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ABSTRACT

This thesis is about the development of coherent Raman scattering techniques
to be applied to microspectroscopy and an associated development of a spe-
cialized light source. The light source is designed to deliver pulses with suffi-
cient power to efficiently generate a nonlinear Raman response, which was ex-
ploited as a contrast mechanism for microscopy, at a high repetition frequency
for fast signal acquisition. Indeed current broad-bandwidth femtosecond stim-
ulated Raman scattering (FSRS) spectroscopy methods allow the extraction of
the full Raman spectrum, but are still limited in sensitivity and thus speed. Rec-
tifying this drawback, the here presented novel interferometric advancements
in FSRS, by the means of a Sagnac interferometer (iFSRS) or an in-line interfer-
ometer (II-FSRS), not only increase the sensitivity of the scheme, but also grant
access to spectral phase information. These improvements of the spectroscopic
scheme in combination with the highly adapted light source enable the acqui-
sition of hyperspectral images, applicable to a wide range of questions in the
life-sciences.

ZUSAMMENFASSUNG

Ziel dieser Arbeit ist die Weiterentwicklung einer kohdrenten Raman Spek-
troskopiemethode fiir die Anwendung in der mikroskopischen Bildgebung und
eine damit verbundene Entwicklung einer spezialisierten Lichtquelle. Die Licht-
quelle wurde konzipiert, um mit einer hohen Impulsleistung effizient nichtlin-
eare Prozesse treiben zu konnen und die erzeugten Signale gleichzeitig mit
einer hohen Wiederholrate aufzunehmen. Besonders geeignet fiir die Anwen-
dung in der mikroskopischen Bildgebung ist die kohdrente Ramanstreuung, da
sie einen chemisch selektiven Kontrast erzeugt. Bisherige breitbandige Anséitze
um zu jedem Bildpunkt die vollstindige spektrale Information zu extrahieren
sind allerdings limitiert in ihrer Sensitivitdt und damit in ihrer Geschwindigkeit.
Die neue interferometrische Erweiterung von Femtosekunden stimulierter Ra-
manstreuung (FSRS) mithilfe eines Sagnac-Interferometers (iFSRS), beziehungs-
weise eines kollinearen Interferometers (II-FSRS) erhoht nicht nur deren Sensi-
tivitat, sondern ermoglicht nun auch den Zugriff auf spektrale Phaseninforma-
tionen. Insgesamt zeigt das entwickelte Gesamtkonzept eine vielversprechende
Anwendbarkeit, um vielféltige Fragestellungen in den Lebenswissenschaften
zu untersuchen.
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MOTIVATION

The microscopic observation of samples is of fundamental interest in a wide
range of scientific disciplines ranging from biology to medicine. Although the
highest spatial resolution is achievable with an electron microscope or an atomic
force microscope, these have the drawback to work either only in vacuum or
on surfaces of a sample. Microscopy based on light exhibits only a spatial res-
olution in the range of hundreds of nanometers [1], but is almost universally
applicable. The contrast mechanism in every microscopic study determines the
degree of discriminability of different constituents within the sample. Simply
exploitable contrasts within light microscopy are for example based on a change
of the optical density or reflectivity, but the possibility for an identification of
ingredients in a sample is limited. In comparison, spectroscopy in general de-
scribes a method, which is used to observe and detect the absorbed or emitted
electromagnetic radiation of a sample under investigation in order to gain a de-
tailed insight into its chemical and molecular composition and thus enables a
chemical specificity. Combined with a microscope, spectroscopic methods allow
for the determination of the spatial distribution of the diverse constituents in a
sample, whereat this combination is also called microspectroscopy [2, 3]. There
is a huge variety of different types of optical spectroscopy, ranging from simple
absorption [4] or scattering measurements, over ellipsometry [5] to fluorescence
spectroscopy [6], all applicable in spectral ranges from x-ray and ultraviolet ra-
diation over the visible to the infrared or even the terahertz spectral range.

A special type of spectroscopy, which is particularly interesting for biologi-
cal applications, namely the Raman scattering spectroscopy, makes use of the
inelastic scattering of photons on vibrational resonances of molecules [7]. Here,
the deposition of energy and thus the probability of an optically induced dam-
age on the sample is minimal, compared to e. g. direct absorption spectroscopy
with ultraviolet radiation. For Raman scattering experiments, light sources with
a wavelength located in the visible and infrared region are of particular inter-
est, because here, most materials exhibit a high degree of transparency and
a low susceptibility towards damage, as long as the intensity is low enough,
not to induce any multi-photon ionization. In spontaneous Raman scattering
spectroscopy, typically a continuous-wave laser in the visible spectral region is
used to excite the vibrational states of molecules, and the spontaneously scat-
tered, frequency-shifted photons are detected [8]. The spectral characteristics
of the scattering medium, related to the multitude of molecular bonds with
their individual resonances, are imprinted onto the detected light field. The re-
sulting Raman spectrum allows for an identification of the involved molecules



and gives rise to a high chemical specificity [9]. In order to implement sponta-
neous Raman scattering as a contrast mechanism into microscopy, the incident
laser needs to be scanned across the sample, and for three-dimensional imaging
the detection of the spectrum needs to be performed confocally point by point
within the volume. In this way, so called hyperspectral images can be acquired,
in which every spatially scanned point contains its full spectroscopic informa-
tion [10]. A limiting factor however, is the low scattering cross-section and the
low signal yield, which results in an acquisition time in the order of seconds
per scanned point.

Nevertheless, this drawback can be resolved by a nonlinear excitation of a
transition. In general, nonlinear spectroscopy is recognized as a powerful tool
to overcome the limitations set by Doppler broadening or to use multiphoton
processes to excite atomic or molecular transitions [11, 12, 13, 14]. Since about
two decades, nonlinear spectroscopy has thus gained importance in biomedical
research, to access vibrational resonances via multiphoton excitation for imag-
ing, as in coherent anti-Stokes Raman scattering (CARS [15, 16]) or stimulated
Raman scattering (SRS [17, 18]). These narrow-bandwidth coherent Raman scat-
tering (CRS) techniques usually are probing a spectrally narrow portion of the
imaginary part of the material’s third-order nonlinear susceptibility x(3) with
two synchronous narrow-bandwidth pulses. In order to change this contrast to
another spectral portion, meaning another Raman resonance, one of the driving
lasers needs to be tuned in its central wavelength in order to acquire so called
multi-spectral images [19].

As an alternative, if one of the two involved pulses is a broad-bandwidth fem-
tosecond pulse, it stimulates all Raman resonances within its bandwidth simul-
taneously. This is exploited either with SRS resulting in the so-called femtosec-
ond stimulated Raman scattering (FSRS [20]) or with the Raman-induced Kerr-
effect, which is called femtosecond Raman-induced Kerr-effect spectroscopy
(FRIKES [21, 22]). These broad-bandwidth CRS schemes are of particular in-
terest, because they allow — in principle — for the acquisition of hyperspectral
images, i.e. images containing the full spectroscopic information as it is the
case with spontaneous Raman scattering [23]. Additionally, the application of
a femtosecond probe pulse enhances the signal generation, because in this case
the peak power is considerably higher, compared to the picosecond probe pulse
used in narrow-bandwidth CRS schemes.

All these CRS techniques require a highly adapted light source that satisfies
various demands: due to the nonlinear nature of the light-matter interaction, a
pulsed operation of the light source is favorable. A high peak power in the order
of kilowatt, owing to a short pulse duration in the order of picoseconds, is de-
sired for an efficiently induced nonlinearity. A careful balance between average
power and peak power allows to avoid optically induced damage in the sam-
ple. Additionally, the CRS schemes require a second synchronous pulse, which



either needs to be of narrow bandwidth with a tunable central wavelength or
of broad bandwidth. The scope of this thesis is to present the development
of the combination of a highly adapted light source and a specialized spec-
troscopic scheme to generate a molecular specific contrast for the application
to microscopic imaging. All requirements for CRS measurement schemes are
addressed in Chap. 2 and fulfilled with the master oscillator power amplifier
system (Sec. 2.1), the subsequent generation of a broad-bandwidth supercontin-
uum (Sec. 2.2) and the development of narrow-bandwidth optical parametric
amplifiers (Sec. 2.3).

In Chap. 3 different existing broad-bandwidth CRS schemes were experimen-
tally implemented and compared to one another in order to investigate their
individual suitability for the application to hyperspectral imaging. Indepen-
dent of the applied light source, there are certain constrains with the different
schemes (Sec. 3.4). Consequently, Chap. 4 is focused on the advancement of
FSRS through the implementation of purely optical interferometric approaches
in order to enhance the sensitivity and to extract even more information from
the stimulated Raman interaction: interferometric FSRS (iFSRS, Sec. 4.1) em-
ploys an unbalanced Sagnac interferometer and achieved an unprecedented
background reduction of 17 dB over a broad bandwidth of 60 THz (2000 cm™),
resulting in a significant increase in sensitivity. Apart from raising the signal-
to-background ratio in the measurement of the Raman intensity spectrum, this
interferometric method granted access to the spectral phase of the resonant
x'3) contribution. The spectral phase became apparent as a dispersive lineshape
and was reproduced numerically with a simple oscillator model. With in-line
interferometric femtosecond stimulated Raman scattering (II-FSRS, Sec. 4.2), an-
other new method to measure the spectral Raman intensity and phase over a
broad spectral range has been introduced. Also here, an analytic model is de-
veloped, that excellently reproduced the measured spectra. Additionally, the
performance of II-FSRS is directly compared in experiments to two established
techniques, namely FSRS and FRIKES. The consequential application of this
broad-bandwidth CRS method to imaging is presented in Sec. 4.3 and allows
for the measurement of hyperspectral images.
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This chapter introduces the light source that has been designed to be applied
for coherent Raman scattering (CRS) methods combined with microscopy, as
presented in Chap. 3 and Chap. 4. These methods impose several requirements
for the light source: one of the most important premises is a pulsed operation
of the light source, as all later exploited effects are nonlinear, so the efficiency
scales with the peak power of the applied light field. Additionally, a stable train
of pulses is required, because in general noise is undesired and the acquisition
of the Raman signal is realized in recording subsequent pulse interactions, such
that fluctuations would distort the signal, especially when the signal amplitude
is small.

For the application of the generated pulses to nonlinear microscopy two con-
tradictory traits, namely the repetition frequency and the peak power, should be
balanced, because they dictate the efficiency of the nonlinear signal yield. Fig. 1
shows a sketch, which illustrates two major limitations that need to be consid-
ered for balancing the efficiency of the signal generation (scales quadratic to the
pulse energy) and the frequency of a generated signal (proportional to the rep-
etition frequency of the light source) depending on the applicable pulse energy
and the repetition frequency. On the one hand, a high repetition frequency is
favored for a frequent signal generation. However, the thermal impact through
heat accumulation by absorption in the sample under investigation impairs es-
pecially rather delicate biological samples [24, 25], suggesting the application
of a reduced repetition frequency. In the later presented microscopic setup, us-



ing a microscope objective with a numerical aperture of 0.6, optically induced
thermal damage in samples became visible by applying continuous-wave radi-
ation with an average power of about 10 mW. Consequently, common oscillator
systems that emit pulses with a repetition frequency of about 40 to 100 MHz
[26] are limited in the applicable pulse energy to about 100 to 250 p], which
is highlighted with a green rectangle in Fig. 1. On the other hand, the gener-
ated nonlinear signal power scales quadratically with the peak power of the
applied pulses, such that a high pulse energy and a short pulse duration are
desired. As will be shown later, the pulse duration of about one picosecond
is optimal for the stimulation of Raman transitions. With this pulse duration,
the critical power density of about 10! W/cm? [27] for nonlinear destructive
effects like multi-photon ionization is reached at a pulse energy of about 10n],
again assuming a microscope objective with a numerical aperture of 0.6, inde-
pendently of the repetition frequency. This pulse energy is commonly available
and far exceeded with laser systems exhibiting a low repetition frequency in the
range of kilohertz, like regenerative amplifiers [28, 29, 30], which is also marked
with a green rectangle in Fig. 1. With these systems nonlinear signals can eas-
ily be generated, but only at a low repetition frequency. In order to level the
aforementioned issues, the laser system should feature a mediocre repetition
frequency and moderate pulse energy, but such a system is not commercially
available. The exact optimal operation point strongly depends on the individ-
ual sample under investigation, in terms of whether the thermal or nonlinear
damage threshold is reached first. An operation at a repetition frequency of
about 1 MHz poses a promising balance in this context.
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Figure 1: Limitations of the applicable pulse energy depending on the repetition fre-
quency, by applying a pulse with a duration of 1 ps and focusing optics with
a numerical aperture of 0.6. For details see text.

A further prerequisite for the application to CRS is the generation of a stable
and synchronous second pulse, that needs to be tunable in its central wave-
length for the narrow-bandwidth CRS schemes. This is commonly done by elec-
tronic stabilization of two independent oscillator systems [31], by synchronous



pumping of an optical parametric oscillator [32, 33, 34], or by subharmonically
synchronized oscillators [18]. Apart from the aforementioned limitation of the
low pulse energy available with these high repetition frequency systems, these
systems are rather complex. In contrast, regenerative amplifier systems provide
sufficient pulse energy to perform nonlinear frequency conversion in optical
parametric amplifiers rather easily, the application of the generated slowly re-
peating pulses is undesired in spectroscopic schemes, because it would result
in tremendous averaging times if the noise of a single shot measurement is too
dominant [23]. A solution to the addressed issues is presented in this thesis
with the concept of a unique custom-build light source: one primary oscillator
is used from which all required pulses are derived from all-optical techniques,
via amplification and nonlinear frequency conversion. Consequently, all pulses
are intrinsically synchronized to one another, with a precision that is only lim-
ited by the mechanical stability of the experimental setup.

The fundamental master oscillator and power amplifier (MOPA) is presented
in Sec. 2.1! and consists of an all-normal-dispersion femtosecond fiber laser
(Sec. 2.1.1), followed by a chirped pulse amplifier (Sec. 2.1.2). Due to linear as
well as nonlinear distortions within the amplification process, the pulses need
to be shaped in their spectral phase (Sec. 2.1.3), so that they possess sufficient
peak power not only for the application to CRS, but also to drive the generation
of broad-bandwidth supercontinua in bulk media, as shown in Sec. 2.22 The
supercontinua are excellently suited to seed optical parametric processes in
nonlinear crystals, which will be presented in Sec. 2.3%. As a conclusion of this
chapter, Sec. 2.4 discusses further developments of the light source and the
applicability of the broad-bandwidth supercontinuum pulses together with the
MOPA pulses for the coherent Raman scattering experiments presented in the
later Chap. 3 and Chap. 4.

2.1 MASTER OSCILLATOR AND POWER AMPLIFIER SYSTEM
2.1.1 Master Oscillator

The first constituent of the light source is the master oscillator, which dictates
the general pulse characteristics and stability of the whole system. The concept
of the master oscillator was adapted from Chong et al., who presented a pas-
sively mode-locked Ytterbium-doped fiber laser with a rather simple setup [38]

Parts of the experiments in this section have been performed in collaboration with Gerrit L.
Holscher in the frame of his Diploma thesis [35].

Markus Fischedick conducted parts of the presented experiments in the frame of his Bachelor
thesis [36].

Gerrit L. Holscher [35] and Christian Egelkamp [37] contributed to the work presented in this
section through an experimental realization of optical parametric amplifiers in the frame of their
Diploma and Bachelor thesis, respectively.



as it is shown in Fig. 2 (a). It operates in an all-normal dispersion regime, with-
out the need to balance the cavity dispersion with anomalous dispersive ele-
ments like prisms [39], diffraction gratings [40] or chirped mirrors [41]. The
mode-locking mechanism in this all-normal dispersion (ANDi) femtosecond
fiber laser is based on nonlinear effects resulting in nonlinear polarization evo-
lution (NPE), while an additional frequency filter induces self-amplitude mod-
ulation and stabilizes the mode-locked operation [42]. Due to the large nor-
mal dispersion of the cavity, the output pulses are highly chirped, but can be
dechirped down to <200fs [43], while still containing high pulse energies of
more than 10n] [44].
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Figure 2: (a) Experimental setup of the all-normal dispersion fiber laser, comprised of
a fiber part with about 10 m single-mode fiber (SMF), a wavelength division
multiplexer (WDM), which couples light from a pump laser diode (LD) into
the cavity to pump the active Ytterbium-doped fiber (Yb*3). The free-space
part includes quarter- and half-wave plates (QWP and HWP), a polarizing
beam-splitter (PBS), a quarz plate (Quarz), collimating optics (L) and a free-
space isolator (Iso). (b) Optical spectrum as a function of the wavelength from
the output port of the PBS. For details see text.

