at high repetition rates, a high thermal
load on the amplifier crystal can result [23] that will
decrease the amplification and lead to heat induced
fracture. In 515 and 400 nm pumped systems, the main
cause of heating is the residual linear absorption of
the amplifier crystal and the idler absorption for the short
wavelength edge of the tuning curve. It has also been
suggested that TPA can lead not only to attenuation of
the pump wave but also the generation of color centers
with ms lifetimes that absorb at the pump and/or signal wavelength [24]. To limit the influence of these
effects, the proper choice of pump intensity is essential.
Figure 5(a) shows the TPA coefficient β of BBO [25–27].
The differing values at 264 nm are due to the various light
polarizations and crystal cuts [28] used.
The reduced transmission due to TPA for a range of
peak pump intensities is calculated from the analytic
model for TPA for a 3 mm BBO crystal [29] [see lines
in Fig. 5(b)]. It is in good agreement with the experimentally obtained value reported here (brown dot) and

Fig. 4. (a) Spectrum of 445 nm pulses at 1 MHz with 480 mW
average power. (b) SHG down to 215 nm in a 30 μm BBO
crystal.

Fig. 5. (a) TPA coefficient β of BBO (circles from [27], dia
monds from [25,26], [28]). (b) Transmission through a 3 mm
BBO crystal for various peak pump intensities I 0 .

from [28] (blue dot). For kHz Ti:sapphire-based NOPAs
pumped with the SH, peak intensities of 200 GW∕cm2 are
typically used. When applying such an intensity to 266 or
343 nm pumping, nearly complete TPA would occur and
no useful amplification would be possible. For 266 nm
pumping, TPA is so strong that already peak intensities
of 4.8 GW∕cm2 lead to 75% absorption in a 12 mm BBO
[20] or 50% at 24 GW∕cm2 in a 3 mm BBO [22]. For kHz
systems, this is marginally acceptable, but for MHz repetition rates such a strong TPA not only decreases the
pump intensity but also leads to a high thermal load. A
significant thermal load in the crystal will lead to
a dramatic increase of the local temperature [23,30], a
change in the phase matching, and eventually the destruction of the crystal. Consequently, for high repetition
rates the pump wavelength has to be increased to reduce
TPA. The TH of Yb-based systems allows an optimal
compromise between sufficiently high pump intensities
and relatively weak TPA. For this wavelength peak
intensities of up to 100 GW∕cm2 can be applied. Experimentally we observe about 15% TPA in the 3 mm NOPA
crystal for this intensity.
It should be noted that we use the actual peak intensity
I 0 of the pump pulse with spatial and temporal Gaussian
profile. Frequently an effective intensity I eff is used in the
literature that is calculated from the ratio of pulse energy
and FWHM circular area and duration. The two are
connected by I 0  0.65 × I eff . This difference should
also be kept in mind when the necessary pump intensity
for a desired amplification is determined from published
figures.
The TPA not only happens in the NOPA crystal but also
in the THG crystal. When the repetition rate is raised
from 200 kHz to 1 MHz, the amount of absorbed 343 nm
light is accordingly increased. Experimentally we notice
a loss of phase matching that needs a correction of the
external tilt angle by 0.5°. An estimate shows that this is
caused by an increase in the local temperature of 100 K, a
value in the range reported in [23].
As shown in this work, the 343 nm are extremely well
suited for amplification of ultrashort pulses down to below 400 nm. Therefore for MHz systems, 343 nm pumping
is the ideal configuration to cover the full visible range. In
addition, the group velocity mismatch between signal
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and pump is only about 80 fs∕mm as compared to a
266 nm pumped system with 340 fs∕mm [22]. With the
hundreds of fs pump pulse duration, amplifier crystals
with a few millimeter length can be used before pump
and signal lose temporal overlap. Even for the thick amplifier crystals, the noncollinear phase-matching ensures
sufficiently broadband amplification for 10 fs pulses.
Because of the exponential dependence of the output
energy on the crystal length, lower pump intensities
can be applied for the sub-104 amplification needed to
boost the sub-nJ seed to the μJ level. To minimize the
needed amplification and pump intensity, the size of
the seed and the pump must be carefully matched. This
is in contrast to the situation in kHz systems pumped by
400 nm, where saturation can be used to minimize the
output fluctuations and a slightly too large seed diameter
helps to clean up the beam profile.
In summary, we have described a NOPA pumped by
the 343 nm TH pulses of a 20 W Yb-based fiber amplifier
that delivers tunable pulses between 395 and 970 nm at
up to 1 MHz repetition rate. The unprecedented tuning in
the near-UV and blue is made possible by a seed continuum pumped by the second harmonic. Energies up
to the μJ-level and durations below 20 fs are obtained
throughout the tuning range of well above one octave
when the THG pumped NOPA is amended by a second
NOPA pumped with the remaining SHG. The parallel
use of SH and TH light as pump allows the generation
of two individually tunable pulses and favors this system
as a light source for ultrafast time resolved two color
pump-probe experiments at high repetition rates. The
short pulse duration of the pulses leads to high peak
powers and enables additional SHG. This extends the
tuning range down to 210 nm. No spectral gap remains
between 210 nm and the NIR. The combination of the
Yb-based pump laser and the described NOPA setup
thus renders for the first time a MHz-repetition rate
instrument that can be tuned to any desired excitation
wavelength in spectroscopic investigations.
It should be noted that the pump laser has a pulse duration of 300 fs. Because of the dramatic pulse shortening
in the continuum seeded NOPA by more than a factor of
15, this is not even a limitation when few-cycle pulse are
needed. Since continuum generation in solids is possible
up to at least 1 ps pulse duration, laser systems with
high repetition rates and pulse energies can be used as
driving source for such an amplifier [31]. For the very
broadest output pulses, the seed light can be amplified
sequentially in a SH pumped amplifier and a TH pumped
one [32,33].
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Newly generated frequencies during bulk continuum generation with femtosecond pump pulses do not fluctuate
statistically and show strong correlations in spectrum and time. When a femtosecond continuum is used as probe
light for transient spectroscopic measurements, these correlations result in a seemingly low noise level but large
scale pseudo structures that obscure the interpretation. We investigate the correlations for continua generated in
YAG and calcium fluoride plates and incorporate the results into the design of our pump probe setup. The high
degree of correlation to the next pulse is utilized through chopping of the pump and referencing between suc
cessive laser shots. To suppress the adverse effect of the high degree of correlation to other wavelengths, we extend
the detection by multichannel referencing with a second camera. The combination of both referencing schemes
renders a precise spectral calibration unnecessary and increases the sensitivity of our spectrometer by a factor of 5
down to 20 μOD. This is already very close to the shot noise limit. To demonstrate the improvements, we present
and discuss measurements on two different molecular solutions. © 2014 Optical Society of America
OCIS codes: (030.6600) Statistical optics; (120.4570) Optical design of instruments; (190.4360) Nonlinear
optics, devices; (300.6500) Spectroscopy, time resolved; (320.7150) Ultrafast spectroscopy.
http://dx.doi.org/10.1364/JOSAB.31.001465

1. CONTINUUM GENERATION AND
TRANSIENT PUMP–PROBE SPECTROSCOPY
A commonly used technique to study the dynamics of
chemical or biological processes is time resolved transient
pump probe spectroscopy with femtosecond pulses [1 7].
The comparison of the absorption of molecules in the excited
and the ground state allows unraveling the inner life of the
systems. A key role in these measurements is attributed to
the probe pulses. The ideal probe pulse should cover a wide
spectral range and be very stable to record even the weakest
absorption changes of the investigated sample. Continuum
generation in bulk material with femtosecond pulses [8 10]
is a well established method to generate broadband probe
light with low fluctuations. When just a single filament is uti
lized, particularly stable conditions result.
In the last decade continua obtained from calcium fluoride
turn out to fit the experimental needs very well [6 8,11 13].
They range down to 285 nm and have a spectral width of over
one octave. The pulse to pulse fluctuations of the newly
generated frequencies can be brought down to the same mag
nitude as those of the laser system. However, they will never
vanish because of the spectral, spatial, and energetic fluctua
tions of the laser light and environmental instabilities. In
addition, the dark current of the electronics and stray light
contribute to the observed instabilities when imaging the light
with a photoelectric detector. To improve the signal to noise
ratio, the averaging time, the optical density of the sample, or
the pump pulse energy applied to the spectroscopic sample
could be increased. This is often not possible or sensible,
because many samples are not available in the desired
amounts and saturation of the pump transition has to be
0740 3224/14/071465 11$15.00/0

avoided. Increasing the pump power or averaging time
can also lead to parasitic effects like photochemical
reactions of the sample, degradation, or an increasing stray
light contribution.
In addition, it has been observed that the fluctuations are
not solely statistical, but the various spectral components
show strong spectral and temporal intensity correlations.
These are a result of the filamentation process and have been
studied in bulk [7,14], gases [15,16], and fibers [17 21] to get a
better understanding of the involved processes in continuum
generation or of the sensitivity of transient spectrometers [7].
To demonstrate the challenge that can arise from such
correlations in the probe light we turn to the typical algorithm
used for the measurement of transient spectra in a multichan
nel detection scheme [6]. The quantity of interest is the pump
probe delay time Δt and probe wavelength λ dependent
change in optical density ΔODλ; Δt:

ΔODλ; Δt 

log


S λ; Δt
:
S0 λ

(1)

S λ; Δt and S0 λ are the transmitted probe light induced
electronic signal through the excited and the unpumped sam
ple. Ideally, two parallel measurements with identical replicas
of the probe pulse should be made, one with and the other
without pump. In the absence of a reference channel, a chop
per alternately blocks and transmits the pump pulse so that
subsequent continua are compared. Typically 500 of such
single ratios are averaged to obtain a transient spectrum.
Actually the ratio of the sample transmission T λ; Δt∕T0 is
looked for. The spectral distribution of the continuum pulse
© 2014 Optical Society of America
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as seen in the optical setup is not explicitly measured in a
single beam transient spectrometer. It is assumed that this
spectrum is identical for the two consecutive laser shots
2 k and 2k  1 and cancels out in the rationing in Eq. (1). Even
if there are small variations, they are thought to average
out quickly. Variations come from technical noise and the
Poissonian photon fluctuations.
The black curve in Fig. 1(a) shows a typical transient spec
trum from our setup [6] without sample and no applied pump
pulse. We here use the notation S2k and S2k1 for the sub
sequent signals. The value of the ratios should be exactly
1.0 for all wavelengths. However, beside small local fluctua
tions (between neighboring wavelengths), we find large global
deviations from unity, which range over several hundred
nanometers. Such global deviations can easily be misinter
preted as molecular response if they are superimposed on
an actual molecular spectrum. Figure 1(a) additionally shows
the expected S2k ∕S2k1 spectrum (gray) if no spectral corre
lations would be present. To simulate this, random numbers
close to 1.0 with a standard deviation according to the mea
sured pulse to pulse stability are generated. The average of
500 such random numbers is shown for every wavelength
in Fig. 1(a). The simulated spectrum shows a higher local
noise level but no global structure.
To assess the observed noise level, we consider the
shot noise limit of our experiment. The full well capacity of
each detector pixel of the used charge coupled device
(CCD) array (S7030 0906; Hamamatsu Inc.; electronics by
Entwicklungsbüro Stresing) is 6 × 105 electrons. According
to p
Poissonian statistics, the detected photon number varies
as N . A single observation utilizing 2/3p
of the full well capac
−3 .
ity can only be certain at best to 1∕ 4 × 105  1.6 × 10p
Averaging over 500 samples and considering the
2
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additional factor from the pairs of laser shots used, this uncer
tainty should decrease to 10 × 10−5 shot noise limited sensitiv
ity. The high frequency noise of the experimental curve [black
line in Fig. 1(a)] in the range from 350 to 550 nm is found to be
7 × 10−5 . This value is lower than the calculated shot noise
despite all the extra technical noise. It can only be understood
by a high degree of correlation in the continuum generation
and therefore the measurement. Already the technical noise
as represented by the simulated curve (gray) is indeed much
higher than the apparent extremely low noise level.
To show that these large scale signatures influence the
spectroscopic experiment, the well studied laser dye mala
chite green is used as the test sample. We excite it into the
S2 state by 350 nm pumping (for details see Section 5). For
a time delay between 1 and 5 ps the transient signal is strong
and can be fitted well. The data obtained from this fit allows
extrapolating to the expected transient signal at a time delay
of around 10 ps. Figure 1(b) shows this expected transient
spectrum at 10 ps (black). In addition, various measured
curves (spectra at 10.2, 10.7, and 11.0 ps) are shown. Beside
small local fluctuations (between neighboring wavelengths),
there are large global deviations from the expected transient
signal, comparable in magnitude to the real spectral signa
tures. This can easily be misinterpreted as molecular response
and attributed to not existing states or ultrafast processes.
The actual decrease in signal should be only a few percent
due to vibrational cooling on the 10 ps time scale, and no
noticeable change in spectral structure.
To clarify the origin of the observed pseudo signals and to
determine the proper way to avoid them, we study the spectral
and temporal correlations of bulk continua. We find that multi
channel referencing in combination with referencing to the
subsequent continuum pulse nearly eliminates the spectral
and temporal correlations. It fully reduces the unwanted
global deviations and improves the sensitivity and fidelity
of our spectrometer by a factor of 5 down to 20 μOD. The
correlations between the different spectral parts of the con
tinuum are eliminated by referencing to a second multichan
nel detector. The additional referencing to the subsequent
pulse avoids the need to measure a highly precise spectral cor
rection factor between the two detectors and eliminates cor
relations to later points in time.

2. SPECTRAL AND TEMPORAL
CORRELATIONS OF BULK CONTINUA

Fig. 1. (a) S2k ∕S2k1 spectrum of a test measurement (black, 500
pairs averaged) without a sample, obtained with a CaF2 continuum
and simulated spectrum for uncorrelated continuum pulses (gray).
(b) Various transient absorption spectra of malachite green after S2
excitation for time delays around 10 ps including the expected signal
from the extrapolated fit (black).

A 1 kHz Ti:sapphire based laser system (CPA 2001; Clark
MXR) that delivers 1 mJ pulses at 775 nm with a nominal
duration of 150 fs is used as pump source. To study the spec
tral and temporal correlations the setup shown in Fig. 2(a)
is used.
By focusing 1 μJ of the 775 nm light with a 10 cm lens onto a
4 mm YAG crystal or a 5 mm calcium fluoride (CaF2 ) plate a
broadband bulk continuum is generated [10]. Importantly, we
ensure that a single filament is used and multi filamentation
with a high degree of fluctuation is avoided. Spectral modu
lations close to the pump wavelength are avoided by working
close to the threshold. A variable attenuator and an iris are
used to optimize the beam quality, spectral shape, and stability
of the continuum. To avoid the accumulation of color centers,
the CaF2 plate is moved in a circular pattern without changing
the crystal orientation. The continuum is collimated with a
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Fig. 2. (a) Single filament continuum generation in YAG and CaF2 crystals and their use as probe light in a multichannel transient absorption
spectrometer with two camera referencing. (b) shows the spectrum, stability, and transmission through a BG20 filter for both continuum halves
(black and orange dotted).

slightly off axis spherical mirror (R  200 mm) [6] and split
in two roughly equal parts with a broadband beam splitter
(BS). As beam splitter we use an Inconel coated fused silica
plate with a nominal optical density of 0.5 transmission
(NDUV505B; Thorlabs) that we find to reflect, absorb, and
transmit about equal amounts. The reflected part is focused
onto the sample with a spherical mirror (R  500 mm)
and recollimated afterward (R  500 mm). The chosen num
ber of reflections for the sample and reference beam ensures
together with the focusing onto the sample that the lateral
parts of the continuum are equally projected onto the two
cameras.
Both continuum “halves” are dispersed with fused silica
prisms with an apex angle of 68.7°, with horizontal polariza
tion to minimize reflection losses. Finally, the dispersed light
is focused with R  600 mm spherical mirrors onto sepa
rate, identical CCDs. The spectrally resolved intensities of
both continua at the cameras can be read out for every
single pulse. This allows an operation at the full 1 kHz repeti
tion rate. The detected spectrum for a CaF2 continuum and
the stability are shown in Fig. 2(b). To ensure that both con
tinua are dispersed equally and to illuminate the correspond
ing pixels with the same spectral range we use optics with a
highly structured transmission to adjust both spectrometers.
The lower pattern of Fig. 2(b) shows the transmission of a
BG20 colored glass filter (Schott) when monitored with both
cameras. The transmission of such optics is excellently suited
for the wavelength calibration [6]. Due to the single shot
readout we are able to capture 1000 consecutive continuum
spectra per second. Such a bunch of 1000 spectra is used
to analyze the spectral and temporal correlations of the
continuum.
At this point, we like to quantify the term correlation in ac
cord with Ref. [7]. Due to the spectral dispersion of the con
tinuum with the prism, each pixel of the camera is illuminated
by a distinct small spectral part of the continuum. The em
ployed beam geometry ensures that a quasi monochromatic
part of the continuum is imaged to a spot smaller than the
pixel size of 24 μm. The average dispersion of the polychro
mator projects a 38 cm−1 portion of the continuum onto each
pixel, matching the observed 50 cm−1 spectral resolution [6].

The amount of light impinging on each bin is transferred to a
16 bit number (0 65,535 counts).
When considering 1000 consecutive continuum pulses,
each pixel gives a series of 1000 counts. In the ideal case,
all counts for one pixel should be equal. Due to the technical
fluctuations of the continuum, the background noise and the
Poissonian photon statistics, the values differ slightly. A good
measure to describe the degree of fluctuations is the root
mean square (rms) stability, which is defined as the ratio
between the standard deviation (σ X ) and the mean (X) of a
series of numbers (X). Here, X are the 1000 consecutive
counts of a pixel. In this work, the correlation of the value
of one pixel (and hence spectral part of the continuum) to
another pixel is studied. The “other” pixel could be the neigh
boring pixel or a pixel at a completely different spectral
position. A quantitative measure that describes the relation
between two series of numbers is the Pearson product
moment correlation coefficient γ X;Y [22 24]:
γ X;Y 

covX; Y
 qP
σX · σY
n
i

Pn

i 1 xi

1 xi

X · yi
qP
n
X ·
i
2

Y
1 yi

Y2

: (2)

X and Y are series of numbers (n  1000 consecutive counts
of two different pixels). The term covX; Y  is the covariance
between series X and Y. σ X and σ Y are the standard deviations
of X and Y, X and Y are their mean values, and xi and yi are
the values for ith continuum pulse. The correlation coefficient
indicates the degree of relation between the deviations from
the mean for the single values. This means for strongly corre
lated series (γ X;Y ≈ 1) that if the ith value of one series (X) is
above the average, most probably the ith value of the other
series (Y) is also above the average. Strongly anticorrelated
series (γ X;Y ≈ 1) mostly show the opposite deviation from
the mean for the single values. Mathematically this is done
by comparing the covariance between both series to the geo
metric mean of the single variances.
In addition to the relation of one wavelength part to
another, we also investigate the correlation to later pulses.
This means, how strong is the value of one pixel correlated
to the value of the same pixel at a later time. The formula
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is the same as above. X is still the series of 1000 consecutive
counts for one pixel, Y is then the series of 1000 consecutive
counts of the same pixel starting with a later pulse. To ensure
that every single value has a later partner, actually 2000 con
secutive continuum spectra are recorded and the correlation
coefficient is formally calculated for the first 1000. For exam
ple, when analyzing the temporal correlations to the 50th later
pulse, shot 1 is compared to 51, shot 2 to 52, and so on until
shot 1000 to 1050. The correlation between different pixels
and hence different parts of the spectrum will be called
spectral correlations, the correlation to later continuum
pulses temporal correlation.
At first, continuum generation in a 4 mm thick YAG plate is
considered. Figure 3 shows the spectral correlations between
the newly generated visible and infrared frequencies as well as
the fundamental wavelengths for two different pump energies
of 300 nJ in (a), 600 nJ in (b). The strength of the correlation
coefficient is indicated by the color scale and ranges from 1
to 1. The newly generated frequencies show high correlations
for neighboring wavelengths. This can be attributed to the
generation mechanism. The important self steepening and
shock wave absorption [25] are abrupt processes and all col
ors are generated in a very short time. This is thought to be the
reason for the high correlations among the new frequencies.
The correlations between neighboring wavelengths in the
pump region are also high, but the sign of the correlation
coefficient is not predictable. The strong deformation of
the input pulse in space and time due to the interacting non
linear processes leads to the quasi random correlations in this
spectral region. In addition, the two different pump energies
show that the observed correlations for all wavelengths are
not equal and strongly depend on the details of the generation.
Even the correlations for continua with the same nominal
pump energy taken at different times are not identical. This
means that due to the complexity of the generation mecha
nisms the exact correlation map cannot be predicted. In com
bination with the highly structured spectrum and the low
pulse to pulse stability, the light near the pump wavelengths
is not suited as probe light and is therefore excluded in the
further discussion. Only the newly generated frequencies will
be investigated. Since the correlations are different for all

Fig. 3. Spectral correlations between various wavelengths of a con
tinuum generated in a 4 mm YAG plate with (a) 300 nJ and (b) 600 nJ
pump pulses for 1000 consecutive continua. The upper graph shows
the correlation of the 500 nm part to other wavelengths.
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Fig. 4. (a) Spectral and (b) temporal correlations of continuum gen
eration in CaF2 . The dashed line in the upper panel of (b) shows the
correlation level (γ 0.93) of one laser pulse to the next [26].

generated continua it is not reasonable to study the specific
appearance of one special correlation map. More interesting is
the influence of these correlations on pump probe experi
ments. Continua generated in YAG are rarely used in transient
absorption spectroscopy. Therefore, we will focus on the
continuum generation in CaF2 and particularly the visible
and ultraviolet wavelength range.
Figure 4 shows the spectral and temporal correlations of
the newly generated frequencies of a continuum generated
in a 5 mm CaF2 plate [6]. The single wavelengths show strong
correlations to other wavelengths in a not predictable shape
just as for the YAG continuum.
In many transient spectrometers a chopper is used to
compare the transmission changes between excited and equi
librium samples. The chopper alternately blocks the pump
light and therefore one hopes to benefit from the high corre
lation between subsequent pulses [γ  0.93, dashed black line
in the upper graph of Fig. 4(b)] [26,27]. The dark blue curve in
Fig. 4(b) (1 ms time separation) shows that the correlation of
each single wavelength to the subsequent pulse is mostly not
as high as the one for the laser pulse used for the continuum
generation, but still on a reasonable level. For larger separa
tion times this correlation decreases strongly. This implies
that the highest correlation and therefore best experimental
results are obtained, if subsequent continua are compared
to obtain the desired transmission change.
Since every generated continuum shows a different corre
lation map, the following investigations of the CaF2 continua
are all obtained from the same dataset. When studying refer
encing schemes with only one camera, the data of the second
camera are not considered. This ensures that the observed
improvements are not due to accidentally better aligned
continuum generation but due to the applied reference tech
niques. We investigated several datasets and find the
described improvements for all measured sets.