The ANDi fiber laser (Fig. 2 (a)) consisted of a fully single-mode fiber part
with a total length of approximately 10 m and a free space part of about 40 cm in
length, which resulted in a measured cavity round trip time of about 50 ns. The
central element within the fiber segment was the 30 cm long Ytterbium-doped
fiber (LIEKKI Yb1200-4/125), which was pumped by a 976 nm laser diode
in co-propagating direction via a fiber-based wavelength division multiplexer
(WDM). The residual fiber part was comprised of a standard single-mode fiber
(Corning Hi1060 flex), dominantly contributing to the large normal dispersion
of the cavity. The free-space part included a quarter-wave plate (QWP), a half-
wave plate (HWP) and a polarizing beamsplitter (PBS), which were necessary
for the NPE mode-locking mechanism. A polarization-dependent optical isola-
tor ensured an unidirectional lasing operation. A quartz plate in-between the
two polarizing elements, namely PBS and isolator, formed a Lyot filter [45]
that showed a sinusoidally modulated spectral transmission, which enhanced
the self-amplitude modulation, as explained before. The included quarter-wave
plate enabled a tuneability of the frequency filter and thus the tuning of the cen-



tral frequency of the laser. A third quarter-wave plate was used to adjust the
ellipticity of the pulse polarization in the course of the transit through the fiber
segment. An elliptical state of polarization was essential to allow for nonlinear
polarization rotation, especially where the nonlinearity was highest, i. e. where
the pulse peak power is highest within the resonator. The pulse contained the
most energy in the fiber segment directly after the active fiber and therewith
dominantly induced nonlinear effects at this point. In order to balance the non-
linearity, dispersion and out-coupling ratio per round-trip, the pump power
and the orientation of the waveplates were adjusted for a stable pulsed opera-
tion.

Stable mode-locked operation was achieved with a pump power of about
440mW and yielded 86.2mW of average output power exiting from the PBS.
Prorated with the measured repetition frequency of 20.013 MHz, one pulse con-
tained 4.3 nJ pulse energy. The root mean square (RMS) pulse-to-pulse fluctu-
ations amounted to less than 0.5 % and this highly stable operation was main-
tained over weeks, as long as the ambient conditions stayed constant. Especially
the temperature seemed to affect the oscillator performance considerably, either
by altering the free-space alignment or inducing refractive index changes in the
long fiber part. Consequently, the whole setup was placed in an actively tem-
perature stabilized box, which ensured a long term deviation of less than +1°,
as against 4 3° in the laboratory.

The output spectrum in Fig. 2 (b) is plotted against the wavelength and shows
a full width at half maximum (FWHM) of 11.9nm. It supports a bandwidth
limited pulse duration of 175fs, but the pulses are known to be chirped to
a few picoseconds [38], due to the all-normal dispersion components in the
oscillator. The exact duration is of minor interest at this point, as related to the
unintended nonlinear effects with a subsequent fiber-based amplification, the
pulses were dispersed even more during the applied CPA scheme.

2.1.2 Chirped Pulse Amplification

The power of the master oscillator was scaled by connecting an amplifier chain
in series. In order to reach the desired repetition frequency of 1MHz and for
an efficient enhancement of the pulse energy, the repetition frequency of the
pulse-train was reduced by means of an acousto-optic modulator (AOM), as
schematically shown in Fig. 3 (b). Every twentieth pulse was diffracted into
the first order by an acoustically induced Bragg-grating in a quarz-crystal. The
measured average power of 3.08 mW in the first order at a repetition frequency
of 1 MHz revealed a diffraction efficiency of more than 70 %.

Within the amplification process, the pulse energy and consequently the peak
power was drastically increased. A measurement of the duration of the oscil-
lator pulses was unsuccessful, but assuming a duration of 1.5 ps, as it was ob-
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served in [38, 46], the pulses that emerged from the oscillator still possessed a
peak power of almost 2 kW. This power level was sufficient to evoke nonlinear-
ities like self-phase modulation (SPM [47]) or nonlinear polarization rotation
(NPR [48]) in a standard single-mode fiber, even without any amplification.
While these effects were necessary for the mode-locking mechanism for the
fiber laser, they were undesired in the amplification process. The induced non-
linear phase shift could not be compensated for within a simple compressor. To
minimize the occurrence of nonlinear effects in the first place, the pulses were
highly dispersed, so the peak power was considerably reduced, before the am-
plification process, meaning the chirped pulse amplification (CPA [49]) scheme
was applied.
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Figure 3: Schematic experimental setup of (a) the pre- and main-amplifier, (b) the
MOPA-system, (c) the pulse-stretcher, (d) the pulse shaper and (e) the pulse-
compressor. LD: pump laser diode, SP: splitter, WDM: wavelength division
multiplexer, Iso: optical isolator, Yb*3: Ytterbium-doped single-mode fiber,
DC-Yb*3: Ytterbium-doped double-clad fiber, DM: dichroic mirror, L: colli-
mator lens, HP-LD: high-power pump laser diode, AOM: acousto-optic mod-
ulator, TG: transmission grating, CL: cylindrical lens, SLM: spatial light mod-
ulator. For details, see text.

A folded Martinez-type grating stretcher was built to increase the duration
of the master oscillator pulses to more than 200 ps, as will be shown at the end
of this section. Details of the working principle and design of this stretcher can
be found in [50]. A schematic sketch of the stretcher is shown in Fig. 3 (c). Its
key element was a transmission grating with a grating period of 1200 lines per
millimeter (from Wasatch Photonics). The incident light beam was diffracted at
an angle of 68° and spatially dispersed. Right after the grating, a cylindrical
lens with a focal length of 300 mm was placed, followed by a mirror in its
focal distance. It reflected the light back through the lens and the grating under



a small vertical angle, creating a spatial offset, which is depicted in the side
view in Fig. 3 (c). A second mirror placed below the incident beam behind the
grating, sent the light back the whole way, also with a slight spatial offset to
be separated from the incident beam. In total, this assembly induced normal
dispersion onto the pulse, which reduced the peak power more than 1200-fold,
compared to the theoretical Fourier limit. The transmission through the whole
stretcher was 68 % leaving 2.08 mW of average power.

The stretcher was followed by a pulse shaper, which will be used to make
up for distortions of the pulse within the amplification process. Although a
CPA scheme was applied, the peak power of the pulses was still sufficient to
introduce undesired nonlinear effects. Together with dispersion of higher order,
these were not compensable with a standard grating compressor, which was re-
sponsible for the recompression of the amplified pulses, as shown later. While
here the experimental setup is presented, the detailed treatment of the shaper
and its effect will be presented in Sec. 2.1.3. The setup of the shaper followed a
standard design [51] and used a transmission grating of identical construction
as in the stretcher. A spherical gold mirror was placed with a slight horizontal
tilt in the distance of its focal length of 300 mm with respect to the grating and
by that generated a Fourier plane right next to the grating. A one-dimensional
spatial light modulator (SLM, Type 1x12,288 Linear Series from Boulder Nonlin-
ear Systems) was placed in this plane, so that the spatially dispersed frequency
components of the pulse illuminated individual pixels of the SLM. The pixela-
tion of the liquid crystal is a result of narrow segments of electrodes, where a
potential of £5V can be applied individually, via a PC-driven controller. The
liquid crystals change their orientation and by that their birefringence proper-
ties determined by the applied voltage. Choosing the correct polarization of
the incident light, in this case p-polarized, the phase of the light was manip-
ulated individually at every pixel and by that for every frequency component
separately. The SLM works in reflection mode and induced a small spatial sepa-
ration through a slight vertical tilt, so the exiting beam could be separated with
a mirror placed below the incident beam. In this 4-f arrangement, the shaper
itself did not induce any dispersion onto the pulse, only the phase induced by
the SLM was impregnated onto the pulse. An average power of 1.46 mW (70 %)
was transmitted through the shaper in total, so from the pulse energy extracted
from the ANDi-oscillator of 4.3n], there were 1.46n]J (34 %) available as a seed
for the amplification chain.

The stretched and shaped pulses were coupled into a pre-amplifier which
was constructed using single-mode fibers only, as shown in Fig. 3 (a). The first
active fiber segment with a length of 30 cm was pumped by a split portion of
35 % of a fiber-coupled pump diode with a central wavelength of 976 nm. It was
merged with the pulses using a filter WDM in counter-propagating direction,
resulting in an efficient amplification, while keeping the parasitic amplified

11
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spontaneous emission (ASE) at a low level. At this point, the amplified signal
was low enough, not to damage the rather delicate filter WDM, which in turn
allowed for a high isolation against the signal light in this counter-propagating
direction. The second active fiber was pumped with the residual 65 % of the
pump light, now in co-propagating direction, combined with the signal with a
fused WDM. This fused WDM withstood a higher power than the filter WDM,
but possessed a much lower isolation for the amplified light, which — from ex-
perience — was not sufficient to avoid a damage to the pump diode if it was
installed in a counter-propagating manner. To avoid self-lasing of the amplifier,
a fiber-based, polarization-insensitive isolator (Iso) was installed between the
two active segments. Additionally, both fiber ends of the amplifier were pol-
ished under an angle of eight degrees to avoid reflections back into the active
components. Besides, experience has shown that the output port was prone to
light-induced damage of the facet, so a pigtailed ferrule with an anti-reflection
coating was used. At a rather moderate total pump power of 250 mW, the ex-
tracted average power was 24.9mW. At this point, the light was transformed
into an arbitrary state of polarization due to birefringence in the fiber, which
could be accounted for by a combination of a quarter-wave plate (QWP) and
a half-wave plate (HWP). Additionally, the effect of NPR was clearly apparent
in the polarization properties of the emerging pulses, although the peak power
of the amplified signal pulses with an estimated pulse duration of 240 ps was
only at a level of 91 W; the effective nonlinearity was increased, because of the
relatively long single-mode fiber at the end of the pre-amplifier. NPR resulted
in a decreased polarization extinction ratio (PER), which was determined to
be 1:5, meaning effectively 20 % of the pulse energy were nonlinearly rotated
in polarization. Consequently, the state of polarization also changed over the
spectrum, because highly chirped pulses were present. In this case, the instan-
taneous power, as well as the instantaneous wavelength were linked, so that
the peak of the pulse and hence the central part of the spectrum experienced
more NPR than the wings. A polarization-sensitive free-space isolator (Iso) sep-
arated the pre- and the main-amplifier, to prevent any reflections back into the
single-mode part. A wavelength- and polarization-dependent transmission was
observed, which confirmed the presence of NPR. In an optimal setting of the
waveplates, an average power of 17.6 mW was transmitted through the isolator,
to be available as a seed for the main-amplifier.

The main amplifier consisted of an Ytterbium-doped large mode area fiber
with a double cladding (DC) structure (DC-Yb®*, Liekki Yb1200-25/250DC).
The large core reduced the power density considerably, resulting in a reduced
nonlinearity by a factor of 17, compared to a single-mode fiber. The inner core
had a diameter of 25 um and thus supported multiple modes. Coiling the fiber
around a cylinder with a diameter of 8 cm effectively increased the bending loss
to all but the fundamental mode, so the output was almost single-mode. The



beam parameter M? [52], a measure for the Gaussian beam quality, was mea-
sured to be 1.4, which is not far from the ideal value of one. The pump light
was guided in the outer core, which exhibited an octagonal shape to increase
the interaction of the pump light with the doped inner core. The resulting peak
pump absorption was specified to be 10.8 dB/m and was experimentally deter-
mined to 7.4 dB/m. This discrepancy was a result of the slightly detuned central
wavelength of the pump diode. The length of the fiber was chosen to 2.3m to
absorb 98 % of the pump light. Up to 45 W of pump power were available from a
multi-mode fiber coupled diode array (JOLD-45-CPEX from Jenoptik) and cou-
pled into the counterpropagating direction into the DC fiber. A dichroic mirror
(DM) was used to merge the beam path of the pump light sent through the fiber
with the amplified pulses emerging from the fiber. On the seed entrance side
another dichroic mirror (DM) was used to filter out the depleted pump light,
to avoid damage to any previous optical elements.

In order to minimize the build-up of ASE and to avoid self-lasing, the en-
trance facet was hand-polished with an angle of 8°. Because the pulse power
was highest at the output side of the fiber, the facet tended to suffer from optical
induced damage, as experience showed. A fused end-cap reduced the surface
power density at the interface between glass and air and thus the susceptibility
to damage. To prevent an overstrain of the fiber and an excessive accumulation
of undesired nonlinear effects, the pump power was kept below 14 W resulting
in an extracted amplified pulse power of 5W. The peak power of these chirped
pulses amounted to 18 kW, while the magnitude of induced nonlinear effects
was higher by a factor of 11 compared to a pulse with a peak power of 91 W in a
single-mode fiber in the pre-amplifier. For this estimation, the peak power was
prorated with the different core areas for a single-mode fiber with a core radius
of 3 um and the LMA fiber with a core radius of 12.5 um. Nontheless, the PER
measured behind the main amplifier was lower by a factor of two, compared
to the pre-amplifier, because the interaction length in the LMA main amplifier
was considerably shorter.
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Figure 4: (a) Interferometric autocorrelation trace of the uncompressed pulse from the
MOPA-system and (b) background-free intensity autocorrelation of the re-
compressed pulse.
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Directly after the amplifier, a high power free-space isolator was used to
keep any back reflections out of the fiber. A measured autocorrelation function
of the emerging pulses is shown in Fig. 4 (a). Because of the long mechani-
cal scanning ranges needed for such long pulses, the autocorrelator only mea-
sured a bit more than one half of the interferometric autocorrelation function
and undersampled the interferometric signature around zero delay. Assuming
a symmetric autocorrelation and a Gaussian shape, the measurement yielded a
pulse duration of 240 ps. To recompress this pulse, a conventional transmission
grating compressor was used. Two gratings, identical to the one used in the
stretcher, were placed parallel in a distance of about 104 cm to one another. A
slightly vertically tilted mirror sent the dispersed beam back through the com-
pressor, with a slight spatial offset to the incident beam for a spatial separation.
The transmission through the whole compressor was 80 %. A background-free
intensity autocorrelation of the recompressed pulses is shown in Fig. 4 (b). It is
far from being bandwidth-limited, as apparently higher-order dispersion and
residual nonlinear phase distortions were not compensated with the grating
compressor. On the one hand, the width of the central part of the autocorrela-
tion function was larger, than expected from the bandwidth. On the other hand,
there are clear indications of pre- or post-pulses, which are indistinguishable in
an autocorrelation trace, at about £ 1 ps, additionally to a structured surround-
ing. The shape of these pulses is strongly limiting the applicability of the pulses
for all nonlinear experiments.

2.1.3 Pulse Shaping

The aforementioned pulse shape deterioration due to the effects of higher-order
dispersion and nonlinear effects required the implementation of a pulse shaper
into the CPA system. Within this field, there has been a lot of development in
the recent years. Femtosecond pulse shaping with programmable spatial light
modulators in general, allows for almost arbitrary modifications in the ampli-
tude and phase of a pulse [53]. The direct shaping of a pulse has been shown in,
e.g., [54, 55, 56], but there are limitations in terms of a rather low throughput
and a high susceptibility for optically induced damage of the spatial light mod-
ulator. To circumvent these issues, the shaper had to be incorporated before the
amplifier chain [57, 58], because firstly, the losses were compensated for within
the amplification process and secondly and most importantly, the optical power
at this stage was low enough, not to induce any damage to the components. In
this way, the contributions of uncompensated material and waveguide disper-
sion, nonlinearities and the non-uniform spectral gain of the Ytterbium fibers
could be made up for. A direct approach to measure the spectral phase at the
output and imprint it onto the pulse before the amplification was not applica-
ble, because the transfer function of the amplifier was not linear. For this reason



an iterative approach with the aim to maximize the peak power of the output
pulse was used for the spectral phase optimization. To serve this purpose, var-
ious algorithms have been used before, like parameterizing the search space
using truncated Taylor series [59], applying genetic algorithms [60] or differen-
tial evolution [57]. Because of its simplicity, as well as efficiency, we applied the
particle swarm optimization (PSO) approach [61] and adapted a corresponding
code from [62] into a Matlab program.

The principle of PSO is to solve a problem by having a population of candi-
date solutions (in this case the spectral phase image being imprinted onto the
SLM), called particles and to move these around in the search space. In order
to reduce the complexity of the search space, whose dimensionality was made
up from the 12288 pixels of the SLM, the phase image was comprised of 30
variable amplitudes with a linear interpolation between these points to fill all
pixels. All particles were initialized with a random phase picture and organized
in multiple swarms to avoid running into a local maximum. A measure of qual-
ity, also called fitness, was given experimentally by observing the intensity of
the second harmonic radiation generated in a nonlinear crystal. Due to its non-
linear nature, the second harmonic generation (SHG) is sensitive to the peak
power of the incident light field, which in turn depends on the pulse duration
and spectral phase if the average power is kept constant.
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Figure 5: (a) Schematic experimental setup of the shaper. The pulse emerging from
the MOPA-system was variably split with a combination of a half-wave plate
(HWP) and a polarizing beamsplitter (PBS). One part was directed to the ex-
periments and the other part focussed into a beta-Barium Borate crystal (BBO)
with a lens (L) to generate the second harmonic, which was detected with a
Photodiode (PD) after a short-pass filter (SP) and read out with a computer
(PC). It evaluated the fitness and controled the shaper for the particle swarm
optimization. (b) Evolution of the fitness for various PSO iterations.