3. SPECTRAL AND TEMPORAL
CORRELATION IN TRANSIENT
ABSORPTION SPECTROSCOPY
In broadband pump probe experiments continua are used as
probe light to determine the pump light induced transmission
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change. To analyze the possible problems associated with the
experimentally observed transmission changes, we compare
the spectra of the two continuum pulses used for the determi
nation. Only if there is an absorbing sample, sufficient pump
light, and a reasonable temporal delay between pump and
probe light, real transmission changes should occur. In this
work, one of the main goals is to characterize our spectrom
eter and eliminate systematic errors and disturbing effects.
Therefore, we perform test measurements without excitation
and sample so that all ratios between the continuum spectra
should be exactly unity. Only fluctuations and the detection
noise lead to deviations from unity. Such measurements char
acterize the system and help avoid systematic errors.
In Section 1 we already showed and discussed a model
measurement performed without sample and pump. The sig
nificant deviations from the expected unity signal display little
local noise, but global structures. These are examples for pos
sible systematic errors and have to be differentiated from real
molecular signals. Only signals larger than a well determined
confidence interval [7] are of use for the analysis of the
molecular kinetics.
So far we have discussed the spectral and temporal corre
lations of the probe continuum. In the typical pump probe
setup with pump chopping, actually the signal S and the
reference S0 are derived from subsequent pulses. The raw cor
relations of the continuum are only of indirect importance,
rather any correlations in the ratio S∕S0 are seen in the
spectrograms. We therefore switch from the correlations of
the continuum itself to correlations of the ratios between sub
sequent pulses. Later we will also consider correlations
between the sample branch and an additional reference
branch.
The fact that neighboring wavelengths show high correla
tions independent from a molecular absorption is also true for
the S∕S0 spectra, as can be clearly seen from Fig. 5(a). In view
of the rapid roll off of the temporal correlation for individual
pixels [see Fig. 4(b)], this correlation found even for the ratios
is somewhat surprising. The persistent correlations are the
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origin of the pseudo structures in the transient spectra. The
value of the ratio at a selected wavelength does not average
to the expected unity even with 500 samples. For totally
uncorrelated neighbors, values would result that fluctuate
statistically around unity with the probe wavelength and
the apparent spectral “noise” would match the true sensitivity
or fidelity. No apparent global structure should develop. That
this is not the case is seen in Fig. 5(a), which shows the cor
relation between single wavelengths. Figure 6(a) shows the
correlation of each wavelength of an S∕S0 spectrum to later
times obtained from a CaF2 continuum.
The main problem is the high correlation between neigh
boring wavelengths of the S∕S0 spectra. If the value at a certain
wavelength is, e.g., above unity, then the values of the neigh
boring wavelengths are also above unity, independent of the
true signal. Additionally, the correlation of the S∕S0 spectra to
later S∕S0 spectra is not vanishing, although there is already a
referencing to the next pulse. For the full 1000 ms significant
correlations are remaining. This range corresponds to typical
averaging times. Experimentally we find that there are a few
dominant shapes for the S∕S0 spectra which appear pseudo
random in time.
To ensure that the observed correlations are only due to the
continuum and not due to the detector, we perform a test mea
surement with a light emitting diode (LED) instead of the con
tinuum probe. Especially the readout mechanisms of the CCD
could be a reason for the observed correlations, in particular
the binning of 58 vertical pixels and the stepwise transport of
the charge in the CCD. Therefore, a LED is triggered so that it
blinks in phase with the laser system and is positioned to
illuminate the CCD homogeneously. To ensure that always
the same amount of light is considered, additionally the emit
ted amount of light is monitored by a photodiode and used to
normalize the measured data. We again display the ratios
between subsequent LED flashes and evaluate the correlation
between different pixels and separation times [see Figs. 5(d)
and 6(d)]. This measurement proves that only the dark current
and no additional systematic effects of the camera limit the

Fig. 5. Spectral correlations for a CaF2 continuum (a) of S∕S0 spectra (referencing to the subsequent pulses), (b) of S/R spectra for referencing to
the reference camera, and (c) of S∕S0 ∕R∕R0  spectra for referencing to subsequent continuum spectra and a reference camera. (d) “Spectral”
correlation between single pixels for homogeneous illumination with a pulsed LED. The values of 1 to 1 for the correlation coefficient are
indicated in the color scale.
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Fig. 6. Temporal correlations for (a) (c) a CaF2 continuum and for (d) a pulsed LED. All details equivalent to Fig. 5. Note the expanded color
scale.

detection sensitivity of the system. No spectral and temporal
correlations are observed. The diagonal signal in Fig. 5(d) is
the full correlation of the value of the pixel to itself.

4. MULTICHANNEL REFERENCING
The spectral correlations in the continuum and also in the
ratio between subsequent pulses are strong and not predict
able. In a first approach, one can accept the correlations, aver
age over a small number of scans that are not correlated due
to the many minutes of difference in recording time, and
obtain spectra with a good sensitivity of 100 μOD with a
simple setup [6]. However, an even better sensitivity and in
particular a higher fidelity, i.e., the certainty that apparent
spectral structures are indeed molecular signatures, is highly
desirable. A method to enhance the sensitivity of the system is
single shot referencing [7,28 32]. For this purpose a second
identical CCD (reference camera) is installed and read out
with the same technique as the first camera (sample camera).
The continuum pulses are split in two parts and both parts are
imaged in a similar manner onto the particular camera, as
shown in Fig. 2(a). We choose to use no sample in the refer
ence arm, others have opted to guide both the sample and the
reference beam through the same sample at different posi
tions [28,29,31]. Differences in strategy were also reported
as to the use of one or two dispersing units and one detector
with separate areas evaluated or two independent ones. We
believe that these are only technical details that do not influ
ence the present investigation of the spectral correlations. The
common basis of the two camera referencing setups is the
attempt to evaluate the change in optical density according
to Eq. (1) in its original form. If the pumped and the unpumped
signal are measured for the same laser shot, the true value of
ΔOD should be obtained. No need for pump chopping is con
nected to this approach and the measurement time should be
minimized.
The spectrum, stability, and transmission through a BG20
colored glass filter are shown in Fig. 2(b) for both arms.
It can be seen that the continuum parts are dispersed and
imaged very equally onto the two cameras. Due to the high
correlations, we even find a small spectral mismatch to be

insignificant for good referencing. The main advantage of
the referencing to the second camera can be seen if the spec
tral correlations from sample to reference camera are consid
ered (see Fig. 7, black dashed). They are compared to the
spectral correlations between consecutive continuum pulses
just on the sample camera (gray solid line).
The spectral correlation between the continuum pulses on
the sample and the reference camera is nearly 100% for all
wavelengths. This is in good agreement with the literature
[7] and shows that the spectral correlation to the reference
camera is dramatically higher for all wavelengths than the
correlation to subsequent pulses. The measurement confirms
the assumption that the reference arm is a suitable means to
record the unpumped reference signal. Besides the matching
transmission through filters, the high degree of the spectral
correlations is a well suited method to find the optimum
adjustment of both camera paths.
As discussed above, some correlations can lead to pseudo
structures in the transient spectra. With the newly developed
understanding of the correlations, we can develop and moti
vate the proper strategy to overcome this problem with the
proper combination/selection of pump chopping and/or refer
ence camera. In addition to the sample Sλ, we denote Rλ as
the electronic signal on the reference detector. The sample
signal with pump is denoted as S , signals for subsequent

Fig. 7. Spectral correlations between the continuum “halves” on the
sample and reference camera (black dashed) and between consecu
tive continuum pulses (gray).
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pulses are S and S0 . The notation for the reference is equiva
lent, except that there is no pumped reference. The spectral
distribution of the incoming continuum is denoted by Iλ. Due
to the imperfect properties of the optics and a slightly differing
wavelength dependent detector sensitivity, we have to intro
duce attenuation factors Aλ. The molecular absorption is
denoted by the transmission T λ; Δt for the pumped sample
and T0 λ for the unpumped one. As we will restrict our
explicit discussion to single wavelengths, the wavelength
dependence is not explicitly indicated. This results in sample
and reference signal equations for each laser shot i:
Si  T Δt · AS · Ii
Si  T0 · AS · Ii
Ri  T0 · AR · Ii :

(3)

Statistical fluctuations and technical noise are neglected and
it is assumed that they average out by a sufficient number of
measurements. The change in optical density ΔODλ; Δt is
then given by
ΔODλ; Δt 


 

T λ; Δt
log
T0 λ

 
T ΔtAS Ii T0 AR Ij

log
·
T0 AS Ij
T0 AR Ii


log


Si Rj
:
·
S j Ri
(4)

An index j  i signals that the same pulse is used as reference,
while j  i  1 signals a pair of subsequent pulses. The last
equality immediately shows that all numerators and denomi
nators can be associated with measured signals.
A. Pump Chopping and No Reference Camera
The case considered in Section 1 of pump chopping and no
reference camera implies j  i  1 and sets the right hand
fraction in Eq. (4) (Rj ∕Ri ) to unity. It is assumed that the spec
tral distributions of the consecutive continuum pulses are
equal. This is a reasonable but not perfect assumption due
to the finite temporal correlation according to Fig. 4(b). When
the desired transmission change T Δt∕T0 is determined, the
above documented issue with pseudo structures results.
This is understood by the high degree of correlation seen
in Fig. 5(a). Attempts to reference to further delayed pulses
did not decrease the correlations significantly, but introduced
other sources of noise.
B. Reference Camera and No Pump Chopping
The remaining differences in the continuum spectral distribu
tion between subsequent pulses can be avoided by referenc
ing the sample signal to the reference signal (j  i). Then, Sj
and Rj are effectively not measured. This is the commonly
used spectral referencing discussed at the beginning of the
section. The ratio AS ∕AR has to be determined in a proper cal
ibration to obtain the correct transmission change. This can
be done, e.g., by measuring S/R with a blocked pump pulse.
To decrease the uncertainty of the calibration to less than the
shot noise limit of the actual measurement, averaging for sub
stantially longer than used for a single delay step is required.
Also, any long time drift or Kerr and thermal lenses caused by
the pump will not be accounted for properly. Besides these
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technical issues, the influence of the correlations has to be
considered.
Figure 5(b) shows the spectral and Fig. 6(b) shows the
temporal correlations of the S/R spectra, obtained without
sample and pump pulse to focus purely on the continuum
and detection aspects. The spectral map shows largely re
duced correlations compared to the sample signal referencing
to subsequent pulses [see Fig. 5(a)]. This should equally sup
press the observation of pseudo structures, but a remaining
level has to be expected. However, the temporal correlations
increase significantly [compare Figs. 6(b) and 6(a)], not unex
pectedly as the high correlation between subsequent pulses is
not utilized. This is likely to cause problems with the kinetic
analysis, e.g., if standard exponential behavior has to be differ
entiated from a stretched exponential due to a diffusive proc
ess. In addition, we expect a problem with the S/R referencing
due to the dark current and the electronic background noise
of both cameras. Since these counts are different for both
cameras and for every averaging time, and cannot be cor
rected in situ or predicted, they limit the sensitivity of the
measurement.
C. Reference Camera and Pump Chopping
The pseudostructures can be eliminated and the spectral cal
ibration becomes obsolete, if pump chopping is combined
with the use of two cameras. As already suggested from
the last equality in Eq. (4), the ratio taken from the sample
camera for two subsequent pulses S ∕S0 should be divided
by the ratio for the reference camera R∕R0 . At least theoreti
cally this should directly render T λ; Δt∕T0 and therefore the
transient change in optical density:

ΔODλ; Δt 

log


 
T λ; Δt

T0 λ

log

 
S
S0

∕ RR0


:

(5)

This is equivalent to referencing the sample to the reference
channel on each shot and rationing the results for subsequent
pulses with and without pump. Equation (5) is identical to the
procedure described by others [7,26,30,32]. Since subsequent
pulses are compared, the differing attenuation factors AS and
AR cancel and an explicit calibration is not needed. Also, the
small but significant difference between the continuum distri
butions I and I0 is canceled out.
Figure 5(c) shows the spectral and Fig. 6(c) shows the tem
poral correlation map when this complete referencing is used
in a measurement without pump and sample. No temporal cor
relations beyond the noise level can be observed and also the
spectral correlations nearly vanish. Due to the excellent spec
tral resolution and imaging of our prism spectrometers (see
Section 2), the spectral correlation already drops for the next
neighbor to the broad socket level of about 0.1. Although
the measurement time is not decreased compared to the
more classic single camera/chopping method, the drastically
reduced correlations eliminate the pseudo structures and lead
to an increased spectroscopic sensitivity which will be
discussed in Section 5. Compared to just S/R referencing, a
nominal increase in laser pulses by a factor of 2 is needed.
In practice the purely statistical noise is not the limiting
factor and long averaging times are often used simply because
the real limiting issue of the pseudo structures is not
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appreciated. Averaging these out in a brute force approach
leads to unnecessarily long measurement times.

5. IMPROVED SPECTROSCOPIC RESULTS
To demonstrate the improvement by the two camera/chopper
referencing, transient spectra of the laser dye malachite green
are measured. Malachite green is known to show an ultrafast
decay of the excited state followed by vibrational cooling
[33 36]. The pump light is centered at 350 nm, has a pulse
energy of 150 nJ, and a duration of 50 fs. It is focused down
to a beam diameter of 150 μm FWHM, resulting in a peak
intensity of 11 GW∕cm2 . To make a fair comparison between
the standard one camera/chopper method used previously
[6,36] and the two camera/chopper referencing, the same

Fig. 8. Selected transient absorption spectra of malachite green
measured (a) with the one camera/chopper method and (b) with
the two camera/chopper referencing. The black line in both graphs
is the transient spectrum obtained from the global fit at 10.6 ps.
The gray curve in (b) is the transient spectrum without pumping
(baseline).
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dataset for both measurements is used. The transient signal
for a time delay between 1 and 5 ps is strong and can be fitted
well. The data obtained from this global fit allows extrapolat
ing the expected transient signal at a time delay around 10 ps.
Figure 8 shows the expected transient spectrum (black) and
selected measured curves for delay times of about 10 ps.
Figure 8(a) shows the results obtained with the one
camera method and Fig. 8(b) for the full two camera/chopper
referencing.
For single measurements obtained with the one camera
method [Fig. 8(a)] the molecular response signal is not clearly
identified. Only for a sufficiently large number of transient
spectra, the correct pump induced transmission change can
possibly be determined. The main challenge is that the mea
sured transient spectra are a superposition of the not predict
able large scale pseudo structures and the real molecular
signal. Both are on the same order of magnitude. From the
expected transient signal obtained from the global fit (black)
it is obvious that the correlation induced structures limit the
sensitivity and not the low local fluctuations. In the case of
two camera/chopper referencing [Fig. 8(b)], the pseudo
structures vanish. Now mainly the small local fluctuations
are limiting the sensitivity of the experiment and the observed
spectra truly correspond to the molecular response.
To show that the improved sensitivity and avoidance
of pseudo structures is indeed decisive, an additional
experiment is performed. The transient signals of an artificial
C nucleoside with benzophenone as chromophore (com
pound 1 in [37]) are measured. This compound is only weakly
solvable in H2 O and the dynamics in H2 O could previously not
be measured [37]. The sample is excited at 310 nm with an
energy of 150 nJ. The pump is focused down to 70 μm FWHM
corresponding to a peak intensity of 50 GW∕cm2 for the
50 fs pulses. The sample is contained in a 1 mm cuvette, lead
ing to a largely reduced and wavelength dependent temporal
resolution and a coherent artifact of some hundred femtosec
ond length. Altogether a weak but significant molecular re
sponse results. The transient spectra for simple pump
chopping (a) and two camera/chopper referencing (b) are
shown in Fig. 9.

Fig. 9. Transient absorption spectra of compound 1 from [37] dissolved in H2 O with just (a) pump chopping and (b) two camera/chopper ref
erencing. Note the logarithmic time scale starting at 1 ps.
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Fig. 10. Confidence interval for optical density achieved with the
one and two camera/chopper referencing.

The main features of the ultrafast molecular response can
be seen with the one camera method [Fig. 9(a)], but with very
limited resolution. The slanted colored stripes are due to the
chirp correction in the postprocessing [6]. With two camera/
chopper referencing [Fig. 9(b)] the data are much clearer and
show a good signal to noise ratio. The benzophenone excited
state absorption from the S1 state at about 580 nm changes to
the persistent absorption from the T1 state the system relaxes
to in about 10 ps [37]. A fit to the 550 nm trace from Fig. 9(b)
renders a first exponential time constant of 1.0 ps and a sec
ond one of 6.3 ps. Due to the 310 nm excitation, there is a first
ultrafast S2 →S1 relaxation [38], the intersystem crossing
seems to be accelerated both by water as solvent and the
S2 excitation from the typical 10 ps [37,39].
Note that the transmission changes in Fig. 9 are in the range
of 50 μOD. A quantitative measure that describes the observed
improvement is the confidence interval [7]. It describes the
minimum change of the optical density that can be assigned
with certainty, and is shown in Fig. 10 for both methods.
The improvement due to the referencing is about a factor of
5 compared to the already highly competitive sensitivity of
100 μOD of our setup [6]. This enhancement is mainly due
to the elimination of the impact of the spectral and temporal
correlations. The nature of the residual fluctuations now
seems to be purely statistical. Therefore,p
an increased averag
ing time could lead to the expected 1∕ N reduction of the
noise according to the Poissonian statistics. Compared to
the example given in Section 1 with a resulting shot noise limit
for ΔT∕T of 10 × 10−5 , the number of averages was increased
from 500 to 1000 and three scans were averaged. Together
with the ln10 factor needed to convert to ΔOD, we would
predict a shot noise limit of 18 μOD. It might be fortuitous,
but it seems like our spectrometer performs very close to
the shot noise limit.

6. SUMMARY AND CONCLUSIONS
We have shown for continua generated in YAG and CaF2
plates that the new wavelengths do not fluctuate statistically
but show strong correlations among each other. This is mainly
due to the generation mechanism, where all colors are gener
ated within a very short temporal and spatial region because
of the abrupt process of self steepening and shock wave for
mation. These correlations are not predictable and strongly
depend on the parameters of the continuum generation like
the energy of the individual laser pulse. Even for the same
alignment two continua recorded at different times do not
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show the same correlations. The strong spectral and temporal
correlations of the newly generated frequencies influence the
obtained fluctuations of the transient spectra. Besides low
local fluctuations, strong global deviations from the ideal
unity value can be found in the spectra even when measuring
without sample and pumping. These global deviations or
pseudo structures are not random, but unfortunately not pre
dictable and they overlap with the real molecular response.
This limits the sensitivity and leads to erroneous interpreta
tions when working with small transmission changes in
the range of sub mOD. An increased averaging time, pump
energy, or sample volume is often not possible or helpful.
To counteract this problem, possible and improved refer
encing methods are discussed and analyzed. First, referencing
the continuum signal on the sample camera to the continuum
signal on the reference camera is studied. In this case, the
uncertainty and instability of the correction factor between
sample and reference camera tend to decrease the sensitivity
and quality of the measurement. The high correlation between
the spectrum on the sample and reference camera is helpful to
eliminate the spectral correlations. The missing referencing to
the subsequent continuum pulses, however, increases the
temporal correlations and limits the quality of the measure
ments. In the second referencing method, not the continuum
spectra but the pumped/unpumped ratios from each camera
are compared. In this case, no explicit determination of a
spectral correction factor is needed. The high correlation of
the single wavelengths from the sample to the reference
camera is used to eliminate the strong correlation between
neighboring wavelengths in the spectra. The additional refer
encing to the subsequent pulses provides the spectral correc
tion factor intrinsically. Due to the combined referencing to
the reference camera and the subsequent pulses, only the
electronic noise and the photon statistics limit the quality
of the results. The sensitivity is increased by a factor of 5
down to 20 μOD. This is very close to the shot noise limit.
In related work and discussions of the detection limit of
broadband spectrometers that also use two camera/chopper
referencing not a single filament continuum but a multifila
ment is used [32]. This results in as much as 10% fluctuation
of the continuum at single wavelengths [7] that has to be aver
aged out subsequently. The multifilament continuum also
seems to display a lower correlation to the subsequent pulse
of only 0.5 [7] that reduces the improvement by the chopping.
A high degree of correlation is recovered for ultrabroadband
NOPA pulses and leads to 44 μOD sensitivity without a refer
ence camera [5] and 25 μOD with a reference camera [7].
Our double referencing scheme has already been success
fully used for the recording of two dimensional UV spectra
[40]. Only through its use could reasonable averaging times
be achieved with the 1 kHz laser system. An even higher sen
sitivity of 1 μOD could be achieved in a two color pump probe
experiment [26]. Besides the higher stability and correlation to
the consecutive pulse, the use of a photodiode based detector
with a large effective full well capacity is essential for this
performance. If the present CCDs were exchanged by diode
arrays with their much larger full scale corresponding to
around 108 detected photons, some of the attenuation needed
now [6] could be traded for an even lower shot noise. A related
effect is routinely reached by practitioners in transient spec
troscopy, when neighboring wavelength signals or spectra for
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nearly identical delay times are interpreted and fitted
together. As a matter of fact, the technical quality of a global
fit, incorporating all the hundreds of time steps and 500 wave
length bins, will typically surpass the visual quality of transient
spectroscopy by far. Often it is, however, the visual impres
sion that leads to the specific fitting model, and this should
be chosen without erroneous leads by signal correlations.
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Abstract: We present a novel method of IR pump-repump-probe spectroscopy, which enables for the first
time to quantitatively investigate the relaxation dynamics of higher-lying vibrational states. The technique is
used to study the OH stretching in NaClO4 · HDO monohydrate. We observed a continuous decrease of the
energy separation for the first four states, i.e. v01 = 3575 cm-1, v12 = 3370 cm-1 and v23 = 3171 cm-1,
respectively. The population lifetime of the first excited state is 7.2 ps, while the one of the second excited
state is 1.4 ps. Information on the properties of the OH stretching overtones is valuable for a deeper
understanding of the theoretical potentials, modelling the H bond interaction. This work also shows the
potential of the technique for the precise study of complex vibrational relaxation pathways.

Water is an intriguing substance. Its presence is one of the pivotal prerequisites for life on
this planet. Despite being remarkably simple in its chemical composition, the fundamental
chemistry that gives rise to its unusual properties is astonishingly poorly understood. In
order to elucidate the complex physical chemistry of water, scientists utilize various
techniques to monitor the dynamics and properties of its H bond network on a molecular
level and ultrashort timescales [1,2]. Pump-probe infrared (IR) spectroscopy is one of the
most prominent tools to access this desired information [3-6]. Mostly, the transient
response of the OH stretching vibration is probed to obtain indirect information on the
dynamical evolution of the OH group’s chemical vicinity. A variety of higher-order
techniques, i.e. methods with more than two pulses have evolved in this field [7-11].
Photon echo and 3D-IR experiments for example have unraveled a plethora of novel
information on the complicated dynamics of water and the intimate coupling between
different vibrations [12-16]. Pump-repump-probe (PREP) spectroscopy on the other side
has, to this day, focused on UV/VIS pump and repump, with varying probe wavelengths.
With the help of this technique, the early dynamics of solvated electrons have for example
been investigated [17-19]. The repump pulse was employed to manipulate the relaxation
pathway of solvated electrons created by the pump pulse and shed new light on this highly
complex process [18,19]. With our recently developed setup [20], we are now able to
perform PREP spectroscopy with IR pump, repump, and probe with a time resolution of a
few ten femtoseconds.
This mid-IR PREP technique can be used to selectively manipulate vibrational
relaxation processes to access more detailed information on relaxation pathways. The
present study, however, demonstrates another aspect of this spectroscopy, namely
investigation of the properties of higher-lying vibrational states. Here we present, to the
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best of our knowledge, the first purely vibrational PREP measurements in the mid-IR to
access the overtones of the OH stretching mode. The pump pulse excites the OH v01transition of quasi-isolated HDO molecules in NaClO4 monohydrate, while the repump is
tuned to the first overtone of the OH stretch, v12. The properties of the first and second
excited state are recorded with a temporal resolution of 100 fs and spectral accuracy of
5 cm-1. Information on these higher-lying vibrational states is expected to be valuable for a
deeper understanding of the OH bond potential in condensed media, opening new data for
modelling the H bond interaction in such systems, since new energetic regions of the
underlying potentials can be investigated. The full characterization of the relaxation
pathway underlines the potential of this novel technique.
The experimental setup used in the time-resolved measurements is described in full
detail in [20] and should just be briefly mentioned here. The tunable mid–IR pulses acting
as pump and repump are generated by two optical parametric amplifiers with preamplification in the visible [21]. They are both pumped by 300 µJ laser pulses at 778 nm
with a pulse duration of 150 fs and a repetition rate of 1 kHz. The probe pulses are
provided by a single-stage infrared amplifier. The used pulses are close to the Fourier limit
and deliver a time resolution of sub-100 fs at pulse energies of several µJ for pump and
repump [20]. The respective polarizations of all three pulses are the same in this study. In
order to avoid spectral overlap between pump and repump pulses and to more precisely
pump the OH-stretching transitions in the hydrate a 4f spectral selector allows decreasing
their spectral bandwidths down to 20 (??) cm-1. The time delay of pump and repump pulses
with respect to the probe pulse can be set via two independent delay stages. The three
pulses are focused onto the sample. The focal size of the probe pulse is ?? µm FWHM and
therewith smaller than that of the pump and repump pulses (?? µm FWHM), so that only
the central part of the interaction volume with maximum excitation is monitored. The
probe pulse is finally coupled into a spectrometer and measured by a nitrogen cooled
multichannel infrared HgCdTe detector. The spectral resolution of the system is about
5 cm-1. The energy transmittance of the probing pulse is recorded for four different
excitation conditions: T11(v) (pump and repump open), T10(v) (repump blocked), T01(v)
(pump blocked), and T00(v) (pump and repump blocked). In this way the induced change of
the optical density ∆ODex(v,t) = -log(Tex/T00) is determined for various excitation
conditions (ex = 11, 10 or 01), probe frequencies v, and delay times. In the following, t13
denotes the pump-probe delay time, t12 stands for pump-repump delay, and t23 is the
repump-probe delay. The time-resolved data are measured for a sample temperature of
220 K.
The studied sample contains a saturated solution of NaClO4 dissolved in 15 M
HDO in D2O. The solvent was prepared by isotopic exchange in a mixture of appropriate
amounts of D2O ( > 99.9 atom% D) and tri-distilled H2O. In the following discussion water
always refers to a 15 M HDO/D2O mixture. The hydrate crystals are grown by slowly
cooling a salt solution between two CaF2 windows in a cryostat at ambient pressure.
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Steady state IR absorption spectra of the sample were obtained from a commercial
VECTOR 22 Fourier-transform infrared spectrometer (FTIR, Bruker Optics) with a
spectral resolution of 1 cm-1.

Fig. 1. a, Sketch of the crystal structure of NaClO4 monohydrate (chlorine atoms are drawn green, sodium
cations in purple, oxygen in red and hydrogen in white). b, FTIR absorption spectra of NaClO4 in HDO:D2O
measured at different temperatures for the liquid (300 K) and the solid phase. c, Absorption change measured
by increasing the temperature of the sample from 220 to 240 K.

The crystal structure of NaClO4 monohydrate has been determined from x-ray
diffraction data [22]. The hydrate forms a monoclinic crystal structure, space group C2/c,
which is schematically illustrated in Fig.1a. The water molecules are bound to the sodium
cations with their lone pairs and the OH groups are always bound to two oxygen atoms of a
perchlorate anion by very weak, bifurcated H bonds. The closest distance between two
water molecules is 440 pm, they are distinctly separated from each other through the
perchlorate anions. Therefore, this hydrate system gives us the possibility to investigate the
characteristic dynamics of quasi-isolated water monomers.
Fig. 1b shows the FTIR spectra of the NaClO4 – water sample at various
temperatures. The spectrum measured in the liquid phase at 300 K (dashed line) exhibits a
distinctive absorption increase at the high-energy wing of the OH stretching band and
reaches it maximum at 3575 cm-1. The high concentration of perchlorate anions, commonly
known as structure breakers of H bonding network [23], is responsible for the deviation of
the absorption spectrum of the liquid sample from pure water. Obviously, a significant part
of the water molecules’ OH groups has an extremely weak coupling to their environment.
The position of this absorption peak does not change upon cooling and subsequent hydrate
formation. The limited solubility of NaClO4 leads to the formation of a polycrystalline
structure, with spatially separated ice and hydrate crystal structures [24]. Accordingly, the
spectra of the solid phase (below 240 K) show two clearly separated absorption peaks in
the OH stretching region, corresponding to the sodium perchlorate monohydrate (3575 cm1
) and ice (3297 cm-1). The spectral width of the hydrate peak is 36 ± 5 cm-1 and that of the
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ice band is 107 ± 5 cm-1. Fig. 1b shows a significant rise of the amplitude of the hydrate
peak for lower temperatures, while the ice band shows a lower amplitude increase
accompanied by an almost linear spectral shift of the peak maximum. The thermal
differential spectrum for a temperature jump of 20 K from 220 to 240 K, shown in Fig. 1c,
indicates two conspicuous features due to heating of the ice and the hydrate phase,
respectively.

Fig. 2. a – c, Pump-probe spectra recorded after excitation of the hydrate peak at v01 = 3575 cm-1 for
three different pump-probe delay times t13. The data show bleaching of the v01-transition and excited state
absorption at v12. d, Signal transient measured at v12 = 3370 cm-1. e – g, Transient PREP spectra measured
after pumping at v01 and repumping at v12. The pump-repump delay time t12 is fixed at 750 fs, while the
repump-probe delay time t23 is varied. h, PREP signal measured in the maximum of the repump-induced
second excited state absorption at v23 = 3171 cm-1.. Measured data are shown as points and fits as solid lines.

The pump-probe data, ∆OD(v,t13) = -log(T10/T00), measured after excitation in the
maximum of the OH stretching band of the NaClO4 monohydrate and blocked repump are
presented in Figs. 2a – d. The transient spectra show that the optical excitation leads to a
ground state bleaching (GSB) at 3575 ± 5 cm-1 and an excited state absorption (ESA1) that
is spectrally shifted to 3370 ± 5 cm-1 due to the anharmonicity of the OH stretching mode

4

(see Figs. 2a and b). The spectral width of the ESA1 (FWHM of 48 ± 5 cm-1) is
significantly larger than that of GSB (39 ± 5 cm-1). In contrast, the spectral width of the
GSB is almost the same as the one determined by the FTIR measurements, which gives
evidence for homogeneous broadening of the OH stretching vibration of the hydrate. The
small feature at 3297 cm-1 can be ascribed to the spatially separated ice crystal structure in
the sample that has been discussed above.
The absorption changes measured at 50 ps (see Fig. 2c) are assigned to a laserinduced transient heating of the sample. The qualitative agreement of the data to the
thermal differential spectrum shown in Fig. 1c supports this assumption. However, the
laser-induced temperature increase occurs at almost constant volume resulting in a
simultaneous pressure increase [24,25] leading to the small disagreement between steady
state and transient thermal differential spectra.
The relaxation dynamics of the quasi-isolated OH vibration is illustrated in Fig. 2d,
where the temporal evolution of the absorption changes measured in the maximum of the
ESA1 is plotted vs. the pump-probe delay time t13. The dynamics are dominated by a
mono-exponential decay with an average time constant of 7.2 ± 0.5 ps. (The rapid signal
change observed within the first 200 fs is treated as a coherent artifact and will not be
further discussed here.) The extracted relaxation time is an order of magnitude larger than
those reported for HDO:D2O ice [26]. Our earlier studies on NaCl·2HDO and
LiNO3·3HDO hydrates give evidence that the fast energy dissipation from the initially
excited OH stretching vibration requires a strong coupling to appropriate accepting modes
in the surrounding [24,27]. Here, the perchlorate anions supply the ClO stretching
vibration with a frequency of 1100 cm-1 that in combination with the OD stretching mode
(at roughly 2400 cm-1) could be effectively accessed as a relaxation channel for the OH
stretching. However, the weak coupling of the HDO molecule to the environment strongly
decelerates the relaxation process. Our conclusions are in accordance with the results of
Bakker et al. [28] for water monomers bound to acetone in the liquid phase. In this system,
the OH vibration at 3530 cm-1 has a lifetime of 6.3 ± 0.3 ps, since the weak coupling
between HDO and acetone hinders the fast relaxation via combination of the C=O
stretching of acetone (around 1700 cm-1) with the HOD bending or directly to the C=O
overtone.
The properties of the higher overtones of the OH stretching vibration are studied
using pump-repump-probe (PREP) spectroscopy. Here the pump pulse is resonant with v01,
while the repump pulse spectrally overlaps with the v12 transition. The peak intensities of
both pulses are XX GW/cm² and therefore high enough to generate a measurable
population of the first overtone, n = 2, of the OH stretching vibration. The probe pulse
covers a broad spectral range in the mid-IR, but of particular interest will be the data for
the second excited state absorption at v23 (ESA2).

5

The probe absorption changes measured 800 fs after excitation at v01 = 3575 cm-1
and secondary excitation 750 fs after the pump pulse (i.e. the repump is resonant with v12 =
3368 cm-1 and t23 = 50 fs) are shown in green in Fig. 3a. The simultaneously measured
pump-probe signal (repump blocked) is shown in blue for comparison. Note, that an
excitation of the sample by the repump without a prior excitation by the pump induces only
a very small (if any) effect in the hydrate due to the large spectral mismatch between
repump and the v01-transition. However, the non-vanishing absorption of the ice fraction in
the sample at the repump frequency leads to additional transient heating of the sample. In
order to exclude this unused signal from the pump-repump-probe data (green points in
Fig. 3a), the latter is calculated by comparison of the probe transmission after two pulse
excitation (pump and repump) to the probe transmission after excitation with the repump
only (pump is blocked), i.e. ∆ODPuRe(v,t) = –log(T11 / T01).

Fig. 3. Principle of vibrational PREP spectroscopy. a, Probe absorption changes measured after
pumping at v01 and repumping at v12 in green. The pump-repump delay time is t12 = 750, while the repumpprobe delay time is t23 = 50 fs. The according pump-probe signal is given in blue for comparison. b,
Difference signal ∆(∆OD) between the 3- and 2-pulse data shown in a. The bleaching at v12 = 3370 cm-1, the
absorption of the second excited state at v23 = 3171 cm-1 and the contribution of the ice fraction at 3297 cm-1
are indicated by dashed lines. c, Absorption changes measured at v12 as in a (green). The corresponding
pump-probe signal is shown in blue. d, The difference between both curves in c represents the transient
evolution of the repump-induced bleaching of the first excited state.
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Both spectra in Fig. 3a show the ground state bleaching at v01 and the first excited
state absorption (ESA1) at v12. The difference between green and blue data, ∆(∆OD) = –
log(T11 · T00 / T01 · T01), is the PREP signal (Fig. 3b). Three main features are observable in
the PREP signal: a bleaching of the first excited state (at v12), a second excited state
absorption (ESA2) at v23 = 3171 ± 5 cm-1, and some additional absorption around the
steady state absorption of the sample at 3297 and 3575 cm-1. The last signal contribution is
caused by overestimation of the probe absorption changes measured after excitations with
the repump only and blocked pump pulse. Note that the lower sample transmission in the
maximum of the ice and hydrate bands (see Fig. 1b) reduces the signal-to-noise ratio of the
transient signals at these frequencies. This experimental artifact can be seen in the PREP
signals measured at various delay times (see Figs. 2e – g) and should be improved in future
three-pulse studies. The data in Fig. 3b are analyzed by Lorentzian distributions (see
dashed lines) and the red solid line displays the resulting cumulative fit. The extracted
spectral width of ESA2 of 106 ± 30 cm-1 is a factor of two larger than that of the ESA1. A
quantitative understanding of the rapid increase of the spectral broadening requires
additional experimental and theoretical investigations. The transient PREP spectra
measured for different delay times t23 (see Figs. 2e – g) show that the signals due to
absorption of the OH-stretching overtones decay within the first 10 ps. The long-term
signal at t23 = 50 ps indicates some additional heating of the sample by the repump pulse
[24].
Fig. 3c shows the probe absorption changes measured at v12 = 3370 cm-1 after
pumping at v01 and secondary excitation at v12 for fixed t12 = 750 fs and various repumpprobe delay times t23 (green points). The corresponding pump-probe transient is depicted in
blue. It can already be seen that the repumping of the first excited state depletes its
population. The repump-induced signal decrease recovers within the next 5 ps so that the
2- and 3-pulse data coincide almost perfectly for probe delays longer than 10 ps. The PREP
signal transient shown in Fig. 3d is the difference ∆(∆OD) between both data sets and
illustrates the temporal evolution of the first excited state bleaching. Fig. 2h shows the
transient dynamics of the second excited state measured under same excitation conditions.
The probe absorption changes measured at 3171 cm-1, as well as these shown in Fig. 3d,
decay exponentially with an average time constant of 1.4 ± 0.2 ps. This is the lifetime of
the second excited state. Note, that the equality of these two times, along with the fact, that
the PREP signal in Fig. 3c recovers to the amplitude of the pump-probe signal after decay
of the second excited state vibration give quantitative evidence, that the second excited
state decays virtually exclusively to its first excited state, and no additional relaxation
pathway is notable from the measured data. This shows, that vibrational PREP is not only
capable of yielding quantitative lifetimes of higher-lying vibrational states, but can also
unravel the relaxation pathway of these high-lying vibration via comparison to the
analogous two pulse experiment.
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Our pump-probe and PREP measurements reveal an energy gap v01 = 3575 cm-1 for
the first transition, v12 = 3370 cm-1 for the second and v23 = 3171 cm-1 for the third
transition. As commonly known for an anharmonic potential, the distance between adjacent
energy states decreases for higher energy states [1-4]. For quasi-isolated HDO molecules
the frequency shift seems to remain constant or even to be slightly reduced for higher
energy states (v01 – v12 = 205 cm-1, while v12 – v23 = 199 cm-1). This shift describing the
velocity of the shrinking of the energetic distances between neighboring energy states can
be regarded as a quantitative expression for the anharmonicity of the OH potential. Our
data give evidence that the OH vibration in NaClO4 · HDO can be approximated by a
Morse-like potential. This potential has a constant anharmonicity and is used to describe
isolated vibrations, as those of diatomic molecules in the gas phase [29]. This observation
supports our assignment of the HDO molecules in NaClO4 monohydrate as quasi-free.
We also observed a significant acceleration of the relaxation dynamics for higher
overtones. Regarding the two lifetimes of the first (7.2 ps) and the second excited state
(about 1.4 ps) we recognize a reduction of the lifetime by a factor of more than 5. The
large acceleration factor cannot be explained only by the higher dipole matrix element for
transitions between excited states [29], but indicates a stronger coupling of the OH
stretching overtones with the low-frequency bath of the hydrate crystal. Measurements in
various environments should yield novel information on the coupling mechanisms. Such
knowledge is crucial for the better understanding of various chemical and biological
processes in water initiated by irradiation with visible and near infrared light.
In conclusion, we have presented the first pump-repump-probe measurements with
exclusively mid-IR pulses, to study the properties and relaxation pathways of higher-lying
vibrational states. As an illustrative system, we have chosen HDO sodium perchlorate
monohydrate, which contains well-isolated water monomers in a well-defined crystalline
environment. The high degree of isolation from the surrounding manifests itself in the very
long lifetime of the first excited state of the OH stretching vibration of 7.2 ps. The lifetime
of the second excited state could for the first time be measured. It is 1.4 ps, and the
analysis shows that it mainly relaxes back to the first excited state of the same vibration.
This fact, together with the immense shortening of the lifetime with respect to the first
excited state gives unambiguous and complete information on the relaxation pathway of
this excited state, which can in turn be fruitful to the development of a theoretical
description of the OH bond in condensed media.
An obvious application of our research is the obtainment of necessary parameters for a
theoretical model capable of a profound and precise description of the H bond interaction.
With our experimental data we are able to virtually scan the shape of the OH potential to
high-lying energetic regions and provide this new information as additional input
parameters to theoretical calculations and simulations. We have also demonstrated, that the
frequency resolved probe measurements can help untangle the oftentimes complex
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relaxation pathways of high-lying vibrational states. Furthermore, the PREP technique
could enable an optical manipulation of the vibrational dynamics by the repump pulse, thus
determining the importance of different relaxation pathways. This, as well as the
mentioned development of meaningful theoretical models for a prominent bond as the OH
bond, will be the subject of future investigations.
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Abstract
Bulk continuum generation is an excellent method to access new wavelength regimes. However, it is often assumed that it is only possible for a limited pump wavelength and pulse durations range. In this work we investigate continuum generation with pulse durations over the
entire femtosecond regime and wavelengths from 258 nm to 2.2 µm. This allows octave spanning whitelight spectra. First evidences for picosecond continuum generation are shown. In
addition, the influence of the spectral width and the chirp oft the pump pulse on continuum
generation is studied. The phenomenon of multiple refocusing is regarded in more detail. Beside the direct observation of the filament channels, the spectral and spatial interference between single filaments is shown. From this, we can characterize phase fluctuations of the
newly generated frequencies and by varying the crystal length the single steps of filamentation and continuum generation can be resolved.
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1.

Filamentation and continuum generation

One of the most spectacular phenomena in femtosecond nonlinear optics is filamentation.
Highest intensities exceeding 1012 W/cm² can be conveyed over long distances in strong contrast to the natural Gaussian propagation and maintaining the advantageous properties such as
superior beam quality and short pulse durations. The process of filamentation is intensely
studied and reviewed, especially in weak nonlinear media such as gases or air [Bra95, Chi05,
Ber07, Cou07, Chi10] and used for a wide range of applications [Dav96, Rai00, Kas03,
Hau04, Ste04, Kas08, Roh10]. Filamentation also appears in highly nonlinear media like solids or liquids. Here, the process takes place on a much smaller scale. Whereas filaments in
gases can last over several kilometers [Sau05, Rod04] filamentation in solids typically stops
after several millimeter. This is due to the enhanced stopping mechanisms in condensed media and the limited energy contained inside a single filament. Filamentation often is accompanied by continuum generation. This is an excellent source for producing new frequencies beside the laser wavelength and its harmonic. Continuum generation was already observed in
the early seventies [Alf70a, Alf70b, For83] and is still focus of many theoretical and experimental investigations [Bro99, Kan03, Alf09, Bra09]. A favorable property of bulk continuum
generation is the low energy needed for filamentation inside crystals. The new generated colors show a high stability, strong coherence, good beam quality, easy compressibility and are
well suited for further amplification or as probe light in spectroscopic applications. Due to the
high nonlinearity in solids various processes occur and the interplay between them lead to the
generation of new frequencies. Beside self-focusing, self-steepening, and self-phasemodulation, also pulse splitting [Rot92], the formation of optical shock waves [Gae00], intensity clamping [Liu02], four wave mixing [Xin93], Raman processes [Zoz98], and X-wave
formation [Kol04, Fac06] are involved in continuum generation. There is still a discussion
about the relevance of the single processes [Kol10, Tel10, Kos11, Kar13].
In this work, we experimentally study the influence of all important pump parameter on bulk
continuum generation and characterize the generated filaments and continua. The input wavelength is varied from the ultraviolet (UV) to the infrared (IR), continuum generation with
femto- to picoseconds pulses is demonstrated. We study the spatial and temporal chirp of the
newly generated frequencies and show the influence of the pump fluctuations on the phase
stability of the continua. Finally, single and multiple filamentation and refocusing are analyzed and a guide for best continuum generation for the specific applications is given.
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2.

Guidelines for continuum generation and setup

The processes of filamentation and continuum generation are very completely and comprehensively reviewed in [Cou07], [Alf09] and [Chi10] and the references within there. In this
work, we focus on the experimental realization and the control of continuum generation.
Since the Kerr effect plays a major role and self-focusing is the initial process the nonlinear
refractive index is crucial for continuum generation. We want to give a guideline which
should help to find the best suited crystal for the specific experiment. The following qualitative relations between several material and continuum properties can be deduced [Bra09].
-

the higher the linear refractive index, the higher the nonlinear refractive index

-

the higher the nonlinear refractive index, the lower the continuum threshold

-

the higher the nonlinear refractive index, the longer the maximum pulse duration
where continuum generation is still possible

-

the higher the nonlinear refractive index, the redder the continuum cut-off

Especially laser crystals are well suited for continuum generation due to their superior crystalline quality, high damage threshold, good thermal properties, and wide availability.
The setup for continuum generation is shown in Fig. 1(a). As laser source a 1 kHz Ti:sapphire
laser system is used (CPA2001; Clark MXR) which delivers 775 nm, 1 mJ, 150 fs pulses.
Only a small fraction of 5 µJ is used for continuum generation. The pump energy is adjusted
with a variable attenuator (VA) and the outer part of the beam is cropped by an iris. It has
been experimentally observed that this has a stabilizing effect on continuum generation. An
f = 100 mm lens is used to focus the light on the crystal to perform continuum generation.
Filters and detection units are placed behind the continuum generation to measure the spectrum, beam profile, divergence, stability, spectral chirp, and polarization of the continuum.
Continuum generation in calcium fluoride (CaF2) and sapphire for various pump wavelengths
is shown in Fig. 1(b).
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Fig. 1:

(a) Setup for continuum generation (SCG), (b) continuum spectra from CaF2 and
sapphire (2100 nm) with pump wavelengths from 258 nm to 2.1 µm.

3.