As the scheme in Fig. 5 (a) depicts, the output of the MOPA-system was split
variably with a half-wave plate (HWP) and a polarizing beam-splitter (PBS).
One part was used for the actual experiments, while the other part was fo-
cused into a beta-Barium-Borate crystal (BBO) wherein SHG was generated.
The fundamental light was blocked by a short-pass filter (SP) and the SHG
light was detected with a photodiode (PD) which yielded the fitness of the cur-
rently shaped pulse. For every particle, in our case 25 particles in each of four
swarms, the fitness was determined. Afterwards, the local and global fitness
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values were compared and every particle was assigned a new solution, total-
ized by the sum of weighted phase pictures from their individual history, their
swarm and the global optimum, combined with a random mutation. Optimally,
after several iterations, all candidate solutions converged towards the global
optimum. The fitness of the pulses evolved as shown in Fig. 5 (b) for several
runs. After a strong increase at the first iterations, it stagnated at a three-fold in-
creased fitness. A quantitative interpretation of this factor concerning the pulse
improvement is limited, because of the complex pulse shape, but assuming a
quadratic dependence of the SHG signal from the peak power a three times
higher SHG signal indicates that the peak power of the shaped pulses has
increased about v/3-fold. To get an impression of the pulse shape, Fig. 6 (a)
shows an interferometric autocorrelation trace of an unshaped pulse in blue.
The resultant intensity autocorrelation function was calculated and shown as
the red line. Its FWHM duration is 1.9 ps and the shape is highly structured,
suggesting multiple sub-pulses as a result of the dispersion of higher order
and residual nonlinearities in the amplifier. After applying the PSO routine, the
autocorrelation trace (Fig. 6 (b)) is much cleaner and a dominant pulse with
a autocorrelation width of 419fs is clearly visible. This corresponds to a pulse
width of 296 fs, assuming a Gaussian shape.
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Figure 6: (a) Interferometric autocorrelation of an unoptimized pulse and (b) a pulse
after the particle swarm optimization of the shaper.

Additionally to the autocorrelation measurement, a commercial FROG-device
(pulseCheck with FROG option from APE GmbH) has been used to reveal more
details of the pulse shapes. FROG stands for "frequency resolved optical gating"
and is a technique to retrieve the full electric field, i. e., the amplitude and phase
information of an ultrashort pulse [63, 64]. The measurement is in principle a
spectrally resolved intensity autocorrelation, which is shown in Figs. 7 (a) and
(c) in the case of an unshaped and an optimized pulse, respectively. The spec-
tral SHG intensity is plotted versus the wavelength and the delay in false colors.
The FROG trace of the unshaped pulse shows a highly distorted temporal al-
location of the frequency components and the FROG reconstruction failed for
this case, because the retrieved FROG trace shown in Fig. 7 (b) did not con-
verge towards the measurement with the applied FROG algorithm provided by



APE. This failure is also reflected in the FROG error, a measure of the reliability
of the reconstruction, which should be well below 5 % in trustworthy measure-
ments under experimental conditions [65]. The FROG error of the measurement
was 7.5 % and the retrieved FROG trace shows major deviations from the mea-
surement, such that the reconstructed temporal intensity and phase shown in
Fig. 7 (e) is not to be trusted, because of the failure of the algorithm.
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Figure 7: (a) Measured and (b) retrievd FROG trace of an unoptimized pulse. (c) Mea-
sured and (d) retrieved FROG trace of a pulse after the particle swarm opti-
mization of the shaper. (e), (f) Retrieved temporal intensity and phase of the
unshaped and shaped pulse, respectively.

In the shaped case however, the FROG trace shows a much simpler distribu-
tion, in which the main part of the pulse is temporally localized, expressed in a
temporally narrow and spectrally wide oval. This results in a well reconstructed
FROG trace through the iterative FROG algorithm, shown in Fig. 7 (d), with a
FROG error of 0.6 %, which is one order of magnitude better than in the un-
shaped case. The temporal intensity distribution and the corresponding phase
are shown in Fig. 7 (f). Here also rather small pre-pulses are visible around
-1ps and -2 ps, but the main pulse possesses a pulse with a duration of 296 fs,
matching the estimation from the autocorrelation measurement in Fig. 6 (b).
This yields a peak power of 3MW, if the main pulse contains an energy of 1 uJ,
which is suitable to drive various nonlinear processes with high efficiency.

2.2 BROAD-BANDWIDTH SUPERCONTINUUM GENERATION

The synthesis of an appropriate probe pulse with a high spectral bandwidth for
the broadband coherent Raman methods, presented in Chaps. 3 and 4, was ac-
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complished by the generation of a supercontinuum (SC). Supercontinuum gen-
eration (SCG) first observed by Alfano et al. in 1970 [66] describes the broaden-
ing of the spectrum of the initial pulse due to nonlinear effects. Since then, SCG
was observed and investigated in various nonlinear media, ranging from gases
[67], liquids [68] to bulk materials [69] and in different kinds of waveguides.
Especially the advances in the fiber technology by the advent of the photonic
crystal fiber [70] has led to new opportunities for the application of a SC. In
general, the processes responsible for the SCG are highly nonlinear and mostly
incorporate the use of ultrashort laser pulses.

The SCG in waveguides or in fibers is reviewed extensively in an article from
Dudley et al. [71], wherein it is shown, that the SCG performance drastically de-
creases with the utilization of rather long pulses (>100fs), as generated by the
presented laser system in Sec. 2.1.2. In this regime, the spectral broadening pro-
cess is dominated by modulation instabilities and four-wave mixing processes,
wherein the initial dynamics are seeded from noise. As a result, the coherence
properties of the SC deteriorate and pulse-to-pulse fluctuations increase dra-
matically. While an averaging over multiple pulses results in a smooth spectral
appearance, every individual pulse exhibits a highly structured spectrum and
varying temporal pulse characteristics.

However, in contrast to waveguides, bulk materials offer some favorable ad-
vantages, as therein continua with a broad and smooth spectrum, high temporal
and spatial coherence, and very high stability are generated. However, in bulk
media only a fraction of the pulse in the order of a few percent is converted into
a supercontinuum, while in gases the full pulse experiences a spectral broad-
ening [72], but only at a pulse energy in the order of millijoule. SCG in liquids,
as another alternative, typically exhibit an exponential decrease of the spectral
intensity with increasing distance to the pump wavelength [73].

SCG in bulk media is closely linked to self-focusing and filamentation. Com-
pared to SCG in waveguides, it does therefore not depend on noise inducing
processes like modulation instabilities at a higher pulse duration. The self-
focusing process exhibits a threshold for the peak power of the pump pulse
in the order of one megawatt, which is reached with the pulse characteris-
tics of the applied laser system at about one microjoule of pulse energy. At
this energy level, self-focusing based on the Kerr-effect induces a drastic reduc-
tion of the beam size, until multiphoton ionisation processes generate a plasma
which describes an increased number of electrons promoted from the valence
to the conduction band. The plasma density stays well below the critical density
of 10%! electrons per cm® and typically reaches 10'® to 10%° electrons per cm?
[74, 75]. The plasma density also has an effect on the index of refraction, just
as the Kerr effect has, but with an opposite sign and a temporal retardation.
Eventually, the plasma defocusing and Kerr self-focusing effects balance and a
filament is formed, wherein the light is guided. The spatial confinement evokes



spectral broadening effects like self-phase modulation combined with temporal
dynamic effects, as self-steepening and plasma dynamics, whose complex in-
terplay is well described, e.g., in [75]. The filament only shows a limited length
(in bulk in the order of a few millimeters), due to nonlinear absorption and
dispersion.

In Sec. 2.2.1 the experimental approach for SCG is presented, together with
general considerations. In the following Sec. 2.2.2 a parameter study is pre-
sented, to gain some more insight into the process of SCG in bulk media.

2.2.1 Experimental Considerations

The SCG in bulk media does in principle involve a rather simple experimental
setup as shown in Fig. 8. The incident beam was variably split with a com-
bination of a half-wave plate (HWP) and a polarizing beamsplitter (PBS) and
focused with a lens (L) into the bulk medium (Bulk), wherein the filament was
formed and consequently the SC was generated. When collimating the emerg-
ing SC, its large bandwidth had to be considered. Depending on the application,
achromatic lenses (AL) or reflective off-axis parabolic mirrors were used. The
achromatic lenses are easily adjustable, but these rather thick lenses induce a
pulse lengthening by chromatic dispersion, which is undesired in certain appli-
cations. The parabolic mirrors are difficult to be adjusted properly, but show
neither chromatic aberrations, nor dispersion.
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Figure 8: Experimental setup for SCG in a bulk medium. HWP: half-wave plate, PBS:

polarizing beamsplitter, L: lens, Bulk: bulk medium, AL: achromatic lens. The
inset shows a photograph of an emerging SC.

For an optimal SCG process, there are several experimental parameters to
be considered. The most important element is the bulk medium itself, which
has to exhibit a high damage threshold and a sufficient nonlinearity that is
needed for the self-focusing and filamentation to occur. Laser-host materials
do not share the high nonlinearity of crystals typically used for nonlinear fre-
quency conversion, like, e.g. lithium niobate (LN) with a nonlinear index of
refraction of 20-1071®cm?/W [76], but exhibit a considerably higher damage
threshold (compare e.g. LN with a damage threshold of 10]/cm? [77] to YAG
with a damage threshold of 100]J/cm? [78]). Correspondingly, laser-host mate-
rials are excellently suited for the application to SCG. Among these host ma-
terials are sapphire, yttrium aluminum garnet (YAG), potassium-gadolinium
tungstate (KGW), yttrium vanadate (YVO;) and gadolinium vanadate (GdVOy),
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sorted ascending by their nonlinear index of refraction, ranging from 1.2-101° to
15-1071 cm?/W. A good introduction and overview of the SCG with these crys-
tals is given by Bradler et al. [79], wherein the investigations focus on the spec-
tral energy density distribution, pulse-to-pulse stability, pump energy thresh-
olds, continuum beam profiles in dependence on the focusing conditions, crys-
tal thickness, pump pulse energy, and pump wavelength. Bradler et al. found
optimal SC properties, when the incident light was focused with a lens with a
focal length of 80 mm into a crystal of at least 4mm thickness. The optimiza-
tion of the crystal position, pulse power and numerical aperture (with an iris
placed before the focusing lens) yielded stable SC with a high coherence and
low pulse-to-pulse fluctuations. With the present laser system in this work, the
pulse parameters, i.e. the peak power and pulse duration, are just sufficient
to enable SCG in bulk media, such that there is not one single optimum to be
found with the aforementioned optimization procedure. Consequently, the next
section presents a summary of a more detailed parameter study for an optimal
SCG process.

2.2.2 Parameter Study in Various Laser Host Materials

The parameter study focused on the quality, i.e., the spectral width, energy
content and power stability, of the SC generated in different laser host mate-
rials with the laser system presented in Sec. 2.1. Although sapphire is widely
applied, e.g., to generate seed pulses for optical parametric amplifiers [80] or
for transient absorption spectroscopy [81], it is not suitable with the present
pulse parameters, namely the pulse duration, as no SCG was observable. It
was found, that GdVOy is an excellent candidate, if a high performance in
the infrared region is of interest. This is especially important for the realized
narrow-bandwidth optical parametric amplifiers, presented in the next Sec. 2.3,
were the SC was used as a seed. There was a critical pump energy-dependence
on the SCG, which can be seen in Fig. 9 (a), where the spectral energy density
is plotted in false color against the wavelength and the incident pump energy
on a logarithmic scale. A notch filter was used in this measurement to filter
out the pump wavelength, because its energy density was three orders of mag-
nitude higher, than the actual SC, which could not be resolved by the applied
spectrometer. In total, typically only a fraction in the order of a few percent was
converted into the new wavelength range. Just below a pump energy of 0.6 ]
a visible bright blue filament formed in the crystal, whereas at higher pulse
energies the actual spectral broadening set in and reached the spectrometers
detection limit in the infrared at 1700 nm at about 1 puJ of pump energy. Note
that in this measurement for this crystal there was almost no extension into the
visible spectral region apparent. Above about 1pJ of pump energy, the spec-
trum in the infrared region started to exhibit a periodical modulation, which is



a clear indication of multiple filaments forming inside the crystal. These arise,
as soon as twice the critical self-focusing power is reached, so that two individ-
ual filaments occur and produce two independent, but coherent SC. This effect
is often accompanied by the alteration of the beam profile of the SC, so that in
most applications a single filament is preferred.
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Figure 9: (a) Spectral energy density depending on the wavelength and incident pump
pulse energy, plotted in false color on a logarithmic scale. (b) Absolute pulse
energy contained within the supercontinuum (blue line) and the RMS pulse-
to-pulse fluctuations (red-dashed line) depending on the incident pump pulse
energy.

Fig. 9 (b) shows the corresponding evolution of the average power contained
within the SC and the RMS pulse-to-pulse fluctuations in the infrared region
above 1100 nm, depending on the incident pump energy. Although the region
below a pump energy of 0.6 uJ where the spectral broadening set in already con-
tained some portion of energy, its pulse-to-pulse fluctuations were extremely
high. This is because around the threshold of the self-focusing relatively small
pump pulse fluctuations (~0.5%) induce such a large effect. Increasing the
pump energy above the threshold also increased the energy content within
the SC linearly, while the fluctuations stayed roughly constant at a low level.
This was even the case in the region, where multiple filaments arose, indicating
that multiple filaments share the stability properties of single filaments. These
experiments have been performed at one optimized focal position in the crystal,
but the position itself was also investigated.

The results of this investigation is shown in Fig. 10 (a), where the crystal
position was varied, while keeping the pump energy constantly at 1 pJ. The re-
sulting spectral energy density is plotted in false color against the wavelength
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on a logarithmic scale. As can be seen, an efficient spectral broadening was
achieved within a crystal position between 0.8 and 3.8 mm (the crystal length is
4mm), so apparently the self-focusing effect was only sufficiently strong after
the pulse traveled a distance of a few hundred micrometer inside the crystal.
Below this distance, the diffraction surpassed the self-focusing. Behind a posi-
tion of 3.8 mm, the crystal ended, before the filament reached its full length,
so that no considerable spectral broadening was visible. In between this range,
there was a clear tendency of a most efficient broadening into the infrared re-
gion at the beginning of the crystal, with a maximum extension at about 1 mm.
On the contrary, the widest expanse into the visible was found further back-
wards in the crystal at about 2.8 mm, reaching down to 650nm. The reason
for this observation can be found when considering the effects responsible for
the spectral broadening, which differ for the visible and the infrared side. The
spectral components on the blue shifted side originate from self-steepening,
meaning that the trailing edge of the pulse experiences a nonlinear induced
steepening, so that consequently self-phase modulation induces an asymmetric
spectral broadening with a stronger blue shift. These effects take place at the
beginning of the filamentation, while the red-shift occurs over the propagation
through the filament, due to plasma defocusing.
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Figure 10: (a) Spectral energy density depending on the wavelength and focus position,
plotted in false color on a logarithmic scale. (b) Absolute pulse energy con-
tained within the infrared part of the supercontinuum >1000nm (blue line)
and the RMS pulse-to-pulse fluctuations (red-dashed line) depending on the
focus position.

Fig. 10 (b) shows the position-dependence of the energy content in the in-
frared part (above 1100nm) of the SC as a blue line and the corresponding



RMS fluctuations as a red-dashed line. The most stable point of operation in
the infrared region was located just at the broadest extension of the spectrum,
slightly above a focal position of 1mm, with RMS fluctuations below 1 %. At
the position of about 2.8 mm, at which the extent into the visible region was the
widest, the energy content in the infrared was highest, but the spectrum only
extended to about 1300 nm and showed slightly higher fluctuations.

All the other crystals had individual advantages, but also disadvantages.
KGW showed the lowest threshold for the SCG, but did only cover a spec-
tral region of 780 to 1300nm. YVO, showed a performance very comparable
to GAVOy, but the spectrum only extended to 1350 nm, while containing the
same amount of energy, which might be preferable when an absolute higher
spectral power density is of interest. YAG certainly had the highest threshold
and a rather poor performance in the infrared region, but was superior in the
visible region, concerning energy content and spectral extent, reaching down
to 615nm. For this reason, YAG was chosen as the bulk material to generate
the SC for all coherent Raman scattering experiments in Chaps. 3 and 4, while
GdVOy was chosen as a seed source for the optical parametric amplifiers in the
next Sec. 2.3 due to its superior performance in the infrared region.

2.3 NARROW-BANDWIDTH OPTICAL PARAMETRIC AMPLIFIERS

One important development of the presented light source aims towards narrow-
bandwidth, tunable pulses for the application in nonlinear spectroscopic coher-
ent Raman scattering schemes as discussed in Chap. 3. These schemes all use
two synchronized pulses to coherently drive one narrow Raman resonance, cor-
responding to the frequency difference between the applied pulses. The high
repetition frequency combined with the high pulse energy of the presented
laser system makes a perfect foundation for nonlinear frequency conversion
in a nonlinear crystal to generate tailored pulses with optical parametric am-
plification [82]. The following sections summarize previous work on optical
parametric generation and amplification with different nonlinear crystals.