Pump wavelength from the UV to the IR

Most of the applications demand for specific wavelengths which are not directly available
from the laser source or its harmonics. Continuum generation is a good method to gain access
to new frequencies. Even if the desired wavelength region is not among the newly generated
frequencies, further nonlinear processes like second harmonic generation, sum and difference
frequency, or optical parametric amplification allow the generation of the wanted wavelength.
Often a wide spectral range is needed at the new frequencies and continuum generation in
solids is an easy and robust solution, only requiring some 100 nJ or a few µJ of pulse energy.
The spectral shape of the continua generated at the new frequency shows a unique behavior
due to its generation mechanisms [Gae00] and is nearly independent from the pump wavelength. On the short wavelength side a smooth, flat plateau is observed, which ranges down to
the material specific continuum cut-off, where else on the long wavelength side an exponential decay occurs.
To show that continuum generation is not only possible with typical laser wavelengths 800 or
1000 nm, we generated light with various pump wavelengths by frequency doubling and tripling of the laser and optical parametric amplification. With this pump sources ranging from
the UV to the IR, we perform continuum generation. Figure 1(b) shows these continua which
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are generated in CaF2 (258 to 1300 nm) and sapphire (2100 nm). The spectra are measured
after the whitelight has passed a filter or mirror which blocks the fundamental region so that
only the newly generated frequencies are obtained. All continua in Fig. 1(b) are successfully
used in transient pump probe absorption spectroscopy [Rie13] which is a strong indicator for
their excellent properties. The details on the generation of these continua are given in ref.
[Rie13]. It is remarkable, that even with a pump wavelength of 258 nm, what corresponds to
the 3rd harmonic of a Ti:sapphire or the 4th harmonic of Neodym or Ytterbium based laser
system, continuum generation is possible in CaF2, although this is below the typical continuum cut-off of 280 nm when pumping with 800 nm. This means that the continuum cut-off is
only a rough estimation and slightly shifts with the pump wavelength. Continuum generation
with harmonics is a good method to extend the continuum-cut off and is used in parametric
amplifier or spectrometer [Bal02, Nag02, Joh09, Mue09, Cer11, Rie13].
Nevertheless, when increasing the pump wavelength the continuum cut-off only weakly increases and allows octave spanning spectra [Bra09, Etz12, Sil12, Dar13], what is interesting
for the few-cycle regime or broadband detection. For example continuum generation in YAG
crystals with infrared wavelengths was intensively studied [Sil12, Dar13] and continuum generation in a silicon plate with 2.1 µm is used in pump probe spectroscopy [Etz12]. We decided to use CaF2 due to the short continuum cut-off and even continuum generation with
ultraviolet wavelengths is possible. The energy threshold for continuum generation scales
quadratically with the pump wavelength, because the first process is self-focusing which
scales quadratically with the wavelength. Further, for the experimental realization of continua
with longer wavelength, it has to be taken into account that the achievable beam waist radius
increase for longer wavelength when using the same external focusing. If not enough pump
energy can be provided, materials with a low continuum threshold can be utilized such as
YVO4 or KGW crystals [Bra09].

4.

Chirp and spectrum of pump pulse

Beside the wavelength also the spectral distribution and the chirp of the pump pulses determine, whether continuum generation is possible or not. For longer pulses in the picosecond
regime avalanche ionizations can stop continuum generation, because the freely generated
electrons by multi-photon generation continuously seed the avalanche ionization and the
damage threshold of a material can be exceeded if the pulse duration is too long. This scenario was simulated for YAG [Sch11] and it was shown that for 850 fs pulses proper continMarch 26, 2014

-5-

M. Bradler et. al

uum generation is still possible and 1 ps is the typical limit. A very important issue is, that the
temporal profile is changing during the propagation in the material. The pulse “duration” can
become much lower due to self-phase modulation, self-steepening and pulse splitting than the
initial one. This enables continuum generation even with picosecond pulses. This is especially
the case when the Fourier limit of the pump pulses is shorter so that it does not prohibit the
pulse shortening.
Table I summarizes the generation of continua in solids for long pump pulse durations observed up to now. Beside the needed energy for proper continuum, we also show the material
used for continuum generation, the pump pulse duration including the Fourier limit. The plus
or minus indicate the kind of chirp. Plus means that the reddish wavelengths come first.
TABLE I: Experimental realization of continuum generation for long pump pulse durations.
λpump

material

1025 nm

YAG

1.0 µJ

300 fs (+)

280 fs

1030 nm

KGW

1.6 µJ

1.6 ps (+)

300 fs

1030 nm

YAG

2.0 µJ

420 fs (+)

360 fs

7.2 µJ

1.0 ps (+)

6.8 µJ

1.4 ps (-)

KGW

3.5 µJ

2.6 ps (-)

Yb:YAG Innoslab
1030 nm
[Sch11]

YAG

10 µJ

0.85 ps (+)

560 fs

Yb:YAG thin disk
1025 nm
laser [Met09]

YAG

10 µJ

0.9 ps (+)

770 fs

laser

pump energy pulse duration

Fourier limit

JenOptik
(JenLas D2.fs)
[Bra09]
Yb fiber osc.
[Dob12]
Yb rod-type fiber
amp. [Emo10]
Spirit; HighQ

1040 nm

YAG

400 fs

A typical spectrum of such continua can be seen in Fig. 2, where a continuum generated with
0.9 ps pump pulses in a 4 mm YAG plate (black) and one with 2.6 ps pump pulses in a 4 mm
KGW (purple) is shown.
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Fig. 2:

Continuum generation with picosecond pump pulses in 4 mm YAG (black) and
KGW (purple) plate.

To study the influence of the spectral width and the Fourier limit of the pump pulse on continuum generation we used the setup shown in Fig. 3(a). To perform continuum generation
with longer pulses the pulse duration of the pulses is increased. One time this is done by putting glass into the beam path and one time by decreasing the spectral bandwidth. The latter
was done in the Fourier plane of a prism compressor. The resulting pulse duration were measured with an autocorrelator.
At first, we want to study whether continuum generation is possible or not and focused the
chirped and the spectrally narrowed 800 nm pulses onto 4 mm thick YAG, sapphire, and
KGW plates. Since above a certain limit always some spectral broadening occurs we determine the stability and spectral distribution of the newly generated frequencies as criterion for
continuum generation. Only if a smooth and gap free spectrum is obtained which extends to
the typical continuum cut-off of the crystal and the pulse-to-pulse stability does not exceed
2% rms, this is seen as proper continuum generation. For best continuum generation the geometric conditions have been studied previously [Bra09] and we find that a f = 100 mm lens is
well suited to generate intense continua. The laser beam has a radius of 2 mm (1/e² intensity
level), an M² of 1.20 and a central wavelength of 775 nm. The beam waist radius in the focus
and hence at the crystal entrance is 25 µm. With a pulse duration of 150 fs, this leads to a
peak intensity of 640 GW/cm² per µJ pump energy.
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Fig. 3(a):

(a) Setup for continuum generation with chirped (I) and spectrally narrowed (II)
pump pulses. Pump energy for various pulse durations in sapphire, YAG, and
KGW, when pumping with chirped (b) and spectrally narrowed (c) pulses. Spectrum before (black) and after (green and pink) continuum generation for chirped
(d) and spectrally narrowed (e) pump pulses.

Figure 3 shows the necessary pump energy in dependence of the pulse duration for sapphire
(green), YAG (blue), and KGW (brown) for chirped (b) and spectrally narrowed (c) pump
pulses. In addition, the spectrum in the fundamental region before and after continuum generation is shown for both (chirped in (d), spectrally narrowed in (e)). For each crystal the ratio
between pump energy and pulse duration is constant. This means that the required peak power
and intensity is constant independently from the pulse duration. However, the needed pump
energy can not be significantly reduced by changing the external focusing since the threshold
for self-focusing depends on the peak power. Attempts to focus the laser light so tight that an
intensity as inside a filament is already reached at the crystal entrance lead to destruction and
permanent damage of the surface. For bulk continuum generation self-focusing is inevitable.
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The energy for a given pulse duration is always higher for a spectrally narrowed than for a
chirped pump pulse (typically a factor of 1.5). This is due to the fact that for chirped pulses
self-steepening shortens the pulse down in the region of the Fourier limit and continuum generation is similar to the case of unchirped pulses. If the bandwidth of the pulses is spectrally
narrower and hence have a longer Fourier limit, first self-phase-modulation has to broaden the
spectrum to substantially perform pulse shortening. This leads to the enhanced needed pump
energy. The fact that the Fourier limit after continuum generation is much more shortened in
the case of spectrally narrowed pump pulses (factor of 5) than of chirped pulses (factor of 2)
supports this concept. The Fourier limits after continuum generation of both are in the 50 fs
regime and significantly lower than the initial one of 120 fs. We only rely on the region
around the pump wavelength and exclude the newly generated frequencies in the Fourier limit
calculations to purely analyze the effects of continuum generation on the pump pulses.
We further study the influence of the chirp and spectral width on the spectral distribution of
the new frequencies. Pump pulses around 800 nm with different chirp and spectral widths are
generated and used for continuum generation a 4 mm YAG plate. Figure 4(a) shows the generated spectra for a not chirped pump (black), a chirped pump with a pulse duration of 400 fs
(green), and a spectrally narrowed pump (pink) with a duration of 400 fs. For all generated
continua a similar spectral distribution is obtained. The region around the pump wavelength
varies due to the spectral shaping and the different needed pump energies.

Fig. 4(a):

Spectrum (a) and chirp (b) of continua generated in a 4 mm YAG plate with
unchirped (black and grey area), chirped (green), and spectrally narrowed (pink)
pump pulses with different pump energies for the latter in (b) (solid a dotted line).

The spectral distribution including the wavelength cut-off only depends on the material and
not on the central wavelength, spectral width, pulse duration, or the intensity of the pump.

March 26, 2014

-9-

M. Bradler et. al

This is due to the generation mechanism. Self-steepening and the other nonlinear processes
lead to shock waves and plasma formation and similar spectral distributions. Therefore we
would also not expect a strongly varying chirp of the new frequencies. To proof this transient
absorption measurements are performed [Meg09]. The continua are used as probe light and
their chirp can be determined via two photon absorption. As pump light a 600 nm pulse with
30 fs pulse duration is used and as sample a 100 µm thin GGG plate. Only reflective optics
are used to avoid chirp. The thin GGG plate does not remarkably increase the spectral chirp.
For measurements at single wavelengths narrowband interference filters are used.
When generating the continuum with 150 fs pulses the pump energy was varied from slightly
above the threshold up to closely below multiple refocusing (200 – 400 nJ). The chirp increases with higher pump energies (grey area in Fig. 4(b)) because self-focusing gets stronger
and the filament is generated earlier in the crystal. According to the increased remaining
pathway of the new wavelengths in the crystal and their different group velocities the chirp
increases. We repeated the measurements for a chirped 400 fs pulse (green line). Beside the
higher input energy the chirp is on a comparable level. The chirped pump pulses firstly selfcompress and than continuum generation similar to the 150 fs pulses occurs. However some
distance is needed for the self-compression and therefore the filament is generated at a later
position in the crystal and the chirp tends to be weaker. For the spectrally narrowed 400 fs
pulses (pink lines) the pulses first spectrally broaden, than self-compress, and finally continuum generation takes place. This needs even a longer part of the crystal and the obtained
chirp is weakest because the continuum is generated very close to the exit surface. The pump
energy is slightly above the threshold for the pink solid line in Fig. 4(b) (550 nJ) and close to
multiple refocusing for the pink dotted line (1100 nJ).
From this measurements we can conclude that only the remaining pathway in the crystal is
responsible for the resulting chirp. And indeed for the proper pump energy the chirp of the
continua generated with unchirped, chirped, and spectrally narrowed pump pulses can become
very similar (lower grey boarder, green line, dashed pink line in Fig. 4(b)). Then, the new
frequencies are always generated at the same position inside the crystal and hence only the
remaining pathway is responsible for the spectral chirp. Therefore, the amount of chirp reduces, when shorter crystal lengths are used [Cer97].
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5.

Single and multiple filamentation in solids

An interesting fact is that the filamentation channel is visible in YAG. During continuum
generation in solids self-focusing is stopped by multiphoton excitation of electrons from the
valence to the conduction band. Depending on the material the recombination radiation can be
in the visible and therefore observable with the bare eyes. Figure 5(a) shows a photography of
a 6 mm thick YAG plate, in which continuum generation takes place. The incident laser light
propagates from left to right and is focused on the entrance surface (left) of the crystal. After
the self-focal distance the laser intensity becomes so high that multi-photon absorption occurs. Due to self-trapped excitons and trapped excitons from anthracite Y3+ defects recombination occurs [Bab05]. The resulting luminescence is undirected and has spectral components
in the visible (see Fig. 6(d), grey area). In the photography in Fig. 5(a) even multiple refocusing is observable. Figure 5(b) on the other side shows multifilamentation with many single
filaments side by side in a fused silica glass block.

Fig. 5:

(a) Photography of multiple refocusing in a 6 mm YAG crystal, (b) beam break up
and multi-filamentation in a 10 cm fused silica block.

From this side view of the crystal the position and dimension of the filamentation channel can
be determined. Observations from the side has been already used to study continuum generation in methanol [Sch04, Liu03]. To visualize the single colors laser dyes with absorption in
the visible have been used. This can reveal the single steps during filamentation and continuum generation. To achieve the best image quality and highest spatial resolution for our side
view we use a reflex camera (EOS 60D; Canon) and a five time enlarging objective (MP-E
65mm f/2.8 1-5x Macro Photo, Canon). We manually optimize the focus with linear micrometer translation stages and use a computer to control the camera. Note that we image an
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object which is inside a high refractive transparent material. However, this only influences the
depth in the material, but not the lateral size. To ensure this we take a picture of a micro objective (micro objective 200 in 2 mm; Qioptiq Inc.) in an empty and filled water basin and
find no difference in the lateral size, only in the focusing depth. The micro objective is also
used as scale and from this we can estimate a resolution of 0.85 µm per pixel. This is in good
agreement with the calculated resolution from the pixel size and the enlargement factor
(4.3 µm pixel size and 5:1 enlargement on sensor). Neutral density filters are used to calibrate
the system and ensure a linear intensity scale. This allows directly measuring the dimensions
of the filament channel inside a 6 mm YAG plate. Filaments have typical lengths of about
1.3 mm (see Fig. 6 (b)) and diameters of 8 µm (FWHM) (see Fig. 6 (b) and 6(c)). In addition,
a recorded image is shown in Fig. 6 (a) and the spectrum of the recombination luminescence
in Fig. 6(d). The grey area in Fig. 6(d) denotes the recombination spectrum for undoped YAG
excited at 190 nm including its visible tail [Bab05].

Fig. 6:

Image (a) and profile of filament length (b) and diameter (c) and spectrum of the
fluorescence (d) of filamentation in a 6 mm YAG plate. The blue curve in (b) additionally shows the beam diameter overt the filament.

The characteristic behavior of filamentation in gases of a long propagation distance and a
small beam diameter are also observed for solids. For a beam diameter of 7.8 µm (FWHM)
the Raleigh length would be 180 µm which is 7 times shorter than the observed filament
length of 1.3 mm. The main differences between filamentation in gases and solids are the dimensions. Whereas filaments in gases have typically diameter of 100 µm and can range up to
several kilometers, filamentation in solids have a 20 to 30 times smaller diameter and are
much shorter.
To understand why the filament diameter is such small in solids the threshold and the stopMarch 26, 2014
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ping mechanism of self-focusing hast to be considered. The high nonlinear refractive index of
solids leads to threshold powers in the megawatt regime and is roughly three magnitudes
lower compared to the typically needed gigawatt for self-focusing in gases [Cou07]. The stopping mechanism in solids is multiphoton absorption from the valence to the conduction band.
And this requires intensities around 1012 W/cm² which is on the other side only one magnitude lower than typical intensities inside filaments in gases. The low self-focusing threshold
combined with the high clamping intensity in solids leads to small diameters of filaments in
solids in the µm regime. If the beam size is increased at the entrance surface of the solid
smallest modulation instabilities of spatial modes will lead to a beam break up and multiple
filaments side by side will occur [Cam74]. Each of these filaments has the properties and dimensions of one single filament. To illustrate this, Fig. 5(b) shows multiple filamentation
when a 1 mJ, 150 fs, 775 nm pulse is propagating in a 10 cm fused silica block.
If the input beam size is kept small so that no beam break up occurs and the input energy is
increased above twice the threshold, multiple refocusing occurs [Tal99, Liu03, Dha09]. Then,
several filaments are generated along the propagation axis. Each has the same dimensions and
properties. Due to the visible recombination radiation we are also able to directly observe
multiple refocusing as shown in Fig. 5(a). The number of visible filaments correlates to the
ratio between input power and threshold. This means, that only nearly twice of the threshold
energy can be located in one filament in solids. Otherwise multiple refocusing, permanent
damage, or break up of the beam occur. From Fig. 6(b) it can be seen that diameter of a filament in solids is always in the regime of several µm. Due to the high losses caused by multiphoton absorption also the length is limited to a few millimeter.

Fig. 7:

Influence of pump energy on filament position (a) and length (b). Energy fluctuations lead to position and hence phase fluctuations of the new colors.
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When increasing the pump energy the length of filament increases up to a maximum value of
about 2 mm (see Fig. 7(b)). Interesting is that the filament length decreases if an additional
filament appears. This could be due to the alternation of the surrounding photon bath which
now has to feed more filaments.
The determination of the filament position in dependence of the input energy can be used to
optimize the continuum generation. Figure 7(a) shows the position for the single filaments
(circles) during multiple refocusing in dependence of the pump energy. For example at a
pump energy of 500 nJ three filaments (2 mm, 2.5 mm, and 4 mm behind the front surface)
were observed. The solids line show the theoretical self-focal distance, assuming one, two,
three, or four times the self-focusing threshold as critical power. Since the energy of the laser
is fluctuating also the positions of the filaments fluctuate, according to the slope of the tangent
(red line in Fig. 7(a)). This means that for example for 280 nJ the position is varying 11 µm if
the pump energy is varied 1 nJ.
This variation of the generation position results in temporal and hence phase fluctuations of
the newly generated frequencies, because depending on the of the actual generation position
the propagation pathways inside the crystal for fundamental and newly generated light are
slightly different. And since both are propagating with different group velocities the traveling
time and phase become different. The phase fluctuations in the dependence of the energy fluctuations (Δφ/ΔE) can be written as

Δϕ 2π c Δt 2π c
1
1
Δz
=
⋅
=
⋅ pump − SCG ⋅
ΔE λSCG ΔE λSCG vgroup vgroup ΔE

(1)

λSCG is the considered continuum wavelength, c the speed of light, Δt/ΔE the time fluctuations in dependence of the energy fluctuations, νgroup the group velocity for pump and continuum wavelength, and Δz/ΔE the position variations in dependence of the energy fluctuations.
The optimum condition with minimum temporal and phase jitter is reached, if strong energy
fluctuations lead to weak position variations. This is the case for the smallest possible slopes
of the tangent in Fig. 7(a). Note that for many applications only single filamentation is suited,
because otherwise the interference between the filaments lead to unwanted instabilities.
Therefore the optimum continuum generation is achieved, just before the multiple refocusing
start. Here, this would be at 280 nJ and the position variations (Δz/ΔE) are 11 µm/nJ. The
resulting temporal jitter (Δt/ΔE) of the newly generated light is 2.0 fs/nJ (for 500 nm). Assuming a energy fluctuation 0.2% rms of the pump this leads to 1 fs temporal jitter which is
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equal to extremely high 3700 mrad. To reduce such high fluctuations shorter crystals can be
used so that higher pump energies can be used but no multiple refocusing occur. Also helpful
is the increase of the numerical aperture of the external focusing. We observe that for higher
numerical apertures the position variations decreases. This is due to the fact that the higher
numerical apertures leads to smaller beam waist radius and therefore to stronger self-focusing
and self-focal distances with lower variations. With this two improvements, we were able to
observe phase fluctuations of 100 mrad [Hom12]. There, we amplified a selected wavelength
of a bulk continuum and difference frequency mixed the amplified light with the fundamental
laser light to obtain carrier envelope phase stable few cycle infrared pulses. The main phase
fluctuation of the infrared pulses originate from the continuum generation. For the best phase
stability short crystals and pump energies close to multiple refocusing should be used.
Our goal is to find the optimum conditions for continuum generation. Therefore the correlation between beam profile, spectrum, and side view during multiple refocusing in a 6 mm
YAG is studied. The input energy is continuously increased and simultaneously the spectrum,
beam profile, and side view recorded. Figure 8 shows selected spectra and beam profiles for
zero, one, two and three filaments. The fundamental light is blocked by a filter so that only
the new spectral components are regarded.

Fig. 8:

Beam profile and spectrum of interfering filaments during multiple refocusing

Just below the threshold, a weak spectral broadening around the pump region due to selfphase modulation is observed. Between the onset on continuum generation and nearly twice
the threshold a stable filament is built and continuum generation with all its advantageous
properties occurs. Above twice the threshold, a second filament arises and a stable interfer-
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ence pattern in the spectrum appears. The evaluation of these modulations allows determining
the spatial and temporal distance between the filaments. The temporal discrepancy between
the filaments originates from the fact that the fundamental light and the new frequencies have
different propagation lengths in the crystal, if generated in the first or second filament. The
calculated value confirm the observed distance between the two filaments obtained from the
side view. When further increasing the input energy to above three times the threshold a third
filament arises and the spectral interference becomes random. The beam profile on the other
side shows a white central spot which is getting stepwise brighter with each additional filament. The conical emission [Lut94, Nib96, Kos97, Fac06] becomes stronger for higher input
energies and show clear interference rings especially for more filaments, which show their
spatial coherence. The high contrast and the extreme roundness of the interference pattern
indicates that the filaments are located behind and not beside each other. These single steps of
multiple refocusing are visualized in the attached video [Video01]. Please note that the energy
threshold in the video for continuum is increased, because a 4 instead of 6 mm YAG plate is
used and therefore higher energies are needed to built up the filaments within the shorter crystal length.
Another approach to increase the energy contained inside one filament is to use pump pulses
which have initially a small beam size so that no self-focusing is needed and which contain
this small beams size over a long distance. Bessel beams fulfill this conditions and can be
generated by focusing with a small-angle axicon. When performing continuum generation
with such beams, we do not observe one long filament which contains more power, but many
single filaments behind each other. Nevertheless, the use of Bessel beams to generate continua is still under investigation [Dub07, Tra08, Maj13].

6.

Variation of the crystal length

Although filamentation in solids happens on a smaller scale than in gases, it still lasts over
millimeter distances. To study the single steps of continuum generation during filamentation
we vary the crystal length and measure the influence on the newly generated frequencies. A
YAG wedge is used which has a length of 2 mm at the one side and 4 mm at the other. The
entrance surface of the wedge is kept perpendicular and hence the exit surface is hit under a
small angle of 4.5°. This should have a negligible influence on continuum generation.
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A f = 100 mm lens is used to focus the 775 nm, 150 fs, 500 nJ pulses on the entrance surface
of the wedge. Interference filters at 500, 600, and 700 nm with a bandwidth of 10 nm are used
to select small spectral parts of the continuum. These parts are focused on a photodiode to
measure the energy of the continuum light in this spectral region.