2.3.1 Periodically Poled Lithium Niobate

In order to generate a synchronized pulse in the spectral region around 1500 nm,
a periodically poled lithium niobate (PPLN [83]) crystal was used. Compared
to critically phase-matched crystals, periodically poled quasi-phase-matched
crystals allow for a high gain due to high effective nonlinear coefficient and
no spatial walk-off. Within the framework of a Bachelor thesis of Christian
Egelkamp [37], a PPLN crystal with a fan-out structure [84] enabled optical
parametric generation of a tunable signal pulse ranging from 1480 to 1620 nm.
In combination with the broad-bandwidth supercontinuum emerging from a
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bulk gadolinium vanadate (GdVO;,) crystal as a seed pulse, optical paramet-
ric amplification was achieved with an efficiency of up to 13 %, yielding stable
pulses with a pulse power of up to 15n]J. At a poling period of 29.7 pm the spec-
trum of the optical parametric generated light with an incident pump power
of 87n] is depicted in Fig. 11 (a) in green on a logarithmic scale. A peak at a
central wavelength of 1480 nm was apparent, which contained 220 pJ of energy.
The seed supercontinuum (SC) is depicted in blue and shows a typical trend
as discussed in Sec. 2.2. Together with a pump pulse with an energy of 87n]J,
optical parametric amplification shown in red is clearly visible, as the wave-
length components around 1480nm from the supercontinuum are amplified
by 28 dB. The width of this peak amounts to 16 nm (~73cm™), with a slight
asymmetry on the lower wavelength side. The variation of the poling period
and by that the variation of the central frequency of the OPG/OPA signal was
simply realized by laterally shifting the fan-out PPLN crystal. Fig. 11 (b) shows
the spectral energy density of the optically parametric amplified signal pulses
plotted versus the wavelength and the poling period of the PPLN in false colors.
Additionally, a calculated tuning curve is shown as a blue line, which matches
the experimental data well. It was calculated with the software SNLO [85].
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Figure 11: (a) Spectral energy density plotted versus the wavelength of optical paramet-
ric generation (OPG, green line) and optical parametric amplification (OPA,
red line) of a seed supercontinuum (SC, blue line) in PPLN. (b) Spectral
energy density depending on the wavelength and the poling period of the
PPLN on a linear false color scale and respective calculated tuning curve
[85] in blue.

The main limitation within these experiments was the limited applicable
pump pulse energy. Raising it above 100n] resulted in highly distorted sig-
nal pulse spectra, which is most likely attributable to nonlinear interactions
between the pump and signal pulse along the crystal length. Additionally, the
spectral bandwidth of the signal radiation exceeded the expectations by a factor
of five, which is most likely due to the temporal walk-off between the pump and
the signal pulse inside the PPLN due to its dispersion. The achieved conversion
efficiency of 13 % lies below reported values of 30 % [84], because of the same
reason. The spectral bandwidth of the emerging pulses also limits the applica-



bility to spectroscopy, because the bandwidth of the pulses dictates the spec-
tral resolution of the narrow-bandwidth coherent Raman scattering schemes.
In order to increase the interaction length inside the crystal, picosecond pump
pulses will have to be implemented in the future.

Apart from this, the signal pulse covered in combination with the MOPA
pulse the range of 2900 to 3500 cm™! in their difference frequency, which is just
enough to reach the interesting C-H stretch region around 3000 cm™! in a spec-
troscopic application (see Chap. 3). A new PPLN crystal with an adapted poling
periodicity will shift the generated signal pulses even more into the appropriate
region of interest. Additionally, the simultaneously generated idler pulses will
be investigated for future applications [86, 87], because its central wavelength
is located in the mid-infrared spectral region. In the current configuration, the
idler pulse theoretically has a tunable central wavelength of 2860 to 3450 nm.
Shifting the frequency difference between the fundamental pump pulse and
the signal pulse into the C-H stretch region, will consequently increase the
central wavelength of the idler pulse even further. A fundamental limitation
provides the transparency of the PPLN, which decreases considerably starting
at 4000 nm. This also affects the efficiency of the parametric process, because all
three waves (pump, signal and idler) contribute to the conversion. Especially
reaching down to the so called fingerprint region around 1200cm™, with a
corresponding idler wavelength around 8333 nm is not feasible inside a PPLN.
Hence, the next two sections present results obtained in crystals with a broad
transmission beyond 12000 nm.

2.3.2 Silver Thiogallate

The wide transmission window of Silver Thiogallate (AgGaS, or AGS) together
with its nonlinear and birefringent properties [88, 89] are well suited for para-
metric conversion [90]. It is mostly used in difference frequency generation [91],
but also in optical parametric oscillators [92]. In regard of his Diploma thesis,
Gerrit Holscher showed successful critically phase matched optical parametric
amplification in AGS of narrow spectral parts of a SC generated in bulk GAVOy,
[35]. Fig. 12 (a) shows the spectral energy density of the seed supercontinuum
(SC) in blue, plotted against the wavelength. Keeping the incident pump power
below the damage threshold of AGS at about 200n], yielded the optical para-
metric amplification as shown in red. At an incidence perpendicular to the
surface of the AGS crystal, which was cut at ¢ = 48.5°, the SC was amplified
at a wavelength of 1374nm within a width of 13nm (~68cm™). A rotation of
the crystal, such that the internal angle was varied from 41 to 54°, resulted in
a tuning of the central wavelength of the emerging signal pulse from 1240 to
1670 nm, as shown in Fig. 12 (b). The crystal mount prevented a continuous tun-
ing of the full angle-range, wherefore the measurement had to be performed in
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two series, represented in open circles and dots. The theoretical tuning curve
shown as a blue line was calculated with the software SNLO [85] and describes
the measurement well.
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Figure 12: (a) Spectral energy density plotted versus the wavelength of optical paramet-
ric generation (OPG, green line) and optical parametric amplification (OPA,
red line) of a seed supercontinuum (SC, blue line) in AGS. (b) Measured
central wavelength of the amplified signal (red dots and circles), depending
on the internal crystal angle and respective calculated tuning curve [85] in
blue.

With a pump wavelength of 1064nm, a conversion efficiency of 0.2% has
been shown for optical parametric generation of a signal pulse with wavelength
around 1265 nm [93]. The reason, no parametric generated light was detectable
with the presented work, was again accountable for the application of femtosec-
ond pump pulses and the resulting limited effective interaction length inside
the crystal due to the temporal walk-off. Although the AGS crystal allowed for
an impressive tuning range, covering 1600 to 3670 cm™! in the signal wavelength,
the main limitation was the high susceptibility towards optically induced dam-
age and thus restricts a further scaling of the output power. The crystal pre-
sented in the next section shares many characteristics of AGS, but promises a
higher damage threshold.

2.3.3 Lithium Indium Selenide

With comparable beneficial features of AGS, lithium indium selenide (LilnSe;
or LISE) was used as a nonlinear crystal for optical parametric amplification.
The LISE crystal has only been developed in 2005 for the application in non-
linear frequency conversion [94, 95]. LISE has been successfully applied in an
optical parametric oscillator [96] and for parametric downconversion of a pump
pulse with a duration of 220 fs and a central wavelength of 820 nm [97]. As this
crystal became commercially available in an good optical quality, it was also
implemented in the present work. Two differently cut LISE crystals were used,
the first cut at an angle of ©® = 90° and ¢ = 45°, while the second one was cut
at ® = 90° and ¢ = 79°, both with a thickness of 3mm. A result of OPA in the



second crystal is depicted in Fig. 13 (a), where the spectral energy density of the
seed-SC (blue line) and the OPA spectrum (red line) is plotted versus the wave-
length on a linear scale. The amplification amounted to a factor of 40 and was
located at a central wavelength of 1512nm with a width of 17.6nm (~77 cm™).
The tuning range of both crystals is depicted in Fig. 13 (b), wherein a tuning
across 1146 to 1379 nm (open red circles) and 1414 to 1512nm (red dots) was
achieved for the first and second crystal, respectively. The theoretical tuning
curve was calculated with the software SNLO [85] and is shown in Fig. 13 (b)
as a blue curve.
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Figure 13: (a) Spectral energy density plotted versus the wavelength of optical paramet-
ric amplification (OPA, red line) of a seed supercontinuum (SC, blue line) in
LISE. (b) Measured central wavelength of the amplified signal in crystal one
(red circles) and crystal two (red dots), depending on the internal crystal
angle and respective calculated tuning curve [85] in blue.

The performance of the first crystal is of special interest, because the gener-
ated signal pulses, combined with a MOPA pulse, cover a range in their fre-
quency difference of about 935 to 2410 cm™, which is suitable for spectroscopic
applications, as it matches the so called fingerprint region (see Chap. 3). At the
same time, the idler pulses are located in the mid-infrared region between 4150
and 10700 nm, which is of high interest for applications like for example SCG
in chalcogenide fibers.

Still, there are two restrains with the current setup. Firstly, the spectral band-
width of the signal pulses are too high for spectroscopic applications, because
of the aforementioned temporal walk-off between the pump and signal pulses,
limiting the effective crystal length. Secondly, the conversion efficiency is rather
poor and limited by the onset of filamentation inside the crystal at a pump en-
ergy of a few hundred nanojoule. Although in this work, only the generated
signal energy was determined to be in the order of tens of nanojoule, an idler
energy in the order of nanojoule can be assumed, taking the reduced energy
content of a mid-IR idler photon compared to a near-IR signal photon into ac-
count. The generation of idler pulses with a central wavelength of 7 um in a
LISE-based OPA have been reported [97], using comparable pulse properties
and surface power densities. The efficiency was lower by two orders of mag-
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nitude, compared to the work presented here. Nontheless, both, the efficiency
and the spectral bandwidth will benefit from the implementation of picosecond
pump pulses, as these increase the effective interaction length in the crystal and
also increase the threshold of filamentation. Lastly, a new crystal cut at an angle
of @ = 90° and ¢ = 40° is under investigation, to cover a lower central wave-
length of the signal pulses and consequently a higher central wavelength of the
idler wavelength up to the transparency limit of LISE at 12000 nm.

2.4 FURTHER DEVELOPMENT AND APPLICATIONS

The properties of the presented light source are very specific and adapted to the
requirements of CRS and cannot simply be bought off-the-shelf. Although sev-
eral custom designed light sources have been developed in the past for CRS ex-
periments, the individual systems do not meet all requirements simultaneously.
Exemplary and representative systems for narrow-bandwidth CRS experiments
have been presented in [16], where an optical parametric oscillator was syn-
chronously pumped with pulses from a Nd:vanadate oscillator with a repetition
frequency of 76 MHz, or in [98], where an Erbium-doped fiber oscillator with a
repetition frequency of 40 MHz was generating tunable pulses in PPLN crystals
via spectral focusing. Both approaches rely on a high repetition frequency and
are thus limited in their applicable average power. In [99] four wave mixing is
exploited in a photonic crystal fiber to generate picosecond pulses with a rep-
etition frequency in the range of MHz, but the phasematching conditions limit
the tunability to the C-H stretch region. For the broad-bandwidth CRS meth-
ods, systems were introduced which either based on regenerative amplifiers
[23] or on oscillators [100] with a repetition frequency of 1kHZ and 75MHz,
respectively, both being not optimally adapted to balance the light induced
damage, as discussed earlier. The light source presented in this work meets all
critical criteria, namely the optimal repetition frequency of 1 MHz, the availabil-
ity of synchronized, stable pulses, which are either narrow-band and tunable in
their central wavelength or of broad bandwidth. Nontheless, there are several
opportunities for improvements and applications, which are addressed in this
section.

The ANDi-fiber laser sustains a stable mode-locked operation over weeks
and a readjustments of the waveplates only became necessary if the ambient
conditions changed. The day-to-day use of the output of the amplifier system
involved an execution of the shaper-algorithm, because the characteristics of
the amplified pulses were prone to changes in the temperature in the labora-
tory. Especially the state of polarization after the pre-amplifier and by that the
seed pulse for the main-amplifier drifted notably. Considering that additionally
the over-all performance of the pre-amplifier is relatively inefficient, a redesign



with polarization maintaining fibers and components is in order and part of
future improvements.

Apart from these enhancements, the presented MOPA-system has a high po-
tential to be employed in various applications with a high demand of pulse
power and stable pulse trains at a moderate repetition frequency. In one ap-
plication, Walbaum et al. [101] and Hellwig et al. [102, 103] exploited the high
peak power for an experimental realization of transverse mode conversion in
an optical few-mode fiber via an optical induced long period grating.

The application of the pulses generated in the different OPA systems pre-
sented in Sec. 2.3 for narrow-bandwidth spectroscopic coherent Raman scatter-
ing schemes will be implemented in future experiments. The rest of this thesis
will focus on the application of the MOPA pulse in combination with a SC
generated in a YAG crystal in various broad-bandwidth coherent Raman scat-
tering schemes. A representative spectrum of the SC is depicted in Fig. 14 as a
blue line, plotted against the wavelength. The sharp edge at about 950 nm cor-
responds to the cut-off wavelength of the short-pass filter, which also limits the
extent into the visible region to approximately 600 nm. This spectrally filtered
SC pulse contained an energy of about 2nJ.
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Figure 14: Spectra of a SC generated in a YAG crystal (blue line) and of the MOPA pulse
(red line) plotted versus the wavelength and the wavenumber relative to the
MOPA pulse. The steep edge of the SC spectrum at 950nm is a result of
the applied low-pass filter. These pulses are applied in the following broad-
bandwidth coherent Raman scattering experiments.

The MOPA pulse spectrum is also shown in Fig. 14 as a red line and is
centered at 1035nm. The applicable pulse energy of the MOPA pulse is up to
2 uJ, whereof only a fraction is used in the actual experiments, in order to avoid
damage to any sample. The relative frequency difference between this MOPA
pulse and the SC is inserted above in wavenumbers, centered at 1035 nm. The
focus in this work is concentrated on the C-H stretch region around 3000 cmt,
corresponding to a SC wavelength of about 800 nm.
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RAMAN SCATTERING SPECTROSCOPY
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The spectroscopic schemes presented in this work all rely on an inelastic scat-
tering of incident photons at vibrational states within molecules, called Raman
scattering. It was firstly observed in the year 1928 by C. V. Raman [7], who
received the Nobel price in 1930 for this discovery. The Raman effect describes
the optical excitation of molecular vibrations, which exhibit specific resonances
depending on the composition of the observed molecule. By probing these res-
onances with an optical light field, new frequency components are generated,
or existing spectral components of the incident light are altered, such that a
corresponding detection allows for a chemically specific analysis of the sample.

The wavelength region, in which typically Raman resonance frequencies are
located, are depicted in Fig. 15 (a), which can be roughly divided into two
main regions, namely the so-called "fingerprint" region as well as the "C-H
stretch" region. The fingerprint region is located in the wavenumber range from
600 to 1600cm™ and contains, among others, a huge variety of stretch vibra-
tions of carbon-based chemical bonds. Also many different bending motions
of molecules possess resonances in this wavenumber region: in this region, the
Raman spectra are often highly complex, especially when the molecules are
comprised of many different chemical bonds. As a result, this so called fin-
gerprint region is excellently suited for the characterization of molecules. Ex-
emplary representatives with distinctive Raman resonances in the fingerprint
region are proteins or nucleic acids [9]. The C-H stretch region is especially
important in the life sciences, since the chemical bond of carbon and hydro-
gen is very common in many investigated samples and its Raman resonance is
generally located around 3000 cm™, giving this region the name "C-H stretch"
region. For example, Raman resonances of lipids are typically present in this
region [104, 105], because of their abundance of chemical bonds of carbon and
hydrogen. Adjacent to the C-H stretch region, at about 3300 cm™, is the rather
broad resonance of water located [106], which is with only a few exceptions
omni-present in biological samples.
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Figure 15: (a) Schematic representation of the interesting spectroscopic regions of
stretching and bending motions of molecules, represented as red rectangles
for common chemical bonds. (b) Spectral coverage of the presented MOPA
system in combination with the narrow-bandwidth OPAs and the broad-
bandwidth SC, represented as red rectangles. The open rectangles represent
future developments of the light source to cover an even wider range. For
details, see text.

The optical excitation of the Raman resonances was originally accomplished
with narrow-bandwidth, continuous-wave light in an incoherent matter, called
spontaneous Raman scattering [8]. The advent of the laser allowed for the de-
velopment of schemes using a coherent or stimulated excitation of the Raman
resonances. The design of the light source presented in Chap. 2 aimed to a
great extent for the application of these coherent Raman scattering (CRS) spec-
troscopic schemes. There are a lot of different experimental implementations of
CRS, which are always based on coherently driving the molecular vibrational
resonances via a multi-photon process. In comparison to spontaneous Raman
scattering, CRS does not only yield higher signal levels, but the signal genera-
tion is intrinsically confined to the focal volume of the excitation beams, since
it is a nonlinear process. Thereby, confocal laser scanning techniques can be ap-
plied, which allow for high-speed, three-dimensional imaging, while basically
the spectroscopic information is fully retained.

The existing CRS schemes can be categorized into two main groups concern-
ing their excitation bandwidth: narrow-bandwidth and broad-bandwidth ap-
proaches. The idea behind the first one is the excitation of one narrow spectral
feature or region with two narrow-bandwidth pulses, preferably bandwidth
limited picosecond pulses. This allows to probe one specific narrow spectral
region and to capture the Raman response at a high speed with a fast pho-
todetector, because the acquisition time is not limited by a slow spectrometer
as in broad-bandwidth schemes. The most prominent narrow-bandwidth CRS
schemes are stimulated Raman scattering (SRS [107, 17]) and coherent anti-
Stokes Raman scattering (CARS [108, 109, 110]), which have been successfully



applied to microscopy, by probing individual Raman resonances within a mi-
croscopic sample. Alternatively, the Raman-induced Kerr-effect (RIKE [21]) can
be exploited to probe a pump pulse induced anisotropy through the Kerr-effect,
which is resonantly enhanced in the vicinity of a Raman resonance. All these
narrow-bandwidth approaches are viable with pulses generated with the dif-
ferent OPA systems presented in Sec. 2.3. As shown in Fig. 15 (b) schematically,
the combination of the MOPA pulse with one of the OPA pulses already covers
most of the relevant spectral regions, represented as red rectangles. The PPLN-
based OPA generated tunable pulses in the vicinity of the C-H stretch region,
which will be fully covered with the newly designed PPLN crystal (depicted
with the open rectangle), as discussed in Sec. 2.3.1. Although the AGS-based
OPA also operated in this region, it showed a rather poor performance concern-
ing the efficiency and the susceptibility towards optically induced damage, as
it was already discussed in Sec. 2.3.2. The fingerprint region is mostly covered
with the LISE-based OPA system (Sec. 2.3.3), where also a newly designed crys-
tal will extent further into the wavenumber region below 1000 cm?, as indicated
by the open rectangle.

Recent broad-bandwidth CRS approaches gain access to more spectroscopic
information by probing not only one but several vibrational frequencies, which
has resulted in the demonstration of e.g., hyperspectral CARS imaging [111].
Employing a broadband excitation pulse, like a SC, the spectral amplitude
across a resonance is acquired simultaneously in femtosecond SRS (FSRS [20]),
ultrafast Raman loss spectroscopy (URLS [112]), or broadband RIKES [21], later
called femtosecond RIKES (FRIKES [22]). The application of a femtosecond
probe pulse in these schemes also enhances the signal generation, because in
this case the peak power is considerably higher, compared to the picosecond
probe pulse used in narrow-bandwidth CRS schemes. Alternatively, a rather
complex phase-and-polarization control of a femtosecond pulse allows for the
background-free acquisition of broad CARS spectra [113].

From here on, the thesis focuses on different broad-bandwidth approaches,
except for spontaneous Raman scattering spectroscopy, which only serves as
an independent reference approach (Sec. 3.1). The other presented schemes em-
ploy the combination of a MOPA pulse (Sec. 2.1) as the pump pulse and a spec-
trally filtered portion of a supercontinuum pulse (Sec. 2.2) as the probe pulse,
which allows the extraction of a Raman spectrum over a broad wavenumber
range. Two prominent and well-known representative broad-bandwidth CRS
schemes are FRIKES, which is presented in Sec. 3.2 and FSRS, which is intro-
duced in Sec. 3.3. The latter builds the foundation for the developed novel in-
terferometric CRS approaches and will be examined in even more detail in the
corresponding Chap. 4. The discussion about the applicability of the presented
schemes in Sec. 3.4 concludes this chapter.
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3.1 SPONTANEOUS RAMAN SCATTERING

The easiest way to measure a full Raman spectrum is the recording of the spon-
taneous Raman scattering [8] emission, whereat however all advantages of the
nonlinear coherent methods are lost, like the intrinsic three-dimensional imag-
ing capability and especially the higher signal levels [19]. In the context of this
work, spontaneous Raman scattering is used as an independent reference mea-
surement, to compare the spectra acquired with the coherent Raman scattering
techniques to this independent reference.

A schematic respresentation of spontaneous Raman scattering is depicted in
Fig. 16 (a) in form of an energy diagram. It shows the inelastic scattering of
pump photons (red arrow) from the ground state via a virtual state, whereat
the vibrational states in the sample are populated and photons with less energy
are emitted. They are Stokes-shifted and appear on the low-energy side of the
spectrum, relative to the pump light. As shown in Fig. 16 (b), pump photons
(red arrows) can also be scattered from the vibrational states via virtual states,
generating so-called anti-Stokes photons (green arrows). These anti-Stokes pho-
tons appear on the high-energy side of the spectrum. Assuming a classical
Boltzmann energy distribution, the vibrational states are less populated than
the ground state, resulting in a reduced probability of anti-Stokes scattering
and thus a reduced spectral intensity, compared to the Stokes case.
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Figure 16: Schematic energy diagram of spontaneous Raman scattering for (a) the
Stokes and (b) the anti-Stokes case. (c) Measured spontaneous Raman scat-
tering spectrum of acetonitrile.

For this reason, we focus on the Stokes side of the spectrum for the presented
spontaneous Raman scattering reference measurements. The spectrum of ace-
tonitrile on a cover slip shown in Fig. 16 (c) was recorded with 2s integration
time, ten times averaging and with 0.51 W continuous-wave radiation of 532 nm
wavelength incident on the sample. Several Raman transitions are clearly visi-
ble, with one being dominant at 2922 cmt. The width of this resonance is mea-
sured to be 34 cm™, which is close to the limit of the spectral resolution of the
applied spectrometer (16 cm™). This rather poor resolution, together with an
assumed measurement uncertainty of 1 CCD-array pixel (approx. 4cm™), is cer-



tainly not suited to measure the position or width of the resonance with a high
precision, but is sufficient for the referencing purpose. All other spontaneous
Raman scattering spectra within this thesis were acquired under comparable
conditions.

3.2 FEMTOSECOND RAMAN-INDUCED KERR-EFFECT SPECTROSCOPY

The Raman-induced Kerr-effect (RIKE [21, 114]) exploits the anisotropic, com-
plex change of the refractive index of a sample induced by a strong narrow-
bandwidth pump pulse by means of the optical Kerr-effect. It is resonantly en-
hanced in the vicinity of a Raman resonance at frequency Q, such that a linearly
polarized probe pulse matching the Raman resonance condition wpr — wpy = Q
experiences a change in its polarization. The induced alteration in polarization
is conveniently measured with a crossed polarizer, which is set to solely trans-
mit the polarization component perpendicular to the orientation of the initial
probe pulse polarization. Employing a broad-bandwidth probe pulse results in
a RIKE signal for all frequency components of the probe pulse, which fulfill the
Raman resonance condition, such that consequently the measured spectrum re-
sembles a spontaneous Raman spectrum. This scheme has been introduced in
the early work of Heiman et al. [21] and has later been termed femtosecond
Raman-induced Kerr-effect spectroscopy (FRIKES [22]).

As already mentioned, both, the pump and probe pulse for excitation of the
RIKE process, were derived from the light source presented in Chap. 2. The
MOPA pulse was spectrally filtered to a bandwidth of about 4nm (30 cm™) to
serve as the pump wave with up to 100nJ pulse energy. The SC was generated
in a YAG crystal and a combination of a long-pass and a short-pass filter was
used to select a spectral band of 750 to 820nm, containing up to 1.4nJ pulse
energy as the probe pulse. The combination of this broad-bandwidth probe
pulse and the narrow-bandwidth pump pulse at 1035nm covered a range of
vibrational frequencies from 2500 to 3500 cm.

Pol1 DM Sample DM Pol3

Probe % ¢

ND Pol2 QWP
Pump ! % %

Figure 17: Schematic experimental setup of FRIKES. ND: neutral density filter, Pol#:

polarizer, QWP: quarter-wave plate, DM: dichroic mirror, MO: microscope
objective, Spec: spectrometer.

The schematic experimental FRIKES setup is shown in Fig. 17. The polarizer
(Pol1) was used to ensure a linear state of polarization of the probe pulse, while
the pump pulse polarization was adjusted to a circular state via a quarter-wave
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plate (QWP) after polarizer Pol2. The circular polarization of the pump pulse
was essential to suppress a nonresonant contribution within the FRIKES scheme
[21]. In order not to damage the sample, a variable neutral density filter (ND)
was used to adjust the power of the pump pulse, which was merged with a
dichroic mirror (DM) into the beam path of the probe pulse. Both beams were
focused with a microscope objective (MO) into the sample, which consisted for
this demonstration purpose of acetonitrile on a cover slip. After a collimation
behind the sample with a second MO, the residual pump pulse was separated
from the probe pulse with another DM. Polarizer Pol3 was set perpendicular to
Poll in order to transmit only the fraction of the probe pulse that was rotated
due to RIKE. The spectrum of the probe pulse behind Pol3 was recorded with a
spectrometer based on a silicon CCD-array with a spectral resolution of 0.8 nm
at 800 nm (Stellarnet EPP2000). The maximum signal level was 65536 cts (16 bit
ADC), while the zero level was 3000 cts. The noise of all measurements is dom-
inated by the detector noise, which was calculated as the standard deviation
of the zero level to 65cts. Note that all presented measurements could have
been easily improved by signal averaging. However, as all spectra should be
comparable to each other we refrained from such post-processing. The signal
strength in the FRIKES measurement was rather low (0.4 p]), so accordingly, the
spectrometer integration time had to be set to 250 ms.
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Figure 18: FRIKES measurement of acetonitrile: reference spectrum (pump off, blue-
dashed curve) and the FRIKES spectrum (pump on, red curve) showing
a strong peak on top of a broad background signal. The difference (green
curve) corresponds to a Raman intensity spectrum.

The recorded spectra are shown in Fig. 18. A reference probe pulse measure-
ment, i. e. with the pump pulse blocked (pump off, blue-dashed curve), shows
the residual background, which results from the limited polarization extinction
ratio (approx. 10000:1) of the applied polarizers. The measurement with the
pump turned on (red curve) shows the dominant Raman scattering peak of ace-
tonitrile at 792.4nm, corresponding to a wavenumber of 2921 cm! relative to
the pump pulse. The peak is situated on top of the residual background with a
signal-to-background ratio (S/B-ratio) of 3:1. By subtracting the reference spec-



trum a very clean Raman scattering intensity spectrum is obtained, which can
be seen as the green curve in Fig. 18. The width of the Raman peak is de-
termined to be 37 cm™!, which is insignificantly wider than the spontaneous Ra-
man scattering trace. The small discrepancy of the position and the width of the
peak in the spontaneous measurement (Fig. 16 (c)) is due to the observational
error of the poorly resolving spectrometer. Apart from this, a slight increase in
width can be expected due to the fact that the pump pulse exhibits a width
of 30 cm™, which artificially broadens the width in the CRS spectra. The signal
level of the peak is 40000 cts, resulting in a signal-to-noise ratio (S/N-ratio) of
615:1, which is close to the S/N-limit of the detector of 1000:1.

3.3 FEMTOSECOND STIMULATED RAMAN SCATTERING

Femtosecond stimulated Raman scattering (FSRS [20]) is a technique related
to stimulated Raman scattering (SRS [107]), wherein a vibrational resonance
with frequency Q is driven by two light waves with frequencies wp, (pump
pulse) and wp, (probe pulse), such that their difference frequency matches the
vibrational resonance, wp; — wpy = Q. From here on, the notation of pump
and probe pulse follows Ref. [20] and [23], which termed the strong, narrow-
bandwidth light field pump pulse and the weak, broad-bandwidth light field
probe pulse. When the resonance condition is fulfilled, energy is transferred
from one light wave (wp;) to the other (wpy), leading to a measurable loss at
Wpr, if the probe pulse is located on the high-energy side, relative to the pump
pulse. Correspondingly, the probe pulse experiences a gain, if it is located on
the low-energy side of the spectrum [17]. In 2003 McCamant et al. demonstrated
that when using femtosecond, broad-bandwidth pulses as one of the driving
light waves a number of vibrational resonances that are located within the spec-
tral pulse width can be covered simultaneously, while the spectral resolution is
determined by the spectral bandwidth of the second pulse [20]. This scheme is
termed femtosecond stimulated Raman scattering (FSRS) and its corresponding
level scheme is depicted in Fig. 19 (a). All vibrational resonances Q that fulfill
the condition wpr — wpy = Q, whereat wy,; lies within the spectral bandwidth
of the probe wave, lead to a loss that can be measured as a dip in the probe
spectrum (see the schematic sketch of the spectra in Fig. 19 (b)). With this FSRS
technique, a Raman loss or gain spectrum can be extracted easily from a differ-
ence measurement in a single shot [23]. A mathematical treatment of FSRS will
be presented in Chap. 4.

The experimental FSRS setup applied for this thesis is shown in Fig. 20 and
was basically the same setup as in the FRIKES experiment in Sec. 3.2, except for
the polarizaion optics. For the FSRS measurement the pump and probe pulse
polarizations were set linearly and parallel to one another, ensured by polar-
izer Pol2 and Poll, respectively. They were adjusted along the x-axis, which is
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Figure 19: (a) FSRS energy level scheme and (b) corresponding spectrum displaying a
Raman loss spectrum of the probe wave on the anti-Stokes side.

defined as the horizontal direction. The power of the pump pulse was attenu-
ated with a neutral density filter (ND), in order not to damage the sample. A
dichroic mirror (DM) was used to merge the MOPA pulse and the SC, which
were both focused with a microscope objective (MO) into the sample, which
again consisted of acetonitrile on a cover slip. The emerging light is collimated,
using another MO and a second DM is used to filter out the residual pump light.
The spectrum was recorded with the identical spectrometer as in the FRIKES

measurements.

Pol1 DM Sample DM

Probe
ND Pol2 1

Pump ! %

Figure 20: Schematic experimental setup of FSRS. ND: neutral density filter, Pol#: po-
larizer, DM: dichroic mirror, MO: microscope objective, Spec: spectrometer.

The measured probe pulse reference spectrum, is shown in Fig. 21 as the blue-
dashed curve (pump off). If the pump pulse is turned on (red curve, pump on),
a dip becomes visible at a wavelength of 792.4nm, corresponding to the dom-
inant spectral feature of acetonitrile at a Raman shift of 2921 cm™. The signal
level (depth of the dip) is 2500 cts, while the background amounts to 40000 cts,
resulting in a S/B-ratio of 1:15. The difference between the blue-dashed refer-
ence and the red curve is plotted in green and multiplied by a factor of five for
illustration purposes and corresponds to the Raman scattering intensity spec-
trum.

The probe pulse energy incident to the spectrometer amounted to 0.7 nJ and
had to be reduced with a 45dB neutral density filter, in order not to saturate
the spectrometer (set to a minimum integration time of 20 ms). The low signal
level resulted in a S/N-ratio of 40:1, which was just sufficient to render the

resonance visible.
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Figure 21: FSRS measurement of acetonitrile: reference spectrum (pump off, blue-
dashed curve) and the SRS modulated spectrum (pump on, red curve) show-
ing a small dip at 2921 cm™!. The difference (green curve) corresponds to an
inverted Raman intensity spectrum.

3.4 DISCUSSION ABOUT THE APPLICABILITY TO MICROSCOPY

Raman scattering is well suited to be applied as a contrast mechanism for mi-
croscopy. With spontaneous Raman scattering being the most mature method,
it dominated the field of hyperspectral microscopic imaging for a long time.
As already mentioned, spontaneous Raman scattering has considerable disad-
vantages over CRS, namely the need to apply a confocal approach to allow
for three-dimensional imaging, and its rather slow detection, because of the
low scattering cross-section. Also, the often apparent disturbance by fluores-
cent signals in the spectral region of the detection limits the applicability of
spontaneous Raman scattering. As already discussed in the introduction of this
chapter, the most applied CRS schemes in microscopy up to now are the narrow-
bandwidth schemes CARS and SRS.