Fig. 9:

(a) Amount of generated continuum around 500 (x5), 600, and 700 nm in a YAG
wedge including setup and (b) spectra for various thicknesses.

Figure 9(a) shows that the amount of generated light at 500 nm is mostly generated in the
beginning of the filament until 2.6 mm crystal length and then only slightly increases. For a
better visualization the 500 nm curve is enlarged by a factor of 5. The amount of generated
600 nm light on the other side slowly grows until 3.2 mm crystal length and is then on a constant level. Whereas the 700 nm part continuously grows for an increasing crystal length. The
different behavior for the single wavelength can be understood if the generation mechanisms
are regarded. At the beginning at up to 2.30 mm crystal length only spectral broadening of the
pump due to self-phase modulation occurs and no filamentation or other nonlinear processes
which would lead to new frequencies. Within the next 50 µm an optical shock wave is formed
and nearly the full amount for light at wavelengths close to the continuum cut-off is generated
within this short section. The typical plateau-like structure [Gae00] and the white visual appearance shows up. The immediate arrival of the plateau is due to the fact that self-steepening
is an abrupt process [Sch06] and can be seen if the spectra for 2.30 and 2.35 mm crystal
length in Fig. 9(b) are compared. After this, self-phase modulation enhanced by multi-photon
excitation is dominating the generation of new colors. It can be seen from the spectra in
Fig. 9(b) that the shorter the continuum wavelength is the earlier the generation of the light at
these wavelengths stops. For example for 500 nm no additional light is generated for crystal
length above 2.75 mm. For 550 nm above 3.0 mm and for 600 nm above 3.40 mm crystal
length no new light is generated. This indicates a reduced nonlinearity at the end of the fila-
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ment. In addition, for lower wavelengths the group velocity is lower and the new colors can
not follow the pump in its filamentation channel the entire filament length. From the made
observation here, it could be possible that this is a necessary condition for continuum generation because the already generated light could act as seed. The experiment shows that the generation of the new frequencies during bulk filamentation is complex and different for every
wavelength. It can be denoted that for an increasing filament length the amount of newly generated colors in general grows. This means when including Fig. 7(b) that the maximum
amount of new frequencies is generated if the continuum generation is close to multiple refocusing due to the maximum filament length at this point. In addition, weak focusing and a
long crystal length lead to the generation of long filaments and render the most new light, but
also increase the chirp of the continuum. Therefore, it is depending on the specific application
which external conditions and geometries should be chosen for best continuum generation.

7.

Summary and conclusion

Many parameters influence continuum generation and determine, whether the generation of
new frequencies is possible or not. Figure 10 gives an overview about two key parameters –
the energy threshold and the maximum pulse duration – and set them in relation to the expected continuum cut-off.

Fig. 10:

Energy threshold for continuum generation (SCG) in various crystals and obtained
continuum cut-off. The energy thresholds are shown for 775 nm, 150 fs pulses.
The grey area shows the maximum pulse duration for continuum generation in
dependence of the crystal.
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Since self-focusing is the first process during continuum generation the threshold also depends on the pump wavelength and duration. In Fig. 10 the thresholds are shown for 775 nm
and 150 fs. For longer pulses the energy increases linearly, so that the peak power remains
constant. The threshold for self-focusing (and therefore continuum generation) scales quadratically with the pump wavelength. This means that for longer pump wavelengths more energy is needed. In addition, the intrinsically increasing beam waist radius for longer wavelengths has to be taken into account. To achieve continuum generation the peak intensity must
be high enough so that the self-focal distance is smaller than the crystal length. To achieve
such high intensities external focusing is needed. This also avoids multiple filamentation, a
beam break up, or permanent damage. However, for a constant numerical aperture the beam
waist radius increases linearly for longer wavelengths and hence the needed energy quadratically.
For a better understanding of Fig. 10 an example will be given. A system is considered where
1025 nm, 300 fs, 2 µJ pulses are available. First, the pulse duration limit has to be regarded
(grey area in Fig. 10). Only YAG, Y2O3, KGW, and YVO4 allow continuum generation
which such long pulses. The next step is the necessary pulse energy. Since this laser system
has not the same wavelength and pulse duration as the Ti:sapphire laser system here, the
threshold has to be adapted. For the pulse duration the thresholds have to be increased by a
factor of 2 (= 300 fs / 150 fs) and for the wavelength by a factor of 1.75 (= (1025 nm)2 /
(775 nm)2). If the same focusing conditions as for 775 nm should be used, additionally a factor of 1.75 for the increased beam waist radius has to be added. The overall needed energy is
increased therewith by a factor of 6. For YAG this means 900 nJ instead of 150 nJ. Depending on the desired continuum cut-off and remaining pulse energy, one can choose among the
four mentioned crystals. A very remarkable material for bulk continuum generation which is
shown in Fig. 10 is LiLuF4 which is a newly developed laser host material [Cor07]. It allows
continuum generation down to 350 nm in a static configuration and no moving of the crystal
is necessary as typically needed for fluoride crystals to avoid color centers.
The correct choice of the material and its dimensions are important. The optimum material
can be deduced from Fig. 10. The lateral size should not be a restriction since the active area
has only a diameter of a few 10 µm. The desired length depends on the experimental needs.
For a strong continuum or one with a low threshold long crystals are needed. For highest
phase stability and a weak chirp short crystals are better suited. In all cases, the energy should
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be close to multiple refocusing to reduce the fluctuations of the filament position and hence
the phase of the newly generated fluctuation.
Filamentation and continuum generation in solids is an excellent method to generate new frequencies with a modest pump energy. Its favorable properties ideally favors them as seed or
probe source in many applications such as parametric amplifier or transient spectrometer.
Especially the wavelength independent continuum cut off in combination with long pump
pulse durations renders such continua as broadband seed in chirped amplifier [Sch11, Rid13,
Sta14]. Short pump wavelengths even allow extending the accessible range down to the deep
UV and avoids complicated generation schemes if only modest energies are needed.

*

The energy values in the video refer to the position in front of the iris. The aperture was
kept small so that the observed effects are emphasized for a clearer presentation. Nevertheless, the continua shown in the video are still fully suitable.
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Abstract
We give a full description of an extended transient pump probe spectrometer allowing to follow photochemical and photophysical processes from the ultraviolet to the infrared on a timescale from a few femtoseconds up to milliseconds. The layout is based on modules so that any
spectral and temporal combination can be setup without great effort. We also describe additional key issues like calibration and straylight and show complete, in situ pulse characterization implemented in the setup.
The spectrometer is operated at 1 kHz and based on a commercial Ti:sapphire femtosecond
laser and a Nd:YAG based nanosecond optical parametric oscillator. The pump is provided
either by a optical parametric amplifier and optionally additional sum frequency generation or
by the nanosecond oscillator and can be tuned from the deep UV to the infrared. Several
whitelight continua are used as probe and allow an overall probe range from 230 nm to
1.7 µm. The continua are spectrally dispersed with a prism and detected with a silicon or InGaAs array operating at full 1 kHz. This allows either chopping the pump or referencing each
pulse or even both. The latter significantly increase the sensitivity compared to the single approaches. The spectrometer allows a time resolution of sub-50 fs and a high detection sensitivity of better than 'OD
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I.

Transient optical spectroscopy for molecular dynamics

The investigation of photophysical and photochemical processes is essential to gain insight in
the molecular life and to understand the initial mechanisms in physics, chemistry, and biology. A very successful technique to uncover these elementary dynamics is transient absorption spectroscopy. First a short laser pulse is used to excite the molecules in an electronically
upper state. Then a secondary light pulse determines the photo-induced transmission changes.
This method allows tracing the spectral and temporal dynamics of the molecule. Typical durations of these ultrafast processes are in the femto- and picosecond regime. Nevertheless there
are many systems which still show activity on longer time scale up to milliseconds. These
time regimes are not less interesting since they contain the subsequent steps towards the final
configuration. Also the wavelength range of the probe light is crucial for a proper analysis of
the molecular sequence. Common pump probe setups cover the visible and a small part of the
ultraviolet (UV) region. However, the extension of the probe light deeper in the UV and further into the infrared should help to get a more complete of the studied molecules. Organic
solar cells, low bandgap polymers, DNA based molecules, light harvesting molecules are only
a few examples of the manifold field of research. Especially the time extension up to milliseconds is a valuable alternative to the commercial laser flash systems.
In this paper we extend our well established pump probe setup [Meg09] to cover eleven magnitudes in time and three octaves in spectrum. Therefore we punctual added optical devices
while maintaining the basic setup unchanged. This flexible approach allow adapting the setup
to the molecular needs regardless to any experimental constraints. To cover new wavelength
regime we use continuum generation with different fundamental wavelengths from the UV to
the infrared. The huge time extension is realized by an additional pump laser which is electronically synchronized to the original femtosecond laser system. Not all measurements can
be performed at the same time but there is always temporal and spectral overlap between all
parts so that a the full picture can be constructed properly. Additionally we give useful improvements which can be easily implemented to raise the performance of existing setups. Figure I1 gives an overview over the entire time and wavelength regions achieved with our advanced transient pump probe setup and show how the single regions are realized. Wavelengths from down to 225 nm up to 1.6 µm can be achieved and time delays between pump
and probe up to the millisecond regime are possible.
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Fig I1:

Temporal and spectral coverage of the extended transient spectroscopy setup consisting of a widely tunable pump, various probe continua, and a second synchronized laser system. All components are located within one experimental site.

Here the focus lies on day to day operation and optimization and not on unique and not repeatable measurements with days of alignment. Therefore we abdicate redundant elements
and all optical devices are kept as simple and compact as possible. The open design also allows characterizing the pulses at all positions of the setup and give space for further extension
and improvements. The aim is to generate an all-in-one setup with easy handling and outstanding performance.

II.

Probe range extension down to 225 nm

In this section we will shortly repeat the basic setup and then give a detailed description of the
experimental realization of the ultraviolet continuum and its experimental challenges and
handling. Figure II1 shows the extended setup for transient time-resolved pump probe spectroscopy which covers wavelength regions starting from the deep UV up to the infrared. Delay times from few femtoseconds up to milliseconds can be measured. The laser source is a
Ti:sapphire system (CPA 2001; Clark MXR Inc.) which delivers 1 mJ, 150 fs pulses at
775 nm with a repetition rate of 1 kHz. The pump pulses are generated in a continuum seeded
noncollinear optical parametric amplifier (NOPA) and range from 450

720 nm. Subsequent

second harmonic generation (2Z) allows extending the pump range down to 225 nm. The
pulses are shortened with a prism compressor (PC) down to sub-30 fs pulse durations, sub50 fs in the UV. The actual pulse duration at the sample can be in-situ characterized with a
home built UV autocorrelator [Hom12]. As probe light we use a CaF2 continuum which is
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spectrally dispersed after the sample with a fused silica prism and then focused on a multichannel detector. We focus around 2 µJ of the 775 nm light with a f

100 mm lens onto a

5 mm moving CaF2 plate (157 nm, Korth Inc.) to generate the continuum. Thin dielectric mirrors are used to block the region around the pump wavelength (HR 800 nm, HT 280
720 nm) and to calibrate the wavelengths on the array (WG 320 nm, GG 475 nm, RG 695 nm,
BG 20, and BG 36). The different delay time are realized by moving a motorized linear stage
and the pump pulse is manually chopped to obtain the molecular transmission with and without excitation.
The powerful combination of continuum generation and frequency mixing allows the generation of widely tunable pump sources with sub-50 fs pulse durations for all wavelength regimes. This will be studied in more detail in section VI.D. But also the wavelength range for
the probe light is important. Many experiments demand for ultraviolet probe light to follow
the molecular dynamics. Continuum generation in fluorides with 800 nm pulses is well suited
method to generate continua with spectra reaching down to 280 nm [Chi99]. Especially continua from calcium fluoride are well studied and optimized for the use in spectroscopy
[Meg09, …]. However, if probe light even further in the UV is needed often optical parametric amplification in combination with sum frequency mixing and second harmonic generation
is used. Nevertheless these pulses have a very limited bandwidth and only single color experiments can be performed which leads to extensive measurements series for obtaining frequency resolved signals [Loc98]. A more convenient method to obtain broadband spectra in
the UV is to generate continua in calcium fluorides with the frequency doubled (2Z) and tripled (3Z) laser light.
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Fig. II1:

Setup of the transient broadband spectrometer with ultraviolet and infrared wavelength extension and delay times up to milliseconds.

For the second harmonic generation we use a 700 µm thick type I BBO cut at 30°. To separate
the 2w light from the remaining fundamental light two dichroic mirrors are used (2 x HR
400 nm, HT 800 nm, 45°). A O/2 plate is used to adjust a horizontal polarization for the 2Z
light to minimize the reflection losses at the following mirrors. Pulse energies of 400 nJ for
the 2Z light at 387 nm are well suited to generate a continuum in a 5 mm moving CaF2 plate
(157 nm; Korth Inc.). For optimizing the continuum a variable attenuator and an iris to crop
the outer part of the beam can be adjusted. The pulse duration of the 2Z light is 170 fs and
comparable to the duration of the laser pulses. An external lens with 100 mm focal length is
used to focus the 2Z light with an numerical aperture of 0.03 onto the fluoride plate. The continuum is collimated with a R

-100 mm spherical aluminum mirror. To block the main part

of the energy around 387 nm and only utilize the new generated frequencies we use a 500 µm
thin dichroic filter (HR 360 nm, 0°). Note that the continuum generation can easily be overlooked with the bare eye on a business card. Continuum generation with 800 nm can be seen
as a bright white spot although over 99% are still near 800 nm. This is due to the high sensitivity of our eyes for the visible wavelengths compared to the 800 nm. When generating a
continuum with 400 nm the visible impression on a business card is still dominated by the
fundamental light at 400 nm. Although when using a spectrometer the new frequencies are
hardly detectable, because most of the light is contained near 400 nm and only 1% is in the
wavelength region below. The usable spectrum of the 2Z continuum ranges from 245 to
355 nm and is shown in Figure II2 as blue curve. Additionally the shot to shot stability is
given below and typically 2% rms. After passing through the sample the UV light is dispersed
with a fused silica prism and focused with R

400 mm spherical aluminum mirror on a

silicium array The latter is either a PDA sensor (NMOS; S3902-512Q; Hamamatsu) with 512
pixels, 50 × 500 µm each or a FFT sensor (S7030-0906; Hamamatsu) which is a twodimensional CCD array of 524×58 pixels, 24×24 µm each. The analog to digital conversion is
performed with two different electronic systems (2000 series; Entwicklungsbüro Stresing and
photodiode array; tec5 AG). For the wavelength calibration we use thin dichroic mirrors (HR
226 nm (45°), HR 248 nm (0°), and HR 275 nm (45°) ) and compare the transmission measured with the silicon array with the known cw transmission.
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Fig. II2:

Spectra and stability of various probe continua generated with different pump
wavelengths.

To frequency triple the 775 nm light we use a simple but effective approach [Hom07]. The
fundamental laser light is focused with a lens with a focal length of 250 mm. The second
harmonic generation is performed 50 mm before the focus in a 300 µm thick BBO type I cut
at 30°. Sum frequency mixing between fundamental and frequency doubled light is then performed in a 300 µm thick BBO type II cut at 62° at 120 mm behind the focus. This easy setup
allows to avoid the preliminary separation and later combination between the 2Z and the laser
light. At least 50 µJ of 775 nm light is needed for this setup. Pulses at 258 nm, with a duration
of 170 fs, are generated. A O/2 plate is used to set the polarization to horizontal. High reflecting mirrors (2 x HR 266 nm (45°), HT 400) separate the 3Z from the remaining 2Z and laser
light. Energies of 200 nJ are sufficient to perform continuum generation in a 5 mm moving
CaF2 plate and still allow optimizations with an iris and a variable attenuator. We use again
an external lens with 100 mm focal length for focusing (numerical aperture 0.03) and a
spherical aluminum mirror for collimating the continuum. To block the 3Z light we use a dichroic filter (HR 275 nm (0°)). The new generated frequencies are again dispersed with a
fused silica prism and focused with an R

400 mm spherical aluminum mirror on the CCD.

To calibrate the wavelength we use three dichroic mirrors (HR 226 nm (45°), HR 248 nm
(0°), and HR 275 nm (45°)). The spectrum of the 3Z continuum is ranges from 225 to 260 nm
and is shown as dark blue curve in Figure II2 including the stability of roughly 2% rms.
At this point we want to point to the experimental challenge of handling the UV continua. Not
only the wanted UV probe light is present, but also other remaining straylight which is much
brighter for the bare eye and also the detection equipment such as beam cameras. To ensure
the spatial overlap with the pump pinholes and interference filters are necessary to ensure that
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the UV light is guided correctly through the setup. Here many techniques used in infrared
spectroscopy can be applied. To demonstrate the potential of the system, we study 1,3cyclohexadien after excitation at 250 nm. The transient signal is shown in Figure II3.

Fig. II3:

Transient spectra of 1,3-cyclohexadien after 250 nm excitation.

This system was already investigated earlier [Loc98] with time-consuming NOPA-NOPA
experiments. Here we could retrieve a more complete picture with only one measurements
and achieved all at once a frequency and time resolved signal which nicely agree with the
previously obtained results. One mature advantages when using continua as probe light is the
direct comparability of the signal strength for different wavelengths since the same pump
serves for all wavelengths and their comparable beam diameters.

III.

Probe range extension up to 1700 nm

When probing in the visible wavelength region several molecular signals can overlap such as
stimulated emission or excited state absorption. This means that at multiple wavelengths complex time dependant transition changes are observed which originate from contributions of the
different processes. Especially for dynamics on comparable time scales with similar amplitudes it can be very challenging to uncover the real molecular behavior and complex multiple
fit algorithm have to be applied. A very smart approach to clearly determine the dynamic of
complex system is to firstly monitor at wavelengths where only one process is present and
then stepwise characterize the entire transient signal. Typically these wavelength are located
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at longer wavelengths. So beside the extended ultraviolet probe light also the an increased
infrared probe range will contribute to complete the molecular picture. A very delicate
method to perform these measurements is to use the fundamental wavelength of the region
whitelight continuum. Beside the spectral instabilities, phase discontinuities, and high intensities, especially the distorted beam profile prohibits serious transient absorption experiments.
To obtain a believable signal in this wavelength regime the wavelength with which the continuum should be generated has to be shifted to longer wavelength. A very advantageous
properties of continuum generation in bulk is that the short wavelength continuum cut-off
stays constant even when pumping with longer wavelength [Bra09]. This leads to octave
spanning continua starting from the ultraviolet and covering the entire visible up to near infrared wavelength.
In the following paragraph we describe in detail how to generate such continua. At first we
generated a infrared continuum by focusing 500 nJ of 775 nm light with a 100 mm lens onto a
4 mm YAG plate. The continuum is comprehensively described in [Bra09]. Then the continuum is amplified in a 3 mm BBO type I cut at 20° by 80 µJ of the 775 nm light in a collinear
geometry. The central wavelength of the signal output of the amplifier is set to 1180 nm and
has a pulse duration of 100 fs and an energy of 4 µJ. The pump light and the idler pulses
which co-propagate with the signal pulses are blocked by filter and the use of dichroic mirrors
for the 1180 nm light. The infrared light is then focused with a 50 mm lens and a numerical
aperture of 0.04 onto a 5 mm moving CaF2 plate. The generated continuum spans from 400 to
1100 nm (orange line figure II2) and is collimated with a 100 mm aluminum spherical mirror.
To block the spectral parts near the 1180 nm pump light, we use a dichroic optic (HR
1200 nm, HT 400

1100 nm, 0°). The pulse to pulse fluctuation over the entire spectrum is in

the range of 2 to 3% rms and are a little higher than the fluctuation of the infrared amplifier
and its seed. After focusing the infrared probe light on the sample we collimate it sand disperses it with a 68.7° fused silica prism. The dispersed light is then focused with a R
500 mm mirror on a silicium array. For the wavelength calibration we use dichroic optics
(HR 790 nm, 45°) and filters (BG 20 and BG 36).
As first application to demonstrate the potential of the infrared extension we study a donoracceptor system. In this system the absorption band of acceptor and donor are spectrally very
close and overlapping signals are obtained. We excite the molecule at 580 nm and used the
extended infrared continuum as probe light. The transient spectrum for selected delay times is
shown in figure III1. If only the visible continuum from 500 to 700 nm is considered no clear
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temporal dynamics can be determined due to the strong overlap of the donor and acceptor
dynamic. Only if the wavelength region between 800 and 900 nm (which is not available with
the standard setup) is considered the contributions of donor and acceptor can be distinguished.
The lower panel in figure III1 shows the decay associated spectra for donor and acceptor. If
only the visible region is regarded it is obviously that determining the correct decay times is
challenging and not automatically unique. The infrared extension allow monitoring the temporal behavior of donor and acceptor separately and uncovering the real molecular dynamic.

Fig. III1:

Transient signal for donor acceptor system after 580 nm excitation for selected
delay times. Additionally the absorption spectrum of the acceptor (red) and the
donor (blue) and fluorescence spectrum of the acceptor (grey) are shown. The
lower panel shows the decay associated spectra for donor and acceptor.

For several experiments for example at low bandgap polymers or organic solar cells, even this
infrared wavelength extension is not sufficient and light even further in the infrared is needed.
To extend the probe in these wavelength regime we still use the approach of an infrared pump
which generate a continuum in a bulk material. Instead the signal output of the above described amplifier the idler pulses are used to generate a broadband continuum. The pulses
have a central wavelength of 2250 nm, a pulse duration of 100 fs, and an energy of 2 µJ.
Germanium plates are used to block the 775 nm pump light and the 1180 nm signal. The same
geometry (50 mm lens, numerical aperture of 0.04) is used to generated a more than one octave spanning continuum from 700 to 1700 nm (violet line in figure II2). However, the thresh-
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old for self-focusing and continuum generation scales quadratically with the wavelength
[Bra09]. In our setup there is not enough energy available to generate a continuum in calcium
fluoride. Therefore we generate the continuum in a 4 mm YVO4, which has a high nonlinearity and therefore has a significantly lower threshold for self-focusing and continuum generation. The generated continuum is collimated with an R

100 mm spherical silver mirror. To

block the wavelength region around the pump wavelength we used a dichroic optic (HR
1800 nm, 0°, HT 500

1700 nm). The new generated frequencies are dispersed with a SF 10

prism with an apex angle of 60° and then focused with an R

600 mm spherical silver mirror

on an extended InGaAs array (G9203-256D; Hamamatsu Inc.). The array consists of 256 pixels with 50 µm widths and 500 µm height for each pixel. The array is sensitive from 650 to
2200 nm. Analog to digital conversion and electronic read-out are performed with a device
from Stresing Entwicklungsbüro. The wavelength calibration is achieved by interference filter
each 100 nm (FKB-IR-10 - IR bandpass filter kit (10 nm FWHM); Thorlabs Inc.). The stability of the new colors is in the region of 2 to 3 % rms for the entire wavelength region after
proper alignment of the amplifier and whitelight generation.
As first example we investigated the well studied laser dye Malachit Green and excited it at
620 nm.