The broad-bandwidth schemes presented in this section all allow the extrac-
tion of the full intensity Raman scattering spectrum at once, which is superior
to the narrow-bandwidth approaches, as these are limited by the tunability of
the relative frequency between pump and probe pulse. Admittedly, in terms
of the acquisition time per image, the narrow-bandwidth approaches are faster,
because they do not rely on slow spectrometers with a read out time in the
order of milliseconds per pixel, but on fast photodiods combined with lock-
in techniques with an acquisition time in the order of microseconds per pixel.
Together with the required frequency tuning of the laser and the subsequent
recording of images at different narrow spectral bands, the acquisition time
of a full broadband hyperspectral data-set increases dramatically. As a conse-
quence, the application of a broad-bandwidth scheme is beneficial, if the full
Raman response is desired, for example, if the Raman spectrum of both, the
fingerprint region as well as the C-H stretch region is of interest in microscopic
investigations.
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So far, FRIKES has not been applied to microscopy. The broad-bandwidth ap-
proach FSRS has been successfully implemented into a microscopic setup [23],
but was apart from this proof-of-principle work mainly employed to spectro-
scopic tasks, such as presented in [115, 116, 117]. One of the most important
limitations of FSRS measurements is its intrinsically noisy retrieved spectrum,
which is dominated by detector noise, because a low signal is measured on a
huge background, as could be seen in Fig. 21. The novel interferometric devel-
opments of the FSRS scheme presented in the next chapter are simple but yet
effective extension of the standard FSRS setup, resulting in a superior signal-to-
background ratio, as they reduce the background considerably, before actually

measuring the Raman scattering spectrum.
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A variety of different spectroscopic and microscopic techniques are based on
coherent Raman scattering (CRS), all of which correspondingly probe the ma-
terial’s third-order nonlinear susceptibility x(3). In principle, the two-photon
resonant interaction of the incident light fields with molecular vibrational res-
onances grant access to the amplitude and phase of the probed resonances,
which are connected to the imaginary and the real part of x(3), respectively.
The phase information can greatly improve the spectral resolution and thus the
selectivity of CRS, regardless whether the amplitude and phase information
are viewed separately [118] or together [119], yielding characteristic dispersive
lineshapes with a linewidth below half the natural linewidth of the resonance
[120].

Up to the work of the present PhD thesis, the acquisition of the phase in-
formation was only realized in narrow-bandwidth CRS schemes, as in opti-
cal heterodyne-detection RIKES (OHD-RIKES [121]) or the recently developed
balanced-detection RIKES (BD-RIKES [122]). The majority of the CRS schemes
is restricted to probing the imaginary part of x(3), such as stimulated Raman
scattering (SRS [17]), Raman-induced Kerr-effect spectroscopy (RIKES [114]),
and coherent anti-Stokes Raman scattering (CARS [110]). In order to utilize the
improved resolution and selectivity for hyperspectral scanning microscopy ap-
plications, the acquisition of amplitude and phase spectra can be performed by
using a broad excitation spectrum, as it was presented in Chap. 3. A narrow-
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band laser wavelength scanning approach yields up to video-rate microscopic
images [123], but the spectral information is limited to only one single fre-
quency per image. In a broadband scheme, however, the full spectroscopic in-
formation is recorded for each pixel, avoiding the necessity to record the same
image with different excitation wavelengths, which is beneficial, if the full Ra-
man spectrum is of interest.

Another common limitation encountered with nonlinear spectroscopic inves-
tigations is the inherently low signal strength of nonlinear optical processes.
The efficiency of parametric processes increases with increasing intensity of the
driving laser, however, such scaling is often impossible, because of the damage
threshold of the sample under investigation. Nonetheless, a number of tech-
niques routinely enable the utilization of the nonlinear response, such as am-
plitude modulation of the driving laser and detection with a lock-in amplifier,
which relies on subtracting an electronic background signal [17, 18, 124], or
optical methods such as heterodyne detection [125, 126]. These methods have
been applied to narrow-bandwidth CRS schemes only.

Both issues, the acquisition of the phase information and the restrictions of
the narrow-bandwidth approaches are resolved with the two novel interfero-
metric extensions of FSRS, which are presented in this chapter, namely interfer-
ometric femtosecond stimulated Raman scattering (iFSRS, Sec. 4.1) and in-line
interferometric femtosecond stimulated Raman scattering (II-FSRS, Sec. 4.2).
Both share an interferometric approach to reduce the background of the FSRS
measurement and additionally give access to phase information of the Raman
resonance, in the first case with a Sagnac interferometer and in the second case
with an in-line interferometer. The latter realization is actually capable of be-
ing incorporated into a microscopic setup, to perform hyperspectral imaging,
which will be presented and discussed in Sec. 4.3.

4.1 INTERFEROMETRIC FEMTOSECOND STIMULATED RAMAN SCATTER-
ING

In interferometric femtosecond stimulated Raman scattering (iFSRS) the back-
ground of a FSRS measurement is reduced by means of a Sagnac interferometer
(SI). SIs are not only used to precisely detect rotation rates [127, 128], or to po-
tentially measure ultrasmall phase shifts in gravitation wave detection [129],
but also to improve the observation of ultrafast dynamics [130], or to deter-
mine nonlinearities [131], even at the single photon level [132]. Compared to
other interferometers, the SI has the advantage that the two interfering beams
counter-propagate along the same path, such that all reciprocal phase and am-
plitude changes cancel out. Only nonreciprocal modulations which are — in our
case — due to nonlinear frequency conversion in an unbalanced configuration
are detected as a signal at the output port. The application of an interferometric



reduction is the first demonstration of purely optical background suppression
for FSRS.

In the following Sec. 4.1.1, firstly the Lorentzian oscillator model is intro-
duced, in order to allow for a theoretical insight into the SRS interaction of the
involved pulses. Subsequently, the experimental setup of iFSRS is presented
and the performance of the Sagnac interferometer is evaluated experimentally.
Sec. 4.1.2 presents experimentally measured iFSRS spectra and compares these
to FSRS spectra, which were acquired under the same conditions. Additionally,
the aforementioned model is used to calculate the corresponding FSRS and
iFSRS spectra for comparison.

4.1.1 Working Principle, Experimental Setup and Model

In order to explain coherent Raman interaction of the pump and probe pulses,
we adopt a simple oscillator model [133]. In this frame, the complex third-order
susceptibility around a resonance at frequency Q) is described by

(3) () — A
X = o s ) i @)

where A is the amplitude, wp, is the pump frequency and T the spectral width
of the resonance. Any nonresonant contribution from other processes than the
considered Raman transition is neglected in this case. Note that in SRS or FSRS
experiments usually only the imaginary part Im(x(3)), corresponding to an am-
plitude change, is detected as gain or loss [17, 18]. In Fig. 22, the real (red curve)
and imaginary part (blue curve) of the third-order nonlinear susceptibility x 3’
are shown for a Raman resonance with a width of I' = 1.2 THz (40cm™!) at the
central frequency of Q = 88.35 THz (2957 cm™). Due to the application of an in-
terferometric, i. e., a phase-sensitive approach for background suppression, an
influence of the phase shift inflicted by the resonance (i. e., the real part Re(x (%)),
red curve in Fig. 22) in the signal detected in iFSRS is expected.
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Figure 22: Normalized imaginary part (blue curve) and real part (red curve) of the non-
linear susceptibility x(3). The imaginary part corresponds to a Lorentzian
shape with width I and amplitude A, centered at frequency Q.
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The low magnitude of the third-order susceptibility requires to maintain a
careful balance of pulse peak power and average power for a sufficiently high
signal yield while avoiding damage to the sample. Even with an optimized ra-
tio, the efficiency is low, leading to signals consisting of a small (~ 1 %) intensity
variation on a large background, i. e., the probe pulse [23]. In contrast, we show
that using iFSRS sufficient background suppression can be achieved to facilitate
measurement of even lower signal levels. Note that the interferometric method
can be used in addition to other methods commonly used in SRS, like lock-in
techniques, such that the potential for further sensitivity enhancement is fully
retained.

The applied pulses had the same properties as the ones used in the FRIKES
and FSRS experiments shown in Secs. 3.2 and 3.3. Accordingly, here also loss
spectra on the high energy side were measured.

The experimental setup of the SI is shown schematically in Fig. 23. The sam-
ple was placed between two lenses (Lj, Ly) of 25 mm focal length inside a three-
mirror ring resonator. The probe pulse was split into two counter-propagating
parts by a beamsplitter which consisted of two right-angle prisms. The dis-
tance between their touching bases was adjusted precisely by a piezo translator
(PZT) to control the frustrated total internal reflection (FTIR) at the interface in
order to achieve a splitting ratio as equal as possible for the clockwise (cw) and
the counter-clockwise (ccw) propagating pulse. The (cw) beam gathered a total
phase shift of 7t during the two reflections at the beamsplitter while the (ccw)
beam was transmitted unaffectedly twice, resulting in destructive interference
at the output port, rendering it dark.

<100nd Pump
(1035nm)

PZT\
~1nd Probe \
(800nm) L N

Interferometric
FSRS

Figure 23: Sagnac interferometer setup for iFSRS measurements. DM: dichroic mirror,
Ly, Ly: lenses, FM: flip mirror, (cw): clockwise beam path direction, (ccw):
counter-clockwise beam path direction, FTIR: 50:50 beamsplitter (based on
frustrated total internal reflection) comprised of two right angle prisms be-
ing pressed together with a piezo translator (PZT), shown schematically as
the black elements. For details, see text.



The intensity emerging from the SI exit port can be calculated as

|Eou’t|2 = |Ecw + Eccw|2
= [r?(W)Ein - e R 4 2 (W) i, 2)

where Eqy is the emerging electric field, E;, is the incident electric field, Eqw
and E.., are the electric fields after propagation in the clockwise and counter-
clockwise direction, respectively. The frequency-dependent reflection and trans-
mission coefficients of the beamsplitter r(w) and t(w) fulfill the condition
r(w) = 1 —t(w). The Raman contribution is included in the phase term (kz)
in the exponent, with the propagation distance z. The wavevector k can be ex-
pressed as:

w
k=— He = wy/Koeo(1+x)

¢

=kov1+Xx=

wherein [Epy| is the pump pulse intensity, ¢ = 1/,/t€, € = €o(1 +X), 1 =~ o,
co = 1/{/Ho€p and ko = w/co were used. The susceptibility x is assumed to

1+ x3)[Epul?, (3)

consist of a third order nonlinearity (x3)[E[?) only.
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Figure 24: (a) Spectral power density of the probe pulse before the SI (|E;,|?, blue curve)
and at the exit port of the SI ( |Eout|?, red curve), (b) the reflection coefficient
calculated by Eq. 4 and (c) interferometric reduction achieved by the Sagnac
setup on a logarithmic scale.

Fig. 24 (a) shows the measured residual spectral intensity of the probe pulse
emerging from the SI exit port (|Eout|?) as the red curve on a logarithmic scale.
The emerging pulse energy amounted to 12 p]. Care was taken not to saturate
the spectrometer at this intensity, so neutral density filters were inserted in
front of the spectrometer. The probe pulse spectrum incident to the SI (|E;y|?)
is shown as a blue curve for comparison. The shape of the residual probe spec-
trum was a result of the wavelength-dependent splitting ratio of the FTIR beam-
splitter and of other imperfections in the setup. The reflection coefficient r(w),
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which is depicted in Fig. 24 (b), was derived from the measured spectra in Fig.
24 (a) by:

o 1 |Eout(w)|2
r(w)—2<1ww>. 4)

The resulting interferometric reduction shown in Fig. 24 (c), reached its max-
imum value of 21dB at 805nm and decreased to both sides of the spectrum.
The overall background suppression of the Sagnac interferometer amounted to
17 dB, which was measured as the power suppression at the SI output port, com-
pared to the input probe pulse power of 0.6nJ. Note that in a different context,
namely the observation of the Kerr-effect in a fiber with a SI, an even stronger
suppression has been obtained with narrow-bandwidth pulses, enabling mea-
surements at the single photon level [132]; for the broad bandwidth of the
probe spectrum of about 100nm and the corresponding difficulties with, e. g,
the equal as possible splitting ratio of the beamsplitter, however, 17 dB is a con-
siderable overall performance.

The pump pulse was coupled into the SI via a dichroic mirror (DM), which
was highly reflective for the pump wavelength and transmissive for the probe
wavelength. The pump pulses were spatially and temporally overlapped with
the (cw) probe pulse, while temporal overlap with the (ccw) probe pulse in
the sample was avoided. SRS could occur only in the (cw) direction, thereby
generating an imbalance of the SI. Furthermore, a flip mirror (FM) was in-
stalled behind the sample and lens L,, which could be used to redirect the cw-
propagating probe pulse to measure conventional FSRS for comparison. Both,
FSRS as well as iFSRS spectra were acquired using a spectrometer based on a
silicon CCD-array with a spectral resolution of 0.8 nm (Stellarnet EPP2000).

4.1.2 Experimental Results

Demonstration measurements of FSRS and iFSRS were performed with a bulk
sample of Poly(methyl methacrylate) (PMMA) of unknown purity and of 6 mm
thickness. PMMA shows a strong Raman-active resonance in the C-H stretch
region at 2957 cm’!, such that the Raman loss was expected to appear in the
probe spectrum at a wavelength of about 792nm. The FSRS measurement is
shown in Fig. 25 (a) as the red curve, while the blue curve shows the reference
spectrum of the unaltered probe pulse behind the sample. The latter was mea-
sured not by blocking the pump pulse, but with the pump pulse delayed from
temporal overlap, such that distortions, e.g., due to thermal lensing occurred in
both measurements with an identical amount and were not misinterpreted as
gain or loss.

The Raman loss induced by the PMMA resonance is visible near the maxi-
mum of the probe spectrum in Fig. 25 (a). By calculating the difference between
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Figure 25: FSRS (left column) and iFSRS (right column) spectra of PMMA: (a, b) mea-
sured spectra and (c, d) spectra recreated by applying the Lorentzian res-
onance to the measured probe pulse. For all cases the probe spectrum is
displayed without (blue curve) and with temporal overlap with the pump
pulse (red curve). (e, f) The pump induced change of the measurement (red
curve) and the calculation (blue curve).
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the reference spectrum and the FSRS spectrum the Raman intensity spectrum
was retrieved and is shown as the blue curve in Fig. 25 (e). A main Raman
peak at 792nm (2957 cm™) is well resolved. The magnitude of the Raman loss,
i.e. the signal-to-background ratio (S/B-ratio) was approximately 0.06:1 in this
measurement. This relatively high signal strength and low noise level were a
result of the high peak power of the laser system in combination with a high
repetition frequency of 1 MHz, which resulted in clearly resolved spectra. In
comparison, reported results where comprised of 1000 single spectra, which
were averaged and thereby created comparable results [23]. The signal-to-noise
ratio (S/N-ratio) was dominated by the detector noise and could be estimated
from Fig. 25 (e) to be ~6:1. Note that a further enhancement of the S/N-ratio
with post-processing techniques like averaging or numerical smoothing is pos-
sible.

For comparison, we calculated a FSRS spectrum by applying the simple
model for a Lorentzian shaped resonance (Eq. 1) with ' = 1.2THz (40cm™)
to the measured probe spectrum from Fig. 25 (a), which is shown in Fig. 25 (c).
The probe spectrum (|Einl?, blue curve) now displays a symmetric loss profile
(|Einl? - e'(™*%2) red curve) at the central frequency of Q = 2957 cm™!. By taking
the difference of both curves (shown in Fig. 25 (e) as the red curve), the Ra-
man intensity spectrum is clearly visible, which corresponds to the imaginary
part of the assumed Lorentzian resonance. The resemblance of both, the loss
spectra in Figs. 25 (a) and (c) and the direct comparison of the difference spec-
tra in Fig. 25 (e) shows that the shape of the absorptive loss spectrum is well
approximated by the simple Lorentzian oscillator model.

The iFSRS spectra were recorded with the flip mirror removed, such that the
SI ring was forming a closed path, while all the other experimental parameters
were kept identical to the FSRS measurement. A PMMA spectrum measured
at the SI output port is shown in Fig. 25 (b) as the red curve and the probe
pulse spectrum (with the pump pulse delayed) is plotted as the blue curve
for comparison. The background suppression by the SI led effectively to an
increase of the signal-to-background ratio from 0.06:1 to about 1:1 and to an
increased signal-to-noise ratio from approximately 6:1 to about 160:1. The latter
was possible, because iFSRS enabled the exploitation of the dynamic range of
the spectrometer to its full capacity. The background spectrum could be easily
subtracted (see the blue curve in Fig. 25 (f)).

In addition to the achieved improvement in sensitivity, and in contrast to the
FSRS measurements, the interferometrically measured Raman loss spectrum
revealed a dispersive lineshape, which is the typical phase signature of a reso-
nance. In order to reproduce this signature, the model of a Lorentzian shaped
resonance was applied to the measured probe pulse (|Ei,|%) and the resulting

7T+kz)|2

spectrum (|E;p, - et , i.e., the one plotted in Fig. 25 (c) as the red curve)

was further processed together with the unaltered probe spectrum (IEinlz, the



blue curve in Fig. 25 (c)) to generate the SI output according to Eq. 2 (where
the reflection coefficient r from Fig. 24 (b) was used). It can be seen from the
result shown in Fig. 25 (c) that not only the shape of the reduced spectrum
(blue curve), but also the shape of the spectral modulation (red curve) was re-
produced in good agreement with the measurement. The direct comparison in
Fig. 25 (f) is a clear demonstration that the interferometric detection of FSRS
measurements grants access to the phase of a nonlinear resonance, i.e., to the
real part of x(3), and that the shape of this dispersive phase function can be
modeled with the help of the simple model for a Lorentzian oscillator.