Fig III2:

transient absorption spectra of malachite green from 300 to 1700 nm reveals hidden intermediate state

To further extend the probe range in the infrared continuum generation with infrared pulses is
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still a well suited method if enough energy can be provided to exceed the threshold. Nevertheless in the infrared the favorable properties of b-barium-borate, lithium niobate and iodate
crystals directly allow the generation of pulses with spectral widths of several hundreds or up
to thousand nanometer. With optical parametric amplifiers such broadband pulses can be generated with energies on the µJ level. In ref [Bradler13] we use this method to introduce a
novel setup for infrared pump-repump-probe measurements.

IV.

Delay time expansion out to milliseconds

To comprehensively study chemical processes the extension to deeper UV and longer infrared
wavelengths might not be sufficient. Many processes does not only consist of ultrafast components on the picosecond time scale but show a dynamical behavior on the nano- ore even
microsecond scale. To fully characterize the inner life of such complexes the delay times between pump and probe pulses have to be tunable between few femtoseconds up to milliseconds. Relaxation to triplet states or intramolecular charge transfers are typical processes
which take place on these time scales. The delay time between pump and probe pulses is often
adjusted by a motorized linear stage which ether delay the pump or the probe pulses. A distance of 30 cm corresponds to 1 ns. However, when delay times of 10 ns or longer should be
realized the delay distance would increase to 3 meter. Such large distances afford low spatial
fluctuations of the laser system, exact alignment of the linear stage, and extremely well collimated beams. Even if this challenges are managed, the natural divergence and the changing
pulse duration due to propagation in air (especially for ultraviolet pulses) complicates the
setup and make reliable measurements nearly impossible.
A better approach to generate longer delay times is to synchronize a second laser system to
the primary source and set the delay time electronically. Here we use a widely tunable laser
system (NT242-SH/SFG; EKSPLA Inc.) which is based on a tunable optical parametric oscillator (OPO) with additional sum- and difference frequency mixing. This allows the generation
of 3

6 ns pulses which are tunable between 210 and 2600 nm with pulse energies of several

tens of µJ. The nanosecond oscillator is used as pump source, the continua from the femtosecond pulses are used as probe pulses. This combination allows to measure from the early
nanosecond time scale up to milliseconds. The few nanoseconds allow to combine the measurements obtained solely from the femtosecond system and to cover 13 orders of magnitude
in time. The jitter between the femto- and nanosecond laser systems is in the range of 10 ps.
Due to the temporal resolution of a few nanoseconds this jitters does not significantly influ-
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ence the signal. Due to the high energy of the nanosecond laser system several spatial filters
and irises can be applied to obtain a round and homogenous beam profile in the overlap region.
To demonstrate the potential of the extended setup we analyze the temporal behavior of a
MeOH-DPMS mixture after excitation with 370 nm pulses. The combined transient spectra of
the anthracene are shown in Figure IV1 and show that after a few nanoseconds an electron is
transferred from the anthracene to the surrounding DPMS.

Fig. IV1:

Transient spectra of an anthracene / MeOH-DPMS mixture after excitation with
370 nm pulses.

At delay times which are comparable to the laser repetition rate special care has be taken to
avoid probing molecules excited by the previous pump pulses. For this purpose flow cells can
be used. The overlap region of pump and probe pulses typically spans over 50 to 100 µm.
With a repetition rate of 1 kHz this leads to a flow velocities of 10 cm per second in the cell.

V.

Increase in fidelity by multi-channel referencing

An often used technique to improve the quality of the measurement in pump probe experiments is referencing. Here a second detector is used to retrieve the transient signal without
pumping. This technique can be very advantageous but contains several challenges. Since a
full description of the situation is out of the scope of this paper we discuss the referencing
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method more detailed in a forthcoming publication. Here we only summarize the obtained
results and show the conclusions for the application in pump probe experiments.
When dispersing the continuum with a prism on a camera one pixel only contains the information of very small spectral region. This information is represented by the amount of light
which is imaged onto this pixel. The electronic readout transform this in a single number

the

counts on the detector. Without pumping the sample this number should be theoretically equal
for each single laser shot. And hence the ratio between the counts of two subsequent continua
(T/T0) should be exactly 1.00 for all pixels without pump. Energy fluctuations of the continuum due to the spatial, spectral, and power fluctuations of the laser, environmental instabilities, the dark current of the detector, or inhomogeneities in the sample lead to deviations from
1.00 for these T/T0. A value that represents how strong these deviations are is the rms which
is defined as the ratio between the standard deviation and the mean of a serious of subsequent
T/T0. In this paper we always analyze 1000 subsequent T/T0. A typical measured curve for
the rms for each pixel is shown in Fig V1 (black curve). Usual values are around 1% rms. One
property of the used laser system and the generated continua is that subsequent pulses are
strongly correlated. This means for the experimental realization that only subsequent pulses
should be used for T/T0. Other averaging methods such as dividing the average of ten subsequent pulses with pump by the average of the next ten pulses without pump will lead to a
lower stability and higher fluctuations.

Fig. V1:

wavelength depending stability of the continuum with (red dotted line) and without referencing (black). The grey are shows the spectrum of the continuum.

A important point is the type of fluctuation. Here the fluctuation of the continuum is not fully
statistically and renders some features. A good way to analyze the fluctuations are zero measurements without pumping. We performed such zero measurements for our laser system. For
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an ideal measurement the value of T/T0 for one pixel should not be correlated to the T/T0 of
neighboring pixel so that every pixel only shows the behavior of the assigned wavelength
region. Nevertheless when performing such a zero measurements we see extreme strong correlations of the T/T0 to the neighboring pixel. Quantitatively the correlation can be expressed
by the Pearson coefficient which is 1.0 for full correlation, -1.0 for full anticorrelation and 0.0
if there is no correlation. Figure V2 shows the correlation of the T/T0 of selected pixels to
their neighboring pixels. Only with referencing (ret dotted line) the correlation of the T/T0 to
the neighboring pixels disappears. A good indicator of the improvement with and without
multi-channel referencing is the stability. Here we get an improvements of factor 5. The stability for each pixel (and wavelengths) is shown in Figure V1 (red dotted line).

Fig. V2:

correlation of T/T0 of selected pixel (100, 250, and 400) to the T/T0 of their
neighboring pixels with (red dotted line) and without referencing (black).

At this point two issues should be mentioned. Surprisingly it is not so important to disperse
the continuum exactly equal on both cameras. A good way to optimize the alignment for both
cameras are filters which are heavily structured. Then all minima, maxima, and sharp edges
can be overlain. The second important issue is that beside the referencing to the second camera also the referencing to the subsequent laser pulse is needed. Due to the not perfect alignment, the different dark currents for both cameras, and environmental instabilities only referencing to the second camera will lead to strong deviations of the real signal. Only when referencing T/T0 on both cameras the lowest deviations can be obtained. Figure V3 shows the experimental realization of the multi-channel referencing. Exactly the same geometry is used for
the sample and the referencing arm to minimize the differences between both branches. The
used mirror to split the continuum roughly reflects 50% of the whitelight and let the remaining 50% pass.
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Fig V3:

Setup for multi channel referencing. Both branches are geometrically equal. The
beam splitter roughly divides the continuum in two equal parts.

To demonstrate that the improvement is not only cosmetically we analyzed an extreme weak
signal. We studied a molecule pumped at 250 nm and excited with only 10 nJ. Figure V4
compares the transient signal obtained with (right) and without (left) referencing. For the case
without referencing we just take the data measured with the signal camera. Although all features can be seen in both measurements the quality and signal to noise ratio is much better
with referencing.
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Fig. V4:

typical measurement of weak transient absorption signals from bio molecules with
and without referencing of T/T0

The improved sensitivity of the setup when working with referencing allow reducing the average time, the optical density of the sample, and the pump pulse energies. All of these three
issues can become necessary if rare samples with fast disaggregating times are studied. More
details on this complex thematic are given in ref. [Bradler13].

VI.

Useful details and improvements

Beside the basic elements such as optical amplifier to generate adequate pump pulses and
broadband continua to cover a wide range of probe wavelengths also helpful tools and techniques are essential for proper and reliable measurements. In this section we will summarize
the most important methods to perform high quality experiments.

A.

Filtering, steering and spectral calibration of probe continua

Continuum generation in solids allows the generation of new frequencies, which are well
suited for pump probe experiments. However, most of the energy of the whitelight is still in
the fundamental region. Since this part of the beam has a different divergence, is very unstable, and show strong spectral modulations, it is not suited as probe light. Additionally the high
intensity would lead to nonlinear processes in the sample what is not in the sense of noninvasive probe continuum and causes damage on the detection cameras. Therefore the fundamental region of the probe continuum has to be blocked. A spectral selector based on prisms or
gratings is principally possible and can be advantageous, but in general it increases the complexity of the system needless. A proper solution are high reflecting mirrors which block the
fundamental region and are highly transmitting for the well suited wavelengths. These filters
are commercially available on demand and can be specified to the desired wavelength region.
The colored areas in Figure VIA1 show the transmission of such filters. A small wavelength
tuning of the transmission and blocking range can easily be achieved by tilting the mirrors. A
very positive effect when using such mirrors is that the alignment of the continuum is much
easier, especially for the UV continua. When generating a continuum with 800 nm or longer
wavelengths the newly generated wavelengths only contains a small part of the energy but are
much brighter for the eyes as the fundamental light. However, when generating the continuum
with UV light the fundamental dominates the visible appearance of the continuum on a business card or beam camera. And since the fundamental beam profile is awful due to all the

Date: August 16, 2012

- 17 -

nonlinear processes on could think that no proper continuum generation takes place although
the newly generated wavelengths are well suited. This can be avoided if the beam profile is
regarded behind such dielectric mirrors where only newly generated frequencies can pass. To
be sure to only analyze the wanted short wavelength part of the continuum and not the accompanying long wavelength part the use of pinholes and filters is needed.
The short wavelength part spatially overlaps with the long wavelength part of the continuum.
The latter dominates the appearance on a business card or on the beam camera. To follow the
wanted short wavelength part wavelength selecting mirrors or filters have be used. Special
care must be taken after dispersive elements to ensure that the entire non visible UV light is
imaged onto the camera.
Another issue which is often not sufficient regarded is the steering of the probe to the experiments. Beside the reflectivity and number of the mirrors, it’s also important that the mirrors
do not destroy the phase and therefore the temporal resolution. Especially for aluminum or
silver mirrors this is not self-evident for all wavelengths of the probe continuum. To check
whether the used mirrors are suited or not we perform a pump probe measurement, with a
50 µm thin BBO plate as sample. In the probe arm we additionally add four mirrors and
compare it to the measurement without mirrors. From this cross correlations the temporal
resolution and the quality of the mirror can be obtained.
Up to now this section describes the proper guiding to the sample, but also the right treatment
of the probe after the experiment is crucial for a successful measurement. The probe continuum after the sample contains all information about the molecular dynamics. To reveal them
it must be spectrally dispersed and each wavelength must be analyzed independently. In ref.
[Meg09] we compare the advantages and properties of different dispersions techniques and
describe how to image a dispersed continuum onto the detection arrays best. We use a prism
to disperse the continuum and a spherical mirror to image it on the single pixel. Therefore it is
essential to know the exact position for every wavelength on the camera. This calibration can
basically be calculated due to known dispersion and focal length, but since the experimental
realization of the described setup allows uncertainties the calibration can be slightly wrong.
A better calibration can be achieved by measuring the throughput of substrates or filters with
known transmission. Well suited for this applications are high reflecting mirrors because they
show an obvious transmission minimum and strong oscillations nearby. Also a set of interference filter allow a good calibration. Important is that the substrates show a clear structure with
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sharp edges, maxima or minima, so that the positions can easily be determined. Figure VIA1
shows different filters and mirrors for the presented probe continua. All filter are inserted under 0° to avoid wavelength shifts on the camera. For the different continua we use the following blocking and calibration filter, which are summarized in table 1.

Fig VIA1: Spectral calibration with interference filter, color glasses and dielectric mirrors
We interpolate the transmission measured with the spectrometer to the known transmission. A
commercial cw transmission spectrometer [] allows to exactly determine the transmission of
any substrate.

B.

Straylight reduction

The important information in transient absorption spectroscopy are the relative changes in
transmission between pumped and not pumped system. Therefore it’s crucial that no additional light, which is not influenced by the dynamic of the sample is detected, because this
would alter the real signal height. Such straylight can be scattered pump light, the dark current
of the camera, or just ambient light. To avoid that this falsify the experiment often the straylight is subtracted in the beginning or at the end of the measurement. Nevertheless conditions
can change during long lasting measurement due to slight degeneration of the sample, accretion of molecules on the surfaces of the cuvettes, or long time fluctuations of the pump. This
becomes especially important if the straylight has the same dimension as the probe continuum
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on the detector and generally for low signals. Therefore we implemented a dynamic straylight
subtraction. After a selectable number measurement points only the straylight is recorded. To
not increase the measurement time significantly we typically choose 10 points, so that the
overall time increases by around 10%. The dynamic straylight is interpolated to all time steps
and than dynamically subtracted. Since this can not be done in situ, we separately save the
pumped and not pumped system. This is possible due to the low repetition rate of the system
and the full read out of the cameras. Fig VIB1 shows two transient absorption signals obtained from one dataset, once with a straylight correction only at the beginning (a) and once
with a dynamic straylight correction (b).

Fig VIB1: Comparison between transient absorption signal with static and dynamic straylight correction. Both transient spectra are obtained from the same data set.
The pump wavelength is 250 nm and its straylight increases during the measurement. In (a)
this is not corrected dynamically and leads to an decreasing relative transmission change. This
could be interpret as a shifting band and connected to chemical processes or temperature effects, although none of then are apparent.

C.

Transport of nanosecond tunable pump by multimode fiber

Extending the temporal delay between pump and probe up to milliseconds often can reveal
new photochemical and photophysical processes. The experimental implementation princi-
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pally simple because of the electronically generated time delay. Nevertheless the steering of
these pulses to the experiment can become challenging due to compact and complex setups
and the not freely selectable position of the optical elements and lasers. One successful possibility to transfer optical pulses are large multimode fibers. Since the delay is generated electronically, even distances of several meters can easily be compensated. Typical needed length
are commercially available and multimode fibers allow reasonable in- and throughput so that
optical pulses can be guided to any positions on the table or even to neighboring laboratories.
However, only nanosecond pulses are well suited due to the pulse lengthening of short pulses
after propagation in such long fibers.
Typical fibers have a core diameter of 200 µm and consists of fiber glass. Powers of up
100 mW can be launched into the fiber without causing damage. Throughputs are measured to
30% and higher, depending on the wavelength and input beam parameter. We used optical
fibers from fibers.

D.

Pump optimization and insitu characterization

In the early times of spectroscopy the laser wavelength determines the usable wavelength,
because only harmonics and the laser wavelength itself were available. However, this set of
wavelengths only matches for selected molecules. To study the object of interest a fully tunable pump must be provided. Combining continuum generation, optical parametric amplification, and further nonlinear processes like sum or difference frequency allows the generation of
pulses spanning from the deep-UV from below 200 nm up to the infrared up to above 5 µm.
Figure VID1 shows selected pulses from this tuning range generated with modules of the
NOPA family, which are also commercially available.

Fig. VID1: Tuning range of sub-50 fs pump pulses derived from the NOPA family
Beside providing the correct wavelength for the experiment also a well characterization of the
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pump pulses is essential to determine the pump conditions. The important parameters are the
spectrum, the energy, the size, the stability, and the pulse duration. Except the last point this
parameter can be directly measured with the help of a spectrometer, powermeter, beam profiler, and diode. The only more complicated part is the pulse duration, especially when pumping in the ultraviolet region. Homann et al. presented a method based on two-photon absorption which allows to measure the pulse duration as it is at the samples position. Fig VIE1
shows the experimental implementation into our setup.

Fig. VIE1: schematic setup of two photon based autocorrelator for pulse duration measurement of UV pulses
By inserting a fused silica plate in the pump beam a weak copy of the pump is generated. This
reflex will be temporally and spatially overlapped with the original pump at the sample position. This causes two-photon absorption, if selected materials are placed in the spatial overlap.
By changing the time delay between the two pulses this two-photon absorption varies and this
allows to determine the actual pulse duration at the samples position. Further details on the
technique and the concrete setup can be found in [Ho11]. With all these data the pump conditions can be reconstructed.

E.

Time zero and continuum chirp determination

Finding the temporal overlap between to femtosecond pulses can be extreme challenging. The
first approach should always be a length measurement of pathways of probe and pump beam.
This can be done just with a folding rule or measuring the time delay between both pulses
with a photodiode. However this only allows to determine roughly the temporal overlap. A
better way to find the exact time zero is to use laser dyes or other molecules with long living
and strong signatures. The idea is based on having a strong signal if the probe comes after the
pump and no signal otherwise, and iteratively finding the time zero. Fig VIE2 shows well
suited dyes and molecules for different excitation wavelengths.
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Fig. VIE2: various laser dyes for determination of time zero
All of the presented molecules can be used with ethanol as solution and in a 1 mm or a flowthrough cell, so that the time zero directly can be determined.

VII. Summary and outlook
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Tables
TABLE O: Overview about beam parameter for probe continuum generation
pump wavelength

beam parameter

equipment

257 nm (3Z)

200 nJ, 170 fs, NA 0.03

300 µm BBO type I (30°) for SHG
300 µm BBO type II (62.7°) for THF

387 nm (2Z)

400 nJ, 170 fs, NA 0.03

300 µm BBO type I (30°) for SHG

775 nm (1Z)

1.0 µJ, 170 fs, NA 0.03

1180 nm (IR-OPA)

1.5 µJ, 80 fs, NA 0.06

signal of IR OPA

2100 nm (IR-OPA)

2.1 µJ, 80 fs, NA 0,06

idler of IR-OPA

TABLE I: Overview about blocking and calibration filter for probe continua
continuum pump

blocking filter

calibration filter

257 nm (3Z)

HR 275 nm (0°)

387 nm (2Z)

HR 360 nm (0°)

HR 226 nm (45°)
HR 248 nm (0°)
HR 275 nm (45°)

775 nm (1Z)

HR 800 nm,
HT 270 720 nm (0°)

1180 nm (IR-OPA)

HR 1200 nm,
HT 400 1100 nm (0°)

HR 790 nm (45°)
BG 20

2100 nm (IR-OPA)

HR 1800 nm,
HT 500 1700 nm (0°)

interference filters all 100 nm
HR 1200 nm (45°)
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WG 320
RG 695

GG 475
BG 20

TABLE II:

Solvent dependent absorption maxima of the investigated molecules.

laser dye

Omax(nm)

ODmax(mOD)

p-Terphenyl

280

0.60

styrene

300

0.55

HBT

320

0.30

Stilbene 3

350

1.0*

Flavin

350

0.20

POPOP

360

0.75 *

Coumarin 151

380

1.3 *

Coumarin 152 A

400

2.1

Coumarin 153

430

1.8 *

Fluorol 7GA

450

1.3

DCM

470

1.6

Rhodamine 110

505

2.4 *

Rhodamine 6G

530

2.6

Rhodamine B

555

2.8 *

Sulforhodamine B

560

2.8 *

Nile Blue

625

7.5 *

Oxazine 1

650

9.0 *
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Abstract: Generation of sub-10 fs continuum pulses without external compression is
demonstrated. We investigate the propagation of the newly generated wavelengths
and find that a short crystal in combination with an achromatic telescope leads to
nearly chirp free continua

New insights into bulk Filamentation
Supercontinuum generation (SCG) in bulk material is a generally applicable method
to broaden the spectrum of femtosecond laser pulses at various wavelengths. The Fourier limit for a possible compression of, e.g., an 800 nm pumped continuum from sapphire, amounts to about 4 fs. Yet, no results have been published which show that
bulk continua have intrinsically such short pulse durations. This is in striking contrast
to the situation in continua generated in gas-filled hollow core fibers or in gas filamentation. There compression to below 4 fs has been shown. In precise investigations
of the continuum generation and propagation we now find that the inability to compress the continuum stems from the highly wavelength dependent effective generation
locus and propagation. This knowledge gives us the chance for ideal control of the
process and therefore the ability to generate sub 10 fs pulses without the use of any
external compression scheme. This validates that the new frequencies generated during filamentation develop highly coherently.

Propagation properties of new frequencies and generation of sub10-fs pulses during SCG
Two processes should be differentiated when the over-all appearance of continuum
generation in a bulk material is considered. First, the spatial area or depth into the material where the new colors are developing has to be considered. Second, the propagation in the remaining material before exiting into free space has to be understood.
That these issues are far from trivial is proven by the fact that a full collimation of a
bulk continuum has not been reported and consequently the full temporal compression
has not yet been achieved. In preliminary experiments we imaged the continuum from
a 3 mm sapphire with a singlet lens and found that the blue part of the spectrum focuses earlier than the red part. In a semi-quantitative interpretation this could be attributed to the chromatic error. To circumvent this issue, we used a Schiefspiegler [1]
that images all spectral components without chromatic error. We still found the blue
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spectral components focused earlier. An explanation would be that during filamentation all colors are generated at once, but short wavelengths fall behind the filament
channel because of their lower group velocity. Without guiding by the filament, they
start to diverge. The wavelengths close to the pump follow the channel longer and diverge later, leading to the observed color dependent propagation.

Fig 1 a) Scheme of bulk continuum generation and wavelength dependent beam propagation. b)
Fluorescence of Rhodamine 6G (green) and Oxazine 1 (orange) to monitor the beam propagation
during filamentation in ethanol. c) All colors diverge equally in a short crystal.