4.2 IN-LINE INTERFEROMETRIC FEMTOSECOND STIMULATED RAMAN SCAT-
TERING

The iFSRS scheme does in principle allow single-shot measurement of the spec-
tral amplitude and additionally of the phase, but the experimental setup involv-
ing a Sagnac interferometer is quite sensitive to wavefront distortions, which
are likely to occur in a microscopic setup, such that the applicability of iFSRS to
imaging is limited. Related techniques like optical heterodyne-detection RIKES
(OHD-RIKES [121]) or the recently developed balanced-detection RIKES (BD-
RIKES [122]) also grant access to the phase, but the shape of the resonance is
obtained only by scanning the excitation wavelength, because both schemes are
narrow-bandwidth CRS schemes.

Here, this gap is closed and potentially a single-shot access to the ampli-
tude as well as the phase of the Raman spectrum over a wide wavenumber
range of 1000 cm™ is provided, which can additionally be applied to imaging
applications: in-line interferometric FSRS (II-FSRS) combines the advantages
of the phase-sensitive heterodyne- or balanced-detection schemes (as applied
in OHD-RIKES or BD-RIKES) and of the broadband femtosecond schemes
(like FSRS and FRIKES). Additionally, the accompanying background reduc-
tion yields results comparable to the schemes (F)RIKES, ASTERISK [134], the
aforementioned background-free CARS [113] and iFSRS [119]. The main idea of
II-FSRS is to use two identical probe pulses, which share a common path and
are only separated by their polarization. The perpendicularly polarized probe
pulse components experience different nonlinear contributions from the pump-
probe interaction and are brought into interference afterwards. This technique
has already been used in an optical switching experiment [135] or later for the
detection of the full complex response of gold nanoparticles [136]. The informa-
tion that can be gained from the II-FSRS spectrum depends on the polarization
configuration of the complete setup: in one configuration, the spectrum corre-
sponds to a Raman intensity spectrum like in FSRS, but with a strongly reduced
background. In the other configuration, the phase information of the resonance
becomes apparent in characteristic dispersive lineshapes.
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In the next Sec. 4.2.1, the experimental setup for II-FSRS is laid out. To ex-
amine the different possible contributions to the II-FSRS spectra, an analytic
model is introduced in Sec. 4.2.2, which is also based on the Lorentzian oscilla-
tor model and which is calculated with the Jones matrix formalism. In Sec. 4.2.3,
our new II-FSRS scheme is compared to the common nonlinear Raman scatter-
ing spectroscopy methods FSRS (see Sec. 3.3) and FRIKES (see Sec. 3.2), which
are both applicable with only slight changes of the setup. The measured II-FSRS
spectra are also reproduced by the analytic model. The excellent agreement be-
tween experiment and theory allows for the retrieval of the Raman intensity
and phase spectrum from the measurement.

4.2.1 Experimental Setup

In order to measure both, the amplitude and the phase of the spectrum, FSRS
was realized within an in-line interferometric setup as shown in the schematic
sketch in Fig. 26 (a). The experimental scheme was based on the FSRS experi-
ment from Sec. 3.3, which we employed by detecting the loss spectrum on the
anti-Stokes side. The pump and probe pulses were both identical to the ones
used in these experiments. In Fig. 26 (b) the polarization states of the involved
pulses are indicated. The probe pulse (red) was initially set to linear polariza-
tion along the x-axis, which was ensured by a polarizer (Poll). It was then
separated into two components by an achromatic quarter-wave plate (QWP1)
where the fast axis was aligned at +45° with respect to the x-axis (here and in
the following, all angles are given with respect to the x-axis, i. e., to the horizon-
tal direction in Fig. 26). The two probe pulse components then had orthogonal
polarizations (at £45°) and were delayed with respect to each other by 7/2
(corresponding to a circular polarization).

The pump pulse energy was adjusted by a variable neutral density filter (ND).
The pump pulses passed a polarizer (Pol2), a quarter-wave plate (QWP2) and
a half-wave plate (HWP) such that any arbitrary polarization state could be
accomplished. The pump and probe pulses were superimposed to spatially and
temporally overlap using a dichroic mirror (DM). A 20x microscope objective
(MO) created a focus in the sample to initiate a polarization-dependent coherent
Raman scattering interaction, and the light was collected behind the sample by
a second 20x MO. Afterwards, the pump pulse was filtered out using a second
DM, while the achromatic QWP3 transformed the probe pulse back into a linear
polarization state, now at 90°. The light was detected behind a polarizer (Pol3)
which was set to transmit polarization components at 0° only. The spectrum
of the probe pulse behind Pol3 was recorded with a spectrometer based on
a silicon CCD-array with a spectral resolution of 0.8 nm at 800 nm (Stellarnet
EPP2000), identical to the one used in Secs. 3.2 and 3.3.
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Figure 26: (a) Schematic experimental setup. ND: neutral density filter, Pol#: polarizer,
QWP#: quarter-wave plate, HWP: half-wave plate, DM: dichroic mirror, MO:
microscope objective, Spec: spectrometer. (b) Schematic sketch of the II-FSRS
scheme. (c) The inset shows the polarization orientations of the pump and
probe pulse components in the sample (details see text).

With no pump pulse and thus no nonlinear interaction being present, the po-
larization of the probe pulse before Pol3 should be at exactly 90°, i.e., vertical,
and there should be no signal detectable behind Pol3, which is set to 0°. How-
evet, in presence of the linearly polarized pump beam, polarization-dependent
FSRS was introduced in the sample, i. e., a nonlinear amplitude and phase mod-
ulation of the two differently polarized probe pulse components occurred. This
corresponded to a change of the polarization state of the probe pulse from the
original circular polarization before QWP3 and consequently from the vertical
polarization behind QWP3.

In addition to the intended polarization change due to FSRS, we have identi-
fied two additional parasitic contributions to a signal behind Pol3: firstly, there
were imperfections of the setup. Especially the quarter-wave plates showed a
wavelength-dependent retardation error, resulting in a wavelength-dependent
state of polarization of the probe pulse and thus an unavoidable linear back-
ground signal in the experiment. Secondly, cross-phase modulation (XPM) al-
tered the state of polarization of the probe beam. All these contributions to
the II-FSRS spectra, the intended as well as the parasitic ones, are individually
addressed in the following section 4.2.2.

4.2.2 Working Principle and Model

In this section the described II-FSRS scheme will be evaluated theoretically us-
ing the Jones matrix formalism. The goal of this process is to identify the accessi-
ble spectral information for different polarization configurations. Furthermore,
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by reconstructing every process in the setup that changes the phase and/or
amplitude, the II-FSRS spectra will be reproduced theoretically, and so the ver-
ification of the validity of our approach is possible.

The II-FSRS scheme is based on the amplitude and phase modulation of the
probe pulses by stimulated Raman scattering, which depends on the polariza-
tion angle of the pump pulse. In a simple approximation, this resonant Raman
scattering contribution can be described by an oscillator model for the com-

plex third-order susceptibility xr(3)

around a resonance at frequency Q. Here
we follow Ref. [133] and neglect the tensor characteristics of the susceptibility,
which leads to a reasonable comparability to our experiment, indicating that
the influence of the neglected components of the tensor is rather weak.

As stated above, XPM [137] can contribute to a polarization rotation of the
probe pulse, besides the resonant stimulated Raman scattering in II-FSRS. XPM
occurs due to a nonresonant, wavelength-independent third-order nonlinearity
x2) and can be described as a phase shift experienced by each of the two po-
larization components Ey and Ey of the probe pulse. For isotropic media, XPM
contributes a relative phase shift of 2/3 to the polarization parallel to the pump
pulse, and of 1/3 to the perpendicular polarization [137]. The resulting phase
difference means that XPM acts on the probe pulse polarization like a retar-
dation plate. A combination with a circular pump polarization like in FRIKES
would result in an evenly distributed nonlinear effect, including the nonreso-
nant, but also the resonant contributions, on both probe pulse polarization com-
ponents and would cancel out. Because the resonant contribution is of interest,
the II-FSRS measurements need to be carried out with a linear pump polariza-
tion, resulting in an unavoidable nonlinear, but nonresonant XPM background,
which has already been observed in BD-RIKES [122].

The influence of the nonlinearities (Eq. 1 and XPM) on a pulse can be calcu-
lated by including the contributions of the third-order susceptibilities into the
wavevector k in the phase term @ = exp(ikz) and multiplying it to the elec-
tric field E;,, where z is the propagation distance. We distinguish between two
cases: first, if the electric field experiences resonant Raman scattering as well as
nonresonant XPM, the wavevector k| can be expressed as

w
k| = - = wy/HeE = wy/poeo(1+x)

—kov/THx = koy/ 1+ () +2/3 X3 Bpul2. (5)

Here, [Epy| is the pump pulse intensity, ¢ = 1/,/p€ as the velocity of light
within the medium, € = eo(1 +%), 1~ Ho, ko = w/co and co = 1//p€g Were
used, and the susceptibility x was assumed to consist of a third order nonlinear
contribution (x3)[E|?) only.



In the second case the electric field only experiences XPM and the wavevector
k| can be written as

ki =koy/T+1/3 x5 Epul2 6)

In the Jones-matrix formalism [138], the electric field is written in the form

E ) |:EX] , (7)
Ey

where Ex and Ey are the aforementioned polarization components in x- and
y-direction, respectively. The nonlinear interaction in the sample is modeled by

_ P 0
0 @,

Applying Mraman to an electric field Eiy,, i.e., calculating Equt = Mgraman - Ein

the matrix

exp(ik)z) 0

MRaman = |: . (8)

0 exp(ik z)

yields an electric field, where the x-component is modulated by @ and the
y-component is modulated by @ | . This corresponds to a case, where the pump
polarization orientation coincides with the x-axis.

The effect of a QWP with a fixed orientation of the fast axis of 0° on the
electric field is calculated by

1—1 O.]. ©)
0 141

1
Maowp = 7

In order to consider a QWP with the fast axis at 45°, as it was used in the
setup, the electric field is rotated by -45° before the QWP, and rotated back (by
+45°) after the QWP. This results in the sequence Mg(©®) - M - Mg (—0) with the
rotation matrix Mg:

cos(®) —sin(O)
sin(®) cos(0)

MR(©) = (10)

The experimental setup, as presented in Fig. 26, is accordingly modeled by
the following sequence of matrices acting on the incident probe pulse field E;,
to calculate Eqyy:

Eout =MR(45°) - t- Mowp - MR(—45°) - MR (o) - MRaman
‘Mg (—«) - Mgr(45°) - Mgowp - Mr(—45°) - Ein
=—1/4-Epn
(D) (—i—T—t4it+2cos?(x)(1+1t) —isin(2x) (1 +1t))
+ @) - (—i+ T+ t+it—2cos? (o) (1+1t) +1isin(2a)(1+1))).  (11)

53



54

Here, o is the pump polarization angle and t = t(A) is a transfer function includ-
ing the imperfections of the waveplates in the experimental setup. Even though
care was taken to choose achromatic QWPs, they still showed a wavelength-
dependent retardation error, which led to the aforementioned unwanted con-
tribution to the signal measured behind Pol3. The retardation error t(A) of the
system could be determined from a measurement without a pump pulse. In
this case, d)” = 0, =11in Eq. 11, and we obtain

_ 2 iEout

Boue =—1/2:1(t=1) B & t="%

+1. (12)

In the following, we qualitatively explain the coherent Raman contributions
to the probe pulse components and the expected observation for one exemplary
case, namely for a pump pulse polarization at 45°, for xqwp2 = xqwps = 45°
and for detection behind polarizer Pol3 (apy3 = 0°). In the case of an absent
pump pulse, the two probe pulse components after QWP1 leave the sample
unchanged, are recombined behind QWP3 to a pulse linearly polarized at 90°,
and consequently no light is detected behind a polarizer rotated to 0°. With a
pump pulse set to 45° (xqwp1 = 0° and apwpr = 22.5°), however, the pump
pulse polarization is parallel to one of the probe pulse components at +45°
and perpendicular to the other at -45°, such that coherent Raman interaction
is initiated only in the parallel case. This imbalance leads to a change of the
polarization state of the total probe wave behind QWP3, such that Pol3 no
longer blocks all light and a non-zero signal is detected by the spectrometer.
Due to the interference of the two components, the transmitted light carries
amplitude as well as phase information of the Raman resonance, which results
in a dispersive lineshape in the spectrum, very similar to the ones observed in
iFSRS presented in Sec. 4.1 and in [119].

By simply changing the pump pulse polarization in II-FSRS, the desired line-
shape can be adjusted (Raman loss, Raman gain spectrum and dispersive line-
shape signatures). These significant polarization settings are listed in Table 1,
together with the applied settings for FRIKES and FSRS in Sec. 3.2 and Sec. 3.3,
respectively.

Table 1: Waveplate and polarizer orientations (in degrees, with respect to x-axis, i.e.
horizontal orientation) for the different schemes, * = not inserted, RL: Raman
loss, RG: Raman gain, DL: dispersive lineshape.

Scheme QWP1 HWP QWP2 | QWP3 | Pol3
II-FSRS (RG / RL) 45 0/45 0 45 0
II-FSRS (DL / -DL) 45 225 /675 0 45 0
FSRS * * * * 0
FRIKES * 0 45 * 90




4.2.3 Experimental Results

This section describes the measurement of the Raman resonance of acetonitrile,
as an exemplary sample, with different methods. First, the spontaneous Raman
emission was recorded in the separate setup, as presented in Sec. 3.1, as an in-
dependent comparison to the nonlinear methods. The subsequently presented
FSRS, FRIKES and II-FSRS measurements of acetonitrile were all recorded with
the same pulse parameters and with pulse energies of 30n] and 1.4n]J for the
pump and the probe pulses, respectively. The setup was kept identical for all
measurements. Only the detector integration time was adjusted for each mea-
surement and the polarization optics were arranged for the individual methods
as it was discussed in the theory Sec. 4.2.2.

For the II-FSRS measurement, the polarizer and waveplates were adjusted
according to table 1. After a careful alignment of QWP1 and QWP3 to axqwp1 =
agqwps = 45° and with no pump pulse present, the probe pulse energy trans-
mitted through Pol3 was as low as 4.2 p], compared to an incident probe pulse
energy of 1.4n] before the sample. In order to avoid a saturation of the spec-
trometer at 20 ms integration time, the incident light had to be attenuated by a
10 dB neutral density filter.

Fig. 27 (a) displays the transmitted probe pulse spectrum together with the
incident spectrum (red and blue curves, respectively) on a logarithmic scale,
showing a background reduction of more than 25dB over the whole spectral
range from 750 to 840 nm. The shape of the transmitted probe pulse spectrum is
a result of an imperfect setup, wherein the wavelength-dependent retardation
error of the QWPs is most dominant. This error t(A) of the system was calcu-
lated from the measurement in Fig. 27 (a) according to Eq. 12 and is plotted in
Fig. 27 (b). The minima of the function t(A) at the wavelengths around 755 nm
and 832nm are due to the two design wavelengths of the achromatic QWPs.
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Figure 27: (a) Incident probe pulse spectrum (blue curve) and transmitted reference
spectrum behind Pol3 (red curve) in the II-FSRS setup on a logarithmic scale.
(b) Retardation error, normalized to a retardation of A/4, of the experimental
system calculated from (a) according to Eq. 12.
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Measurement Calculation
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Figure 28: (a) Measured and (b) calculated II-FSRS spectrum dependent on the pump
pulse polarization, (c) the same measured and (d) calculated spectra sub-
tracted by the corresponding reference spectrum. The arrows in (c) and (d)
indicate the pump polarization angle.

Stimulated Raman scattering was induced by superimposing the pump pulse
such that it temporally and spatially overlapped with the probe pulses in the
sample. In this case, the II-FSRS spectrum depended on the pump polarization
angle as explained in Sec. 4.2.2. A corresponding measurement is shown in
Fig. 28 (a), where successive spectra were taken at different pump polarization
angles. The spectral intensity is shown in false colors on a linear scale. The
dominant resonance of acetonitrile is easily identified in the probe spectrum at
792.4nm on top of the aforementioned residual background (see Fig. 27 (a), red
curve).

For a better visualization of the nonlinear contributions, Fig. 28 (c) shows
the II-FSRS measurement with the residual background being subtracted. The
color scale now refers to the spectral intensity relative to the incident probe
pulse spectrum. From Fig. 28 (c) it is clearly visible that the spectral feature
at the resonance changes from a gain signature at a horizontal pump pulse
polarization, over a dispersive lineshape at 45° and a loss at vertical polarization
to an inverted dispersive lineshape at 135°, continuously repeating this cycle.

The measurement was reproduced using the analytic model presented in
Sec. 4.2.2. The Lorentzian resonance (Eq. 1) was fitted to the measurement with
a width of I' = 28 cm™ at a resonance frequency of Q = 2921 cm!. The incident
probe pulse spectrum Ej, (the blue curve in Fig. 27 (a)) and the retardation error



t(A) (Fig. 27 (b)) were inserted into Eq. 11 and the result is plotted in Fig. 28 (b).
Again, for a better visibility of the nonlinear contributions, the reference spec-
trum was subtracted, which resulted in the spectra depicted in Fig. 28 (d). As
can be seen by comparing the calculation with the measurement in Fig. 28 (c),
all features are well reproduced.
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Figure 29: Measured (blue curves) and calculated (red curves) II-FSRS spectra at pump
pulse polarization angle of (a) 0° (=180°), (b) 45°, (c) 90° and (d) 135°.

For a direct juxtaposition, the significant pump pulse polarization angles
(0° (=180°), 45°, 90° and 135°) are marked with white-dashed lines in both
Figs. 28 (c) and (d), and the corresponding cuts are shown in Fig. 29. The po-
sition, shape and width of the spectral lineshapes in the measurement (blue-
dashed curves) are reproduced well from the calculations (red-dashed curves)
for all polarization arrangements. After subtracting the residual background
(green curve), the spectra in Figs. 29 (a) and (c) show a clear intensity Raman
scattering signature (solid curves), only with a different sign. The critical align-
ment of the two imperfect QWPs mainly causes the slight variance in the base-
line.

In Figs. 29 (b) and (d), the expected dispersive lineshapes are apparent, also
differing in their sign. Additionally, the nonresonant XPM-induced phase shift
lowers the signal for the case of a pump polarization angle of 45° (Fig. 29 (c))
and elevates it for 135° (Fig. 29 (d)), due to the interference conditions. These
contributions are also well reproduced within the calculations (red curves).

In these II-FSRS measurements, the signal level of the Raman signatures (e.g.
the loss feature in Fig. 29 (a), blue curve) is 10000 cts, resulting in a S/N-ratio of
156:1, while the S/B-ratio is 1:5. Comparing the FSRS loss spectrum (presented
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in Sec. 3.3 and recapitulated in Fig. 30 (a)) and the II-FSRS spectra, it is clear
that the visibility of the Raman signatures was improved significantly by the

application of the in-line interferometer. Although the generated signal strength
is slightly stronger in FSRS compared to II-FSRS, because here the application
of the circularly polarized probe pulse and the detection through the crossed
polarizer effectively reduced the signal, the background reduction in II-FSRS

allows to exploit the dynamic range of the detector considerably more, and
thus raises the S/B-ratio by a factor of three and the S/N-ratio by a factor of

four.
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Figure 30: Comparison of the different spectroscopy methods. The FSRS (Sec. 3.3),
FRIKES (Sec. 3.2) and II-FSRS spectra were obtained with the same pulse
parameters, only with different orientations of polarization, as indicated by
the arrows on the right side. The retrieved nonlinear susceptibility x(3) is
shown in the plot below, together with the independently measured sponta-

neous Raman spectrum (Sec. 3.1) for comparison.

For a comparison of the different presented Raman scattering spectroscopy

schemes, the measured spectra of acetonitrile are plotted on top of each other in



Fig. 30. With the exception of the spontaneous Raman scattering spectrum, all
spectra were recorded with the same laser system, pulse parameters and spec-
trometer. The FSRS spectrum (Fig. 30 (a)) is intrinsically noisy, because a small
signal is measured on a high background. The FRIKES spectrum (Fig. 30 (b)) is
superior as far as the noise level is concerned, but it had to be recorded with
a higher acquisition time, because of the low signal level, making it the slower
scheme. The lineshapes of both FSRS and FRIKES resemble the spontaneous Ra-
man scattering spectrum (Fig. 30 (e)). The quality (concerning signal level and
noise level) of the II-FSRS measurement (Fig. 30 (c)) can be ranked in-between
FSRS and FRIKES. A clear loss (gain) spectrum emerges in the case of vertical
(horizontal) pump pulse polarization, while for a pump pulse polarization of
+45° dispersive lineshapes are obtained. The dispersive lineshapes suffer from
the background due to the nonresonant XPM contribution, but they also grant
access to the phase of the resonance (imaginary and real part of x(3) as shown
in Fig. 30 (d)), enhancing the spectroscopic information and thereby the spectral
resolving power of II-FSRS.

4.3 HYPERSPECTRAL IMAGING

Coherent Raman scattering (CRS) techniques are widely applied to generate
a label-free contrast in microscopic applications. As discussed earlier in this
thesis, all CRS methods rely on the coherent excitation of vibrational reso-
nances in the sample under investigation. The most prominent approaches to
make use of molecule-specific Raman resonances as a contrast mechanism for a
microscope employ two narrow-bandwidth picosecond pulses, with the differ-
ence frequency between these two matching one Raman resonance. These light
fields are either used to generate a coherent anti-Stokes Raman scattered (CARS
[15, 16]) signal, or to induce stimulated Raman scattering (SRS [17, 18]). With
these schemes, high-speed acquisition of an image (up to video-rate [123]) is
possible by probing one specific vibrational resonance in the sample. To change
this contrast to another vibrational resonance, the central frequency of one of
the pulses has to be changed. In this way, a multi-spectral image comprised of
single images of different probed resonances is acquired. These images allow
to identify the spatial distribution of different constituents with their character-
istic spectral signatures in the sample [19]. The drawback of these schemes is
the need for the stable and reproducible step-by-step frequency tuning of one
of the pulses, which slows down the recording of images at different probed
resonances.

Admittedly, the narrow-bandwidth approaches SRS and CARS matured in
the last years in terms of the acquisition time per image, because they do not
rely on slow spectrometers with a read out time in the order of milliseconds
per pixel, but on fast photodiodes combined with lock-in techniques with an
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acquisition time in the order of microseconds per pixel. However, together with
the required frequency tuning of the laser and the subsequent recording of
images at different narrow spectral bands, the acquisition time of a full broad-
band hyperspectral data-set increases dramatically, proportional to the num-
ber of recorded spectral points. This required wavelength scanning reduces the
advantage regarding the acquisition speed, compared to the alternative broad-
bandwidth schemes. These schemes come into play, when the full Raman re-
sponse is desired, for example, if the Raman spectrum of both, the fingerprint
region as well as the C-H stretch region is of interest in microscopic inves-
tigations. Alternatively, so called hyperspectral images [139] can be acquired,
including the full spectroscopic information at every pixel of the image. If a
continuous-wave laser is incident to the sample, it induces spontaneous Raman
scattering (Sec. 3.1), which shows a much lower signal level than coherent meth-
ods [10]. To apply this scheme to imaging, i. e., to restrict the capturing of the
generated signal to a small volume in the focal region, the detection needs to be
performed confocally [140], which additionally lowers the signal yield. This re-
sults in the necessity of a high integration time in the order of seconds per pixel.
Bypassing this drawback, P16tz et al. [23] demonstrated hyperspectral imaging
by applying FSRS [20] (Sec. 3.3) to microscopy, which was called femtosecond
stimulated Raman microscopy (FSRM) and acquired hyperspectral data-sets in
a coherent manner.

However, there are limitations in the sensitivity of the broad-bandwidth ap-
proach in FSRM, because a small signal (Raman gain or loss) is measured on
a huge background. The sensitivity can be considerably increased by adding
particular polarization optics like waveplates and polarizers to the FSRS-setup,
as was presented in Sec. 4.2. In the resulting in-line interferometric femtosec-
ond stimulated Raman scattering (II-FSRS), the background, namely the probe
pulse spectrum, is reduced by the means of an in-line interferometer, before it is
measured by the spectrometer. In this way, the dynamic range of the detector is
exploited more efficiently, because the signal-to-background ratio is increased.
Additionally, one may choose to set the polarization optics to get access to the
spectral phase information of the resonances, or to restrict the acquired spectra
to contain amplitude information only. In the latter case, the spectra exhibit tra-
ditional spontaneous Raman lineshapes and can easily be interpreted. As will
be presented later, the live-observation of the sample with a standard transmis-
sion microscope allows for a quick pre-identification of an image section with
the application of a broad-bandwidth pulse, because the full Raman spectrum
is extracted from the focal volume in one shot.

In Sec. 4.3.1 the implementation of the II-FSRS scheme in amplitude mea-
suring mode into a microscopy setup to record hyperspectral images is pre-
sented. It allows the acquisition of three-dimensional raster-scanned hyperspec-
tral data-sets, which is shown for a sample of PMMA beads and a lipid droplet



in water as a demonstration in Sec. 4.3.2. A subsequent application of a princi-
ple component analysis displays the chemical selectivity of the method.

4.3.1 Experimental Microspectroscopy Setup

The schematic experimental setup of the II-FSRS microscope is shown in Fig. 31.
The pump and probe pulses were derived, as before, from the laser system pre-
sented in Chap. 2. The pump pulse was a spectrally filtered pulse, extracted di-
rectly from the MOPA with a pulse energy of up to 100n]J, a central wavelength
of 1032nm and a spectral bandwidth of 11nm, corresponding to 103cm™. The
latter determined the spectral resolution for the presented measurements. An
acousto-optic modulator (AOM) allows a fast switching of the pump pulse to
acquire probe spectra with the pump turned on and off at each position in the
sample. With no pump pulse present, the measurement of the probe pulse spec-
trum serves as a reference, so that the actual SRS induced changes on the probe
pulse spectrum with the pump pulse present, can be easily extracted by calcu-
lating the difference of the two measurements. A neutral density filter (ND) is
used to regulate the pump power and a linear polarization state is ensured by
a polarizer (Pol2). The half-wave plate (HWP) rotates the pump polarization
to the desired angle according to the favored mode of operation of the II-FSRS
scheme (see Sec. 4.2). For the following proof-of-principle work, we do not in-
vestigate the phase-sensitive measurement capabilities of II-FSRS and focus on
the pure Raman loss signatures, i. e., the measurement of the imaginary part of
the nonlinear susceptibility x(3).
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Figure 31: (a) Schematic experimental setup. ND: neutral density filter, Pol#: polarizer,
QWP#: quarter-wave plate, HWP: half-wave plate, DM#: dichroic mirror,
MO: microscope objective, CCD#: camera, SP: short-pass filter. (b) Schematic
sketch of the II-FSRS scheme (for details see text).
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The probe pulse again was a spectrally filtered portion of a supercontinuum
(see Sec. 2.2). Essential for the II-FSRS approach was the circular polarization of
the broadband probe pulse, which was generated with an achromatic quarter-
wave plate (QWP1). Its fast axis was oriented at +45° so that the linear polariza-
tion after the polarizer (Poll) was transformed into a circular state. This is also
visualized in the schematic sketch in Fig. 31 (b), in which is shown how the
probe pulse was split into two orthogonal polarization components with a rel-
ative phase shift of t/2. The circularly polarized probe pulse and the linearly
polarized pump pulse were spatially merged with a dichroic mirror (DM1),
which transmitted the probe pulse and reflected the pump pulse.

The upright inverted microscope was comprised of two apochromatic 40x mi-
croscope objectives each with a numerical aperture of 0.6. In-between these two,
the sample was placed on a piezo-actuated scanning stage. For the presented
measurements, the applied pump pulse contained 5nJ of energy, correspond-
ing to 5mW of average power, such that the optical power of the pump beam
at the focus was about 636 kW /cm?. The transmitted light was sent through a
second achromatic quarter-wave plate (QWP3) to transform the circular state of
polarization of the probe pulse back into a linear state. Only polarization com-
ponents orthogonal to this linear state of polarization were transmitted through
polarizer Pol3. The residual pump pulse was blocked by a short-pass filter (SP)
with a cut-off wavelength of 1000 nm. Finally, the probe beam was focused with
a cylindrical lens onto the entrance slit of an imaging monochromator (Acton
SP25001 from Princeton Instruments), wherein the spatially dispersed light was
detected with a CCD-array (CCD1, Pixis 100 from Princeton Instruments).

All mentioned optics, especially the imaging microscope objectives, induced
a temporal chirp onto the broad-bandwidth probe pulse due to chromatic dis-
persion. This chirp reduced the effective temporal overlap between the pump
pulse and the spectral components of the probe pulse and thus limited the
covered range of the measurement to an estimated 1000 cm™.

In order to image the sample with a widefield microscope simultaneously to
the II-FSRS measurement, the light of a green LED was sent through the mi-
croscope from below. A dichroic mirror (DM2) was used to merge the green
LED light into the beampath of the pump and probe pulse. Above the micro-
scope a wedged glass substrate reflected a small portion of the transmitted
green LED light through a lens onto a CCD camera (CCD2). The DM2 showed
strong wavelength-dependent polarization changing properties for the reflec-
tion, which were undesired in this polarization-sensitive in-line interferometer.
The use of such elements was feasible only outside the interferometer, meaning
after polarizer Pol3. The wedged glass substrate, the microscope objectives and
the sample itself did not show any noticeable alteration in the circularity of
the probe pulse polarization. The dominant contribution and thus the limiting
factor for the background suppression in the presented setup was the residual



wavelength-dependent retardation error of the achromatic quarter-wave plates
as it was observed already in Sec. 4.2.

4.3.2 Experimental Results

The simultaneous monitoring of the transmission image of the green light from
the LED allowed a live view onto the focal position within the current image
section, where the II-FSRS spectrum was taken. As a demonstration, a sam-
ple of PMMA beads together with canola oil (lipid) in water was placed on a
glass slide. The beads had a diameter of 26 um and were clearly visible in the
widefield image shown in Fig. 32 (a). A drop of canola oil adhered to the two
shown beads and formed a bubble-like shape. A home-written LabView soft-
ware allowed for the acquisition of the II-FSRS spectra, while simultaneously
observing the transmission image in real-time. This live monitoring feature al-
lowed to locate interesting spots within the sample and a fast pre-identification
of the different constituents.
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Figure 32: (a) Widefield image of PMMA beads (Position A) with canola oil (Position
C) in water (Position B). (b) Integrated transmission of the probe pulse. (c)
Transmitted probe pulse spectrum of a PMMA-bead (Position A in the sam-
ple) in absence (blue) and presence (red) of the pump pulse.

To demonstrate the imaging capabilities of the II-FSRS scheme, the sample
was raster-scanned with the microscopy setup with a step size of 1 um in x- and
y-direction over a range of 60 x 60 utm?. At every point the transmitted probe
pulse spectrum was recorded, one time as a reference and additionally with
the pump pulse turned on, as described in Sec. 4.3.1. The CCD1 was set to an
integration time of 10 ms, whereby almost the full dynamic range of the detec-
tor was exploited from the interferometrically reduced probe pulse spectrum.
While the stage was held still, the transmission was rather stable, whereas it
showed strong variations while the sample was moving. This was especially
the case at the interfaces between the different constituents, because here, the
transmitted probe pulse intensity strongly depended on the current position
and the two subsequent probe pulse spectra (reference and with pump on)
were measured at two different positions. The acquisition of two spectra and
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the movement of the scanning stage to the next position together with a settling
time took about 200ms, so the recording of the presented hyperspectral data
took about 12 minutes. The integrated transmission of the probe pulse recorded
with the spectrometer is shown in Fig. 32 (b) in false colors. It matches the
LED transmission image from Fig. 32 (a) very well, except being more coarse-
grained due to the coarse raster scanning. The spatial resolution in Fig. 32 (b)
is also lower, because firstly, the wavelength of the probe pulse is lower than
the light from the green LED and secondly, the incident probe beam is not
using the full aperture of the MO and thus reducing the effective NA. The ref-
erence probe pulse spectrum with the pump pulse turned off (AOM off) at the
marked position "A" in Fig. 32 (a) is shown in Fig. 32 (c) as the blue line. With
the pump pulse turned on, a clearly resolved dip occured at a wavenumber of
about 2980 cm™.
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Figure 33: (a—c) Difference II-FSRS spectra (blue) and independently measured sponta-
neous Raman spectra (red) for different positions in the sample of PMMA
beads with canola oil in water, representing PMMA (a, Position A), water
(b, scaled with a factor of two for a better visibility, Position B) and the lipid
droplet (c, Position C). (d-f) Relevant principal components (PC3-PC5) of
the whole raw data-set.

Fig. 33 (a) shows the II-FSRS difference spectrum, calculated from the spectra
shown in Fig. 32 (c) taken at position "A" as a blue curve. With a signal-to-noise
ratio of about 45:1, the signal was well above the noise floor, because of the
increased sensitivity of the II-FSRS scheme. In the same way, loss spectra at the
positions "B" (Fig. 33 (b), blue line) and "C" (Fig. 33 (c), blue line) were calcu-
lated from the data-set and matched the Raman spectrum of water and canola
oil, respectively. The spectral intensity of the broad Raman resonance of water



was rather low and centered at about 3300 cm™. For a better visibility, it was
mutiplied by a factor of two. The Raman signature of the lipid droplet showed
up at a lower central wavenumber than the PMMA spectum at about 2927 cm™.
Together with these II-FSRS spectra, independently measured spontaneous Ra-
man spectra are shown in Figs. 33 (a-c) in red. Although the spectral resolution
was lower in the II-FSRS measurement, because of the aforementioned pulse
properties, the correct position of the individual peaks and the general shape
is displayed. The additional peak in the II-FSRS spectrum of water (Fig. 33 (b),
blue line) at about 2930 cm™! seems to result from a contamination in the sample
with the three ingredients, because it is not visible in the spontaneous Raman
spectrum (Fig. 33 (b), red