To verify this concept, a continuum is generated in ethanol and monitored from the
side with a high resolution camera. To visualize the propagation of selected wavelength ranges we use a solvent (instead of sapphire) and Rhodamine 6G (absorbing
around 530 nm) or Oxazine 1 (627 nm) were added separately. These laser dyes partly
absorb the newly generated light and fluoresce so that the beam propagation can be
monitored from the side. Fig 1 (b) shows the corresponding fluorescence signal and
the side view from filamentation in ethanol with Rhodamine 6G (top). A strong signal
is only found when the light has already broadened from the 8 µm filament and the
dye absorption is not saturated as inside the channel. We find that different colors
start to diverge at different positions in the solvent. Our proposed model is confirmed
and we can explain the difficulty of properly imaging a continuum. To avoid the
wavelength selective propagation, the continuum has to be generated at the very end
of the crystal. The crystal should be terminated at the dashed line in Fig 1 (a) so that
no spectral and local separation occurs and all colors start to diverge simultaneously
as shown in Fig 1 (c). We find a short crystal length on the order of 1 mm suitable.
This should lead to a chirp free continuum as the newly generated colors pass through
no extra material, and all colors having the same spatial properties. With a 1 mm sapphire plate, we optimize the continuum generation onto the output face. A careful
alignment still renders a continuum with little fluctuations. The pump source is a
small fraction of the output of a Ti:sapphire amplifier (CPA 2001; Clark MXR) with a
pulse duration of 170 fs and a central wavelength of 778 nm, focused with a
f = 50 mm plano-convex lens. We obtain a continuum spanning down to 430 nm. For
an anastigmatic and achromatic collimation or imaging of the generated continuum
we use a reflective Schiefspiegler telescope [1], consisting of a suitable combination
of a convex and a concave mirror. This allows us to measure the pulse duration of the
newly generated frequencies with a SHG intensity autocorrelator without the loss of
any frequencies due to aberrations. The main peak of the autocorrelation signal corresponds to a 7 fs continuum pulse.
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Fig 2 a) Schiefspiegler geometry for imaging the newly generated colors of a 1 mm sapphire continuum and autocorrelation trace demonstrating a 7 fs pulse. b) Transient absorption measurement in
200 µm GG400 to determine the chirp of the continuum generated in a 1 mm sapphire plate.

For a better insight into the spectrotemporal distribution of the continuum and to
show that the autocorrelation signal does not correspond to a coherence spike [2] due
to the complexity of the continuum pulse, the chirp of the sapphire continuum is determined with our transient spectrometer [3]. Fig 2 (b) shows the transient signal of
the continuum generated in the 1 mm sapphire plate. With a 200 nJ, 25 fs pump pulse
at 470 nm and the sapphire continuum as probe we measured the cross correlation via
two-photon absorption in a 200 µm GG400 (Schott AG) substrate. Two-photon absorption of pump and probe only occurs for temporal overlap and allows determining
the group delay for every wavelength. Since only reflective optics are used in the
probe beam path, the signal represents the intrinsic spectral chirp of the continuum after propagation through just a short length of air. Fig 2 (b) shows that all spectral
components from 500 to 700 nm coincide in time. The chirp for the short wavelength
range mainly originates from the propagation in air. These chirped components of the
pulse appear as broad and structured wings in the autocorrelation trace.

Conclusion & Outlook
It is possible to obtain sub-10 fs white light pulses directly from bulk filamentation. In
the literature only a few examples for white light compression can be found, but until
now the appropriate setup always is accompanied by huge complexity. By studying
the propagation properties of the continuum we found a straightforward way to simplify the effort for generation of short continuum pulses. An elaborate apparatus can
be replaced by a lens, a 1 mm sapphire plate and the adequate adjustment for the incident pulse energy. With the imaging by a Schiefspiegler also any chromatic aberrations as well as astigmatism can be avoided. Such pulses are highly interesting for
broadband amplification, ultrafast 2D spectroscopy, or spectroscopic experiments.
[1] A. Kutter, Der Schiefspiegler: Ein Spiegelteleskop für hohe Bilddefinition (Weichhardt, 1953)
[2] Rick Trebino, Frequency-Resolved Optical Gating: The measurement of Ultrashort Laser Pulses,
(Kluwer Academic Publishers, Boston / Dordrecht / London, 2000), Chap. 4
[3] U. Megerle, I. Pugliesi, C. Schriever, C.F. Sailer, E. Riedle, "Sub-50 fs broadband absorption
spectroscopy with tunable excitation: putting the analysis of ultrafast molecular dynamics on
solid ground", Appl. Phys. B 96, 215-231 (2009).
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Abstract: Two sub-ps MHz range Yb-based lasers are used to pump NOPAs at 343
nm. A SHG driven supercontinuum allows tuning down to 395 nm. For a 1-ps pump,
supercontinuum seeding is applicable, the pulses are compressed to the 20-fs regime
with a potential for sub-10 fs.

Optical parametric amplifiers pumped by Yb-based lasers
For many years the generation of powerful ultrashort pulses was dominated by
Ti:sapphire oscillators and amplifiers. Optical parametric amplifiers (OPA) were developed to provide full spectral tunability. The introduction of noncollinear phase
matching (NOPA) and chirped parametric amplification (OPCPA) enables to generate
some of the most intense, shortest and most widely tunable pulses available today.
NOPAs were originally pumped by the SHG of kHz Ti:sapphire systems with a pulse
duration around 100 fs. This allows efficient continuum generation to be used as seed
light and provides a high intensity in the amplifier. Recently, the development of femtosecond lasers has turned to Yb-based active media, because higher average powers
are achievable with diode laser pumping. The consequences are a central wavelength
around 1030 nm and pulse durations not significantly below one picosecond. Pumping a NOPA with the SHG at 515 nm [1] and BBO as active material resulted in a
shortest output wavelength of 600 nm. With THG pumping [2] 387 nm should be
reachable, but was not yet demonstrated due to the lack of suited seed light. We now
show in two setups employing newly available Yb-based systems at up to 1 MHz as
pump that the sub-400 nm rang can be reached if a SHG-pumped continuum is used
as seed. We generate tunable blue pulses with Fourier limits in the 10 fs range. With a
1 ps, 300 kHz pump system we generate a stable continuum and subsequently amplify
major spectral parts into powerful pulses with the potential of sub-10 fs duration.

Fully utilizing the tuning possibility of a 343 nm pumped NOPA
In our first series of experiments we use a 20 W fiber-based system (Tangerine fs,
Amplitude Systemes) delivering 1030 nm pulses with 20 µJ pulse energy and 300 fs
pulse duration. The system is operated at 200 kHz for development and 1 MHz for
full output. To generate 343 nm pump pulses (see Fig. 1 a) we frequency-triple the
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major part of the pulses in a sequential arrangement of a type I doubling BBO and a
type II BBO [2] to obtain 3 µJ UV pulses.

Fig 1 a) pumped by 343 nm pulses. b) Supercontinuum (SCG) generated by pumping with 515 nm
pulses. Spectra of pulses tunable from 395 to 630 nm with Fourier limits below and close to 10 fs. c)
Autocorrelation of 425 nm pulses.

For the seed light generation, part of the 1030 nm pump is frequency doubled in a
0.8 mm BBO crystal. The SHG pulses with an energy of 750 nJ are spectrally filtered
with dielectric mirrors and focused onto a 4 mm thick YAG crystal [3]. The observed
continuum (Fig. 1 b) contains spectral components well below 400 nm and with a
thicker crystal down to 350 nm. The high-wavelength cutoff is above 650 nm. Significant parts of this extremely wide spectrum are amplified in a NOPA employing a
3 mm BBO crystal cut at 32.5°. Typical output spectra are shown in Fig. 1 b with
Fourier limits between 10 and 20 fs for the entire range. The shortest central wavelength reached is 395 nm, limited by idler absorption at around 3 µm. When optimized for output power, the pulse energy exceeds 1 µJ, corresponding to a 40 %
quantum efficiency in the nonlinear conversion of the pump light. The pulses are
compressed with fused silica prisms. A typical autocorrelation at 425 nm is shown in
Fig. 1 c, showing a sub-20 fs duration that is limited by higher-order chirp, but still
highly competitive with alternative methods for generating tunable blue pulses at high
repetition rate. We also frequency double the NOPA output and generate pulses
down to 210 nm in a single additional conversion stage. The observed spectral width
is only limited by the acceptance bandwidth of the BBO crystal, providing possible
pulse durations of below 20 fs. Altogether, the system now provides fully tunable 1020-fs pulses from the deep UV all the way up to 630 nm without any wavelength
gaps. The additional range up to 950 nm can be reached with a NOPA pumped by the
residual 515 nm light, which is already integrated in the actual amplifier layout.

Continuum-seeded NOPA with 1 ps 130 W pump pulses
The second pump system is a diode-pumped regenerative Yb:YAG disk amplifier
based on a previous design [4], but operating at 50-300 kHz. The output power is up
to 130 W at a central wavelength of 1032 nm and the pulses have 1 ps duration. The
main challenge with these long pulses is the seed light generation. Here, we report on
a stable supercontinuum generated with 7 µJ at 1032 nm in a 4 mm YAG crystal. This
is the basis for the subsequent amplification in the NOPA, without resorting to external seed sources such as a synchronized Ti:sapphire oscillator. The continuum extends from below 500 nm up to the pump wavelength (Fig. 2 a). Using frequency-
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tripled 6.7-µJ pulses for NOPA pumping, we are able to generate tunable pulses in the
green spectral range with up to 1 µJ output energy and Fourier limits close to 10 fs
(Fig. 2 c). At specific phase matching conditions, pulses with a Fourier limit of 6 fs
can be obtained as a consequence of the long pump pulse length. With a compressor
made of two SF10 prisms at less than 1 m of separation, the pulses were compressed
to the 20 fs regime (Fig. 2 b). This represents a pulse shortening by a factor of 50.

Fig 2 a) Continuum generated from 1-ps 1030 nm pulses and broadband NOPA output. b) Autocorrelation of 550 nm pulses. c) Tuning range of the 344-nm-pumped NOPA with Fourier limits.

In a first application, we produced narrow-band tunable pulses with a slit in the prism
compressor and studied the performance of a femtosecond electron gun in dependence
on the photoemission wavelength. We found that the two-photon photoemission regime with visible pulses reproduces earlier results with ultraviolet pulses [5]. The duration of the electron pulses decreases and the coherence increases as the photon energy approaches half of the work function. This result proves the applicability of a
powerful picosecond laser at 50-300 kHz, which is powerful enough for providing
tunable pump pulses for femtosecond electron diffraction and microscopy.

Towards new applications of wavelength-tunable MHz 10 fs pulses
The presented experimental results show that the presently evolving Yb-based ultrashort pulse sources operating at up to MHz repetition rate and with pulse durations
close to 1 ps can be efficiently used to generate pulses tunable from 210 to 950 nm.
Pulse durations below 20 fs are demonstrated and sub-10-fs capability is found. With
both pump lasers, a supercontinuum generated in a YAG crystal is used as seed and
avoids the need for elaborate temporal synchronization. Due to the high repetition
rates, many new applications that need extensive scanning or a high degree of averaging together with a resonant excitation now become feasible.
[1] C. Schriever, S. Lochbrunner, P. Krok, and E. Riedle, Opt. Lett. 33, 192-194 (2008).
[2] C. Homann, C. Schriever, P. Baum, and E. Riedle, Opt. Express 16, 5746-5756 (2008).
[3] M. Bradler, P. Baum, and E. Riedle, Appl. Phys. B 97, 561-574 (2009).
[4] T. Metzger, A. Schwarz, C. Y. Teisset, D. Sutter, A. Killi, R. Kienberger, and F. Krausz, Opt.
Lett. 34, 2123-2125 (2009).
[5] P. Baum, Chem. Phys. 423, 55–61 (2013).
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Sammendrag:
The invention relates to a tunable optical light source spanning the UV-range and possible also the visible and
near-IR wavelengths. The tunable optical light source comprises, an input light source, a focusing element, a
non-linear crystal arranged to convert the frequency of at least part of the output spectrum of said super
continuum source, and a holding unit for said nonlinear crystal. The input light source is a super continuum
light source with a spectral bandwidth of at least about 300 nm and the holding unit is adjustable for changing
the frequency converted output wavelength of the non-linear crystal wfC such that the lowest obtainable
output wavelength wuv of said tunable light source is ultraviolet.
The invention further relates to an illumination source and an optical measurement system.
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Pulsed UV-light source
TECHNICAL FIELD
The present invention relates to a tunable pulsed light source spanning the
UV range and suitable for use in an illumination source and/or an optical
5

measurement system. The invention also relates to an illumination source as
well as an optical measurement system comprising such tunable pulsed light
source.
BACKGROUND ART
Optical measurement systems are frequently used to analyze biological and

10

chemical substances. In e.g. confocal microscopes a fluorophor is added to
the substance under test. A laser light is used to excite the fluorophor, and
when it subsequently decays radiatively a camera can detect its position.
Light is also used to study physical, chemical and biological reactions, which
typically occur on a femtosecond (fs) to nanosecond (ns) scale. This is
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conventionally done by having a pump laser and a fs probe laser, which is
slightly delayed compared to the pump laser.
In order to analyze many different samples and substances the optical
measurement system should preferably contain several laser wavelengths.
This can be achieved by combining multiple single line width lasers and/or

20

having a tunable light source.
Applications within the field span light sources all the way from the UV (10400 nm) through the visible (400-800 nm) to the near-IR region (800-2500
nm). E.g. to analyze spectra of gaseous benzene it is often preferred to
measure spectra from 210 nm to 300 nm, whereas e.g. to analyse wheat it is

25

normally preferred to span from 750 nm to 2500 nm.
The preferred choice of light source varies for different applications. Some
examples are thermal sources or Ti:sapphire lasers for near-IR wavelengths,
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and Ti:sapphire based non-collinearly phase matched optical parametric
oscillators for visible and UV wavelengths. Within the last decade fiber-based
systems have also been used to generate broad-band sources, examples
include frequency combs spanning 530 nm to 2100 nm (e.g. FC1500-250-WG
5

Optical Frequency Synthesizer from Menlo Systems) and super continuum (SC)
sources spanning 400 nm to 2400 nm (e.g. SuperK EXR-15 from NKT
Photonics A/S or WhiteLase SC400 from Fianium Ltd). Other examples include
sub-nanosecond pulsed LEDs, such as e.g. the PLS series from PicoQuant,
which have pulselengths down to 500 ps and can reach up to 80 W output
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power in the visible range and around 1 W in the UV. Here PicoQuant notes
that 1 W is still sufficient to use the source as an efficient fluorescence
excitation source.
Another approach is to frequency double, triple or quadruple optical pulses to
obtain shorter wavelengths. These processes are commonly referred to as
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second, third and fourth harmonic generation. For brevity, all these processes
will in the following be described as frequency doubling, i.e. the term
frequency doubling should be understood to include harmonic generation of
any order.
Frequency doubling can be obtained by sending light pulses with a high
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intensity through a non-linear crystal. Inside the non-linear crystal some of
the light photons combine to create light at the doubled frequency (and thus
half the wavelength) whereas other parts of the light traverse the crystal
without being doubled; see figure 1. Accordingly the output beam from the
crystal will contain light at both the original frequency f1 and the doubled

25

frequency 2f1.The amount of light at the different frequencies depends on the
degree of phase matching between the photons at the fundamental and
doubled frequency (i.e. f1 and 2f1). The phase matching again depends on
the intensity, spectral content and angular dispersion of the incoming light,
but also on the crystals material, length and how it is cut.
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For un-dispersed incoming light, the path length inside the crystal where
there is phase matching is inversely proportional to the bandwidth of the
incoming light. Thus extremely short crystals have been used for frequency
doubling broad band pulses, for example Szabo states that for frequency
5

doubling a 50 fs beam at 496 nm the crystal length should be shorter than
0.07 mm if the light is un-dispersed (Broadband frequency doubler for

femtosecond pulse, G. Szabo and Z. Bor, Appl. Phys. B. 50, page 51-54, 1990,
see first paragraph on page 51).
Frequency doubling in short non-linear crystals is enabled by increasing the
10

light intensity, since the degree of frequency doubling generally increases
with the intensity of the incoming light. However, high intensity light will often
lead to degradation of the crystal and hence limit its lifetime. This is in
particular the case for conversion to wavelengths in the UV region.
For broad band sources, it has been shown that angularly dispersing the light
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before the non-linear crystal enables obtaining phase matching over a wider
bandwidth. E.g. the prior mentioned reference by Szabo showed that
dispersing the beam on a grating prior to the non-linear crystal enables
doubling 10 fs pulses at 496 nm in a 1 mm long crystal, see fig. 2. For
reference 10 fs pulses at 496 nm must have a bandwidth of at least 25 nm

20

(Fourier transform limit).
The idea of dispersing the light before the crystal was experimentally
demonstrated in a paper by Baum (Tunable sub-10-fs ultraviolet pulses

generated by achromatic frequency doubling, Peter Baum, Stefan
Lochbrunner, Eberhard Rielde, Optics Letters, vol. 29, no.14, July 15, 2004,
25

page 1686-1688). Here a set of prisms between the laser and the doubling
crystal are used to enhance the doubling bandwidth by a factor of 80 and
obtain a tunable source from 275 – 375 nm with < 10 fs pulse length and a
360 m thick BBO crystal, see figure 3.
A similar approach has furthermore been used to demonstrate a tunable
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source from 460 nm to 900 nm with < 50 fs pulse length (Generation of 10 to
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50 fs pulses through all of the visible and the NIR, Appl. Phys. B, 457-465,
2000, E. Riedle, M. Beutter, S. Lochbrunner, J. Piel, S. Schenkl, S. Spörlein, W.
Zinth).
Such a system is well suited for experiments requiring tunable very short fs
5

pulses in the UV or visible range. However, it has a large cost, is complex to
operate and requires highly skilled operators, and thus also has a large cost
of ownership.
A lot of bio-optical applications require time resolved measurements but not
necessarily on a short fs scale. Some examples include time resolved

10

fluorescence, time correlation single photon counting, single molecule
detection, intrinsic fluorescence, time resolved photoluminescence, UV
polymerisation of resin, DNA sequencing, confocal microscope, FLIM, FRET,
flow cytometry, cell-sorting, spectroscopy and food analysis.
Thus there is a commercial market for a low cost tunable light source
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spanning the UV-range with an output of at least 1 W. The addressable
market further increases if the tunability can be extended into the visible
and/or near-IR wavelengths.
DISCLOSURE OF INVENTION
In view of the foregoing an object of the present invention is to provide a low

20

cost tunable light source spanning the UV-range and possible also the visible
and near-IR wavelengths.
This and other objects have been solved by the invention as defined in the
claims and as described herein below.
It has been found that the invention and embodiments thereof have a

25

number of additional advantages which will be clear to the skilled person from
the following description.
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The tunable pulsed light source of the invention comprises a super continuum
light source with a pulse length of at least about 300 femtosecond and a nonlinear crystal, which can be adjusted to enable tuning the output spectrum of
the tunable source such that it comprises wavelengths in the UV range and
5

simultaneously having an output of at least about 1 W. The UV range is
herein defined to be in the range from about 10 to about 400 nm.
In view of the prior art the traditional approaches for frequency doubling of
broad band light sources are to use very short non-linear crystals and
increase the intensity and peak power of the light incoming on said non-linear

10

crystal and/or to disperse the light prior to reaching said non-linear crystal.
Fiber laser super continuum sources (super continuum sources where the
amplifier chain is all-fiber) are very broad band, and compared to the cited
prior art have low peak power. Hence heretofore the present invention it was
expected that it would be very difficult to frequency double these light
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sources and accordingly that a useful output using such super continuum light
source would be practically impossible to achieve.
Surprisingly, the inventors have discovered that it is possible to frequency
double SC sources with a relatively simple and inexpensive frequency
doubling set-up, and that the output spectral density can be in the order of

20

W, such as at least 1 W, which is sufficient to detect the pulses and hence
enabling use of such light source for a number of bio-optical measurements.
The tunable pulsed light source of the invention comprises

25

!

an input light source;

!

a focusing element;

!

a non-linear crystal arranged to convert the frequency of at least part
of the output spectrum of said super continuum source; and

!

a holding unit for said non-linear crystal.

6

DK 2012 70597 A1

wherein the input light source is a super continuum light source.
The super continuum light source (in the following also referred to as a SC
light source) has a spectral bandwidth of at least about 100 nm. The holding
unit is adjustable such that it is suitable for changing the frequency converted
5

output wavelength of the non-linear crystal wfc to provide that the lowest
obtainable output wavelength wUV of the tunable light source is in the UV
range.
Furthermore wfc is defined as the central output wavelength of the frequency
converted beam after the non-linear crystal at the given position, orientation

10

and temperature of the crystal.
The lowest obtainable output wavelength wUV of the tunable light source is
defined as the lowest wavelength where it is possible to achieve an output
power of at least about 1 W.
Advantageously the non-linear crystal is arranged to convert the frequency of

15

the SC source. This includes both non-linear crystals optimized for frequency
doubling, sum frequency mixing and other non-linear conversions.
In one embodiment the lowest obtained output wavelength wUV is less than
380 nm, such as less than 360 nm, such as less than 320 nm, such as less
than 300 nm, such as less than 280 nm, such as less than 260 nm.

20

As mentioned in the background section, the central output wavelength of the
frequency doubled beam wfc is determined by the phase matching condition.
Thus it depends on how the light enters, traverses and exits from the nonlinear crystal and on the temperature of the crystal. Thus in one embodiment
the adjustment of the non-linear crystal is performed by changing its position,

25

orientation and/or temperature.
Surprisingly it was found that nearly any translation or rotation stage can be
used for the non-linear crystal. Examples comprise Newport or Thorlabs
standard mirror mounts, rotation stages and translation stages.
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The efficiency of the frequency doubling inside the nonlinear crystal depends
on the beam size. Hence, in one embodiment the holder unit is adjustable to
position the non-linear crystal in the focus position of the light from the focus
element.
5

In one embodiment the adjustment of the holder is computer controlled, so
that the light source has a computer controlled output wavelength. In this
embodiment the holder is advantageously in digital connection (with wire or
wireless) with a computer which is programmed to adjust the holder to the
desired position(s). Thereby the output wavelength wfc can be controlled by

10

the computer. The computer e.g. received feed back from the output light.
In one embodiment the holder unit is arranged to change the phase-matching
angle and thereby the output wavelength wfc without changing the distance to
the focusing element.
However, it is known from literature that some non-linear crystals degrade

15

with time due to the high intensity light impinging on them, see e.g. US
5,179,562. This degradation is typically very local and limited to the area
where high intensity light impinges on the crystal. In one embodiment of the
invention the holder of the non-linear crystal enables both adjusting the nonlinear crystal to enable tuning the light source and moving the non-linear

20

crystal with respect to the incoming beam so that it impinges on a new spot
on the crystal, when the degradation of the currently used spot reaches a
threshold value. An example for detecting the threshold value and moving the
non-linear crystal is shown in patent application WO 2009/095022.
As prior noticed, SC sources have limited peak power. Typically the output
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from SC sources is either diverging or collimated with a spot size on the order
of mm. In order to achieve high intensity on the non-linear crystal it has been
found to be advantageous to include a focusing element before the non-linear
crystal. Examples of such focusing elements comprise mirrors and/or lenses,
and in one embodiment the focusing element is an achromat. In one

30

embodiment the focusing element comprises several mirrors and/or lenses.
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As will be clear to one skilled in the art, the focusing element can either be
integrated in the SC source or it can be an external part relative to the SC
source. Thus in one embodiment the focusing element is placed inside the SC
source and in one embodiment the focusing element is placed outside the SC
5

source.
If the non-linear crystal is placed in the focal point from the focusing element,
then the beam size at the crystal is inversely proportional to the numerical
aperture of the focusing element. Thus to achieve frequency doubling a
minimum numerical aperture is required.
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Advantageously the output from the focusing element has a numerical
aperture of from about 0.001 to about 0.25.
In one embodiment the output from the focusing element has a numerical
aperture of above 0.001, such as above 0.005, such as above 0.01, such as
above 0.015, such as above 0.02.

15

In one embodiment the output beam from the focusing element has a
numerical aperture which is below 0.25, such as below 0.2, such as below
0.15, such as below 0.1, such as below 0.08, such as below 0.06.
Furthermore it has been found that the optimal numerical aperture depends
on the wavelength. Hence in one embodiment the light source comprises an

20

adjustable NA of the output beam from the focusing element, such as an
optical telescope positioned before the focusing element or a variable path
length device.
In one embodiment the focal length of the focusing element is such as at
least 9 mm, such as greater than 14 mm, such as greater than 19 mm, such

25

as greater than 24 mm, such as greater than 29 mm.
For conversion to the ultraviolet it has found to be important using a nonlinear crystal. Advantageously the non-linear crystal is suited for the
converted wavelengths. Examples of suitable crystals are lithium triborate
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(LiB3O5 = LBO), cesium lithium borate (CLBO, CsLiB6O10), -barium borate
(-BaB2O4 = BBO, bismuth triborate (BiB3O6 = BIBO), cesium borate
(CSB3O5 = CBO), Yttrium calcium oxyborate (YCOB), strontium beryllium
borate (Sr2Be2B2O7 = SBBO) and K2Al2B2O7 (KAB).
5

In one embodiment the non-linear crystal is Type I cut, meaning that two
photons having ordinary polarization with respect to the crystal will combine to
form one photon with double the frequency and extraordinary polarization. It
is noted that the maximal numerical aperture (NA) of the non-linear crystal
depends on the crystal material, e.g. a BIBO crystal can obtain a larger NA

10

than a BBO-crystal.
The crystal has a length defined as the length that the optical beam traverses
inside said crystal when it is used for frequency doubling. Some companies
as e.g. Eksma Optics denote this as the crystal thickness.
In one embodiment the length of the crystal is at least 0.5 mm, such as larger

15

than or equal to 1 mm, larger than or equal to 1.5 mm, larger than or equal
to 2 mm, larger than or equal 3 mm, larger than or equal to 4 mm, such as
larger than or equal to 5 mm, such as larger than or equal to 6 mm, such as
larger than or equal to 7 mm.
The focusing element provides a focal point and the light will from the

20

focusing element traverse a focal length to the focal point.
Due to the focusing element, the light will diverge after having traversed its
focal length. In one embodiment the focal point is inside or close to the nonlinear crystal. The frequency doubled light after the non-linear crystal will in
general be weak. In one embodiment the light source further comprises a

25

collimating element receiving the beam from the non-linear crystal. Here
collimating is defined in wide terms as an element that decreases the width of
the beam e.g. over a typical working range used in a lab in order to enable
measuring it. In one embodiment the collimating element is or comprises a

10
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lens or mirror. In one embodiment the collimating element is a lens made of a
material with high UV transmission.
Furthermore it might be advantageous including a wavelength filter after the
non-linear crystal to remove light at unwanted wavelengths, e.g. the light
5

which is not frequency doubled inside the non-linear crystal. Accordingly, in
one embodiment the light source comprises a wavelength filter such as a
bandpass filter or low pass filter, e.g. a filter that has high transmission for UV
light and very low transmission for visible light. In one embodiment the
wavelength filter is an optical glass filter, a low pass filter, a pass band filter

10

and/or a dicroic mirror.
The simple frequency conversion scheme according to the invention has
found to be able to frequency double light from substantially any SC source.
However, the spectral output and tunability will depend on the specific
architecture of SC source. Furthermore the thermal load on the non-linear

15

crystal and the amount of light outside the UV range will depend on whether
the SC source is filtered prior to entering the non-linear crystal. Accordingly,
some preferred embodiments of the SC source will be described in the
following.
In one embodiment the super continuum (SC) source comprises a pulsed

20

master oscillator, one or more amplifiers and a non-linear fiber which
transforms the input pulses into a broad band super continuum. In the
following the repetition rate, pulse length and peak power after the SEED will
be denoted fSEED, tSEED and PSEED. The corresponding properties after the last
amplifier will be denoted fMOPA, tMOPA and PMOPA. Fig. 4 shows an example of

25

such a SC source with two sets of amplifiers, each separated by an isolator.
As will be clear to the skilled person a similar SC source could be built using
either fewer or more amplifiers and isolators. SC sources can also be based
on a Q-switch SEED laser, as e.g. the SuperK Compact from NKT Photonics
A/S. Inside the non-linear fiber the super continuum spreads in time due to

30

the chromatic dispersion of the non-linear fiber. As the chromatic dispersion is
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wavelength dependent, different wavelength of light will in general be offset
with respect to each other and will leave the non-linear fiber at a different
time. Furthermore the pulse duration will vary as a function of the wavelength.
As prior described the pulse length of the super continuum source tSC is
5

defined as the shortest pulse length of the SC source when measured over
the visible range (400-800 nm). Furthermore tSC will increase with the length
of the non-linear fiber. This will decrease the intensity of the light impingent
on the non-linear crystal and hence the efficiency of the frequency doubling.
Accordingly, in one embodiment of the light source of the invention, the

10

length of the non-linear fiber is less than 10 m, such as less than 5 m, such
as less than 2 m, such as less than 1 m, such as less than 0.5 m.
In one embodiment the non-linear fiber is tapered along at least a length
section along its longitudinal axis.
In one embodiment the SEED laser wavelength is between 1000 and 1100 nm.

15

In one embodiment of the invention the pulse length tuv of the SC source tSC is
at least 500 fs, such as more than 1 ps, such as more than 2 ps, such as
more than 5 ps, such as more than 8 ps, such as more than 10 ps, such as
more than 15 ps, such as more than 25 ps.
In one embodiment of the invention the pulse length tuv of the SC source tSC is

20

less than 100 ps, such as less than 50 ps, such as less than 25 ps, such as
less than 15 ps, such as less than 10 ps, such as less than 8 ps, such as less
than 5 ps, such as less than 2 ps, such as less than 1 ps.
Here tSC is defined as the shortest pulse length of the SC source when
measured over the visible range (400-800 nm) with a resolution of 1 nm. This

25

pulse length can e.g. be measured on a streak camera.
In one embodiment of the invention the SC source furthermore comprises a
pulse picker, which is placed between the SEED and the last amplifier before
the non-linear fiber and is arranged to enable reducing the repetition rate to
fMOPA which is lower than or equal to fSEED.

12
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In one embodiment of the invention the repetition rate before the non-linear
fiber fMOPA is at least 500 kHz, such as more than 1 MHz, such as more than 5
MHz, such as more than 10 MHz, such as more than 40 MHz, such as more
than 60 MHz.
5

In one embodiment of the invention the pulse length before the non-linear
fiber tMOPA is at least 300 fs, such as more than 500 fs, such as more than 1
ps, such as more than 2 ps, such as more than 5 ps, such as more than 8 ps,
such as more than 10 ps, such as more than 15 ps, such as more than 25 ps,
such as more than 50 ps, such as more than 100 ps.

10

In one embodiment of the invention the pulse length before the non-linear
fiber tMOPA is less than 1 ns, such as less than 500 ps, such as less than 100 ps,
such as less than 50 ps, such as less than 25 ps, such as less than 15 ps,
such as less than 10 ps, such as less than 8 ps, such as less than 5 ps, such
as less than 2 ps, such as less than 1 ps.

15

In one embodiment of the invention the non-linear fiber is a micro-structured
silica fiber such as e.g. the “SC-5.0-1040” or the “SC-5.0-1040-PM” fiber from
NKT Photonics A/S, Denmark.
In one embodiment of the invention the non-linear fiber is tapered along its
longitudinal axis to increase the amount of light below 450 nm and/or reduce

20

the noise of the supercontinuum source and/or reduce the length of the nonlinear fiber. An example of such a taper can be found in patent application
WO2012028152.
In one embodiment the non-linear fiber is followed by a wavelength filter
prior to entering the non-linear crystal. The wavelength filter removes the

25

wavelength part of the supercontinuum spectrum, which does not contribute
to frequency double light into the UV, but gives a thermal load on the nonlinear crystal. In one embodiment the filter is an optical glass filter, a low pass
filter, a pass band filter, a dicroic mirror, a low pass or a bandpass filter.
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Furthermore frequency doubling only works for one polarization of light,
whereas the other transverses the non-linear crystal nearly unaffected and
furthermore may add undesired thermal load to it. In one embodiment of the
invention there is a polarizing element between the SC source and the non5

linear crystal. The polarizing element e.g be Glan-Taylor polarizing prisms (e.g.
a Glan-Taylor alpha-BBO prism from Laser components), broad band
polarization splitter cubes, polarizers or wire grits.
In one embodiment the output of the SC source is polarized. Here polarized is
taken to mean that the polarization extinction ratio of the visible part of the

10

super continuum is more than 10 dB. A polarized SC source can e.g. be
obtained by using a polarization maintaining or polarizing non-linear fiber
inside the SC source.
In general, the tunability of the light source increases with the width of the
spectral region impinging on the crystal. Accordingly in one embodiment the

15

spectral width of the light impinging on the non-linear crystal is broader than
100 nm, such as broader than 200 nm, such as broader than 300 nm, such as
broader than 400 nm, such as broader than 500 nm. In one embodiment the
spectral width is restricted to wavelength in the visible, i.e. such that a
spectral width of more than 200 nm, preferably as a spectral width of more

20

than 200 nm between 400 and 800 nm. In the context of the present text the
spectral width is defined as the wavelength region where the output spectral
power density is at least about 1 W/nm.
As briefly mentioned, the light source of the present invention comprises
advantageously a non-linear crystal optimized for sum frequency mixing. To

25

achieve frequency conversion in such non-linear crystal requires that two
beams are impinging on it. The frequency conversion will depend on phase
matching between the two incoming beams and the frequency converted
beam. An advantage of this approach is that the second beam can have a
larger intensity than the SC beam and hence increase the efficiency of the

30

frequency conversion. Preferable this second beam is extracted from the SC

14

DK 2012 70597 A1

source, at a position prior to the non-linear fiber and sent through a delay
unit providing a variable delay stage so that it arrives at the non-linear crystal
simultaneously with the output from the SC source. Furthermore the two
beams might be recombined prior to the non-linear crystal, see fig. 15. Thus
5

in one embodiment the non-linear crystal is optimized for sum frequency
mixing between the output from the SC source and a second output extracted
from the SC source prior to that the beam has traversed the non-linear filter.
In one embodiment the second output from the SC source is amplified and/or
sent through a variable delay stage and/or frequency doubled prior to

10

reaching the non-linear crystal.
The addressable market for the light source increases if it is possible to
extend the tunable output range from the UV and into the visible or even
near-IR range. However, as the output of SC sources span these wavelengths
this has found to be relatively easily achieved as will explained in the

15

following.
In one embodiment of the invention, the output of the SC source is split
before the light impinges on the non-linear crystal. A part of the light is sent
through the non-linear crystal to achieve a tunable output pulse in the UV, as
prior described. In one embodiment the remaining part of the light is sent

20

through a tunable wavelength filter, which is adjustable to change the
spectral output after the filter. Examples of such filters are acousto optical
tunable filters (AOTF) or a combination of position dependent optical filters
(such as e.g. Linear Variable Filters from the Danish company Delta). Such
filters are commonly used for filtering existing SC sources, e.g. in the SuperK

25

Varia and SuperK Select products from NKT Photonics, Denmark. In one
embodiment the splitting is done in a polarization splitting element or a
wavelength flattened coupler or splitter. An example of such a broadly
tunable light source is shown in fig. 16. Optionally the two outputs (162, 6)
can be recombined to the same beam path and/or a shutter can be included

30

on either one of or both of the beams.
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The invention also comprises an illumination source for time resolved
measurements comprising a tunable optical light source as claimed and as
described herein.
Advantageously the illumination source is configured for use in time resolved
5

fluorescence and/or time correlation single photon counting.
In one embodiment the illumination source is configured for use in
photoluminescence, DNA sequencing, single photon counting, single molecule
detection, intrinsic fluorescence, time resolved photoluminescence, UV
polymerisation of resin, DNA sequencing, confocal microscope, FLIM, FRET,

10

flow cytometry, cell-sorting, spectroscopy and/or food analysis.
The invention also comprises an optical measurement system for time
resolved measurements comprising a tunable optical light source as claimed
and as described herein in combination with a streak camera, which is an
instrument for measuring the variation in a pulse of light's intensity with time.

15
DETAILED DESCRIPTION OF THE INVENTION
Fig. 1 shows a schematic frequency doubling unit from prior art.
Fig. 2 shows a prior art demonstration of a broadband frequency doubler for
broadband pulses, as published by Szabo.
20

Fig. 3 shows a prior art demonstration of a broadband frequency doubler for
broadband pulses, as published by Baum.
Fig. 4 shows a prior art super continuum source.
Fig. 5 shows a prior art filtering system for a super continuum source.
Fig. 6 shows a tunable pulsed source according to the invention.

25

Fig. 7 shows a tunable pulsed source according to the invention. This
embodiment is used to generate the experimental data shown in figs. 8 to 14.

16

DK 2012 70597 A1

Fig. 8 shows the power spectral density of a SC source 80 and after that the
spectrum has been filtered in a low pass filter 81.
Fig. 9 shows the pulse arrival time as a function of wavelength from a SC
source. The difference in arrival time between the light at 500 nm and the
5

light at 800 nm is more than 600 ps.
Fig. 10 shows a collection of output spectra from a tunable pulsed source
according to the invention.
Fig. 11 shows the spectral power output from a tunable pulsed source
according to the invention for a crystal length of 2 mm 111 and 4 mm 112.

10

Fig. 12 shows the spectral output as a function of the NA at a central
wavelength of 350 nm.
Fig. 13 shows the horizontal 131 and vertical beam radius 132 as a function
of wavelength.
Fig. 14 shows the pulse duration of a tunable pulsed source as measured with

15

a streak camera.
Fig. 15 shows a light source according to the invention, where the non-linear
crystal 3 is optimized for sum frequency mixing.
Fig. 16 shows a very broad band light source according to the invention
where the output extends into the visible range.

20

The figures are schematic and may be simplified for clarity. Throughout, the
same reference numerals are used for identical or corresponding parts.
Further scope of applicability of the present invention will become apparent
from the detailed description given hereinafter. However, it should be
understood that the detailed description and specific examples, while

25

indicating preferred embodiments of the invention, are given by way of
illustration only, since various changes and modifications within the spirit and
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scope of the invention will become apparent to those skilled in the art from
this detailed description.
Fig. 1 shows a schematic frequency doubling unit from prior art. It consists of
a laser light source 1 emitting light photons at a frequency of f1 2, a non5

linear crystal 3 converting some of the light photons to the doubled frequency
2f1 and a wavelength filter 5 for separating the light at f1 and 2f1. To
optimize the frequency doubling the non-linear crystal is mounted in a holder
8 which allows changing the position, orientation and/or temperature of the
crystal.

10

Fig. 2 shows a prior art demonstration of a broadband frequency doubler, as
published by Szabo. The input light is dispersed on a diffraction grating 21
and subsequently focused by a lens 23 to reach high intensity on the nonlinear crystal 3. After the non-linear crystal another focusing element 24 and
diffraction grating 22 are used to achieve the broadband frequency doubled

15

output 6.
Fig. 3 shows a prior art demonstration of a broadband frequency doubler, as
published by Baum. The input light is dispersed on a set of prisms 31 and 32
and subsequently focused by a lens 23 to reach high intensity on the nonlinear crystal 3. After the non-linear crystal another focusing element and set

20

of prisms 33 and 34 are used to achieve the broadband frequency doubled
output 6.
Fig. 4 shows a prior art super continuum source 40. Light pulses are
generated in a SEED laser 41 and amplified in two sets of amplifiers 43, 45, in
between each stage there is an isolator 42, 44. After the last amplifier the

25

light enters a non-linear fiber 46 to generate the super continuum output 47.
Fig. 5 shows a prior art filtering system for a super continuum source. The
output from the super continuum light source 47 is sent through a
wavelength splitter 51, which divides the output into a low wavelength and a
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high wavelength part. Each of these spectra is subsequently sent through a
tunable filter 52, 54.
Fig. 6 shows a tunable pulsed source according to the invention comprising a
super continuum light source 40, a focusing element 23, a non-linear crystal 3,
5

and a holder for the non-linear crystal 8. Ref no. 4 indicates the frequency
doubled output.
Fig. 7 shows a tunable pulsed source according to the invention. In addition
to the elements shown in fig. 6 it comprises a wavelength splitter (51), a
polarizing element 71 arranged to receive the light prior to entering the non-

10

linear crystal 3, a focusing element 23 and a wavelength filter 5 arranged to
receive the light after it has traversed the non-linear crystal. All of these
added features are optional for the invention. Ref no. 6 indicates the
frequency doubled output.
The following text describes a number of experiments conducted with a

15

pulsed source, as shown in figure 7. The SC source 40 is a SuperK EXR-15
from NKT Photonics. The SEED in the SC source has repetition rate fSEED of 78
MHz, and a pulse length tSEED of approximately 5 ps. The SC source was
filtered in a low pass filter 51, which transmits light below approximately 900
nm. After the filter the spectral density of the SC source is more than 1

20

mW/nm from 500 nm to 900 nm. The power spectral density of the source 80
is shown in fig. 8, which also shows the power spectral density after the filter
81.
The pulse arrival time as a function of wavelength from a SC source was
measured on a streak camera from Hamamatsu, and is shown on fig. 9. It is

25

noted that the pulse arrives sooner for larger wavelengths, i.e. smaller arrival
time on the figure. The difference in arrival time for light at 500 nm and a 900
nm is more than 600 ps, which is far longer than the pulse duration. Hence
this prohibits doubling the entire spectrum simultaneously.
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Thus in one embodiment the light source comprises a wavelength dependent
time delay arranged to receive the light after the non-linear filter and before
the non-linear crystal. In one embodiment the wavelength dependent filter
has a delay which decreases with wavelength.
5

After the filter, the light was sent through a polarizing element (61) which
was a set of Glan-Taylor -BBO prisms from Laser Components. The focusing
element 23 is an achromatic lens with a focal length of 25 mm from Thorlabs.
The non-linear crystal 3 is a Type I cut BBO from Laser Components. Crystal
lengths of 2 and 4 mm, and crystal cut angle of 32 degree and 45 degree

10

were tested. The best crystal depends on the application as will be detailed
later.
The collimating element 24 was a Fused silica lens with a focal length of 50
mm from Thorlabs. It was observed that a 30 mm lens also worked well for
the application. It is noted that care should be taken when specifying the

15

coating, e.g. the standard UV coating from Thorlabs ranges from 290 to 370
nm.
The subsequent wavelength filter 5 is intended to remove non-UV light. If not
possible to get the desired contracts with a single filter then multiple filters
can be used, examples include Schott UG5 (250 nm – 330 nm), Schott BG3

20

(300 nm – 350 nm) and Schott BG18 (350 nm – 600 nm). Here the
wavelengths in brackets denote the region where the filter has large
transmission.
A collection of output spectra were taken with a NA of the focusing lens of
0.06 and using a 4 mm Type I cut BBO crystal having a crystal angle of 32

25

degree. The NA was varied by letting the beam propagate different distances
prior to reaching the focusing lens. It could also be varied by using a
telescope prior to the lens.
Fig. 10 shows a collection of output spectra from the tunable pulsed source
according to the invention. One example is the spectra 100 containing

20
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wavelengths from roughly 305 nm to 315 nm with a central output
wavelength wfc of 310 nm. Other examples 101, 102 have central output
wavelengths of around 360 nm and 410 nm.
It is observed that the spectral power density decreases for wavelengths
5

below 300 nm. This is due to that the SuperK EXR-15 power density
decreases below 600 nm and due to the low acceptance bandwidth and angle
of the BBO crystal. Thus the power density in the low wavelength region
could be increased by using a SC source with more power below 600 nm,
such as e.g. SuperK EXW-12 from NKT Photonics and/or by using a crystal

10

with a larger acceptance bandwidth.
The inventors have performed a number of calculations showing that to
frequency double the spectral region between 700 to 900 nm a 4 mm thick
BBO Type I cut at 32° is preferred. However, to double the spectral region
from 500 and 700 nm a 4 mm thick BBO Type I cut at 45° would be the best.

15

Fig. 11 shows the spectral power output from a tunable pulsed source
according to the invention for a crystal length of 2 mm 111 and 4 mm 112.
The power at each wavelength is measured when the pulsed source is
optimized for high output power at this particular wavelength.
Fig. 12 shows the spectral power density as a function of the NA for a central

20

wavelength of 350 nm. The peak power 121 has a maximum with an NA of
0.025; a slightly broader spectrum 122 is obtained with a NA of 0.06. In
general it is found the NA giving the maximum spectral density will vary with
wavelength. Furthermore it is expected that it will be different for different
types of crystals.

25

As mentioned, the set-up used for these experiments contain a focusing lens
24. Fig. 13 shows the horizontal 131 and vertical beam radius 132 as a
function of wavelength.
The pulse length of the UV pulses was measured with a streak camera from
Hamamatsu. It was observed that the pulse length decreased with
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wavelength from 34 ps at 280 nm to 28 ps at 400 nm and 16 ps at 440 nm.
Fig. 14 shows the streak camera measurements at 280 nm 141 and at 400
nm 142.
Fig. 15 shows a light source according to the invention, where the non-linear
5

crystal 3 is optimized for sum frequency mixing. In this embodiment a second
beam is extracted from the SC source, at a position prior to the non-linear
fiber 150, it is redirected on beam manipulating elements 151, 153, and sent
through a variable delay stage 152, and recombined with the output from the
the SC source 154 so that the two beams arrive at the non-linear crystal at

10

the same time as the output from the SC source.
Fig. 16 shows a very broad band light source according to the invention. It
comprises two outputs. The first output origins from the non-linear crystal,
and is similar to the configuration shown in fig. 7. The second output is split
from the first before the light reaches the non-linear crystal in a polarization

15

splitter 71. Subsequently it is redirected by a beam manipulating element 161
and optionally filtered in a tunable filter 52.
It should be emphasized that the term “comprises/comprising” when used
herein is to be interpreted as an open term, i.e. it should be taken to specify
the presence of specifically stated feature(s), such as element(s), unit(s),

20

integer(s), step(s) component(s) and combination(s) thereof, but does not
preclude the presence or addition of one or more other stated features.
All features of the inventions including ranges and preferred ranges can be
combined in various ways within the scope of the invention, unless there are
specific reasons for not to combine such features.
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Appendix Video01
Multifilamentation in a 6 mm YAG plate and liberation of electrons from
the surface for an increasing pump energy
M. Bradler

Appendix Video02
Spectrum, beam profile and side view of multiple refocusing in a 6 mm
YAG plate for an increasing pump energy
M. Bradler
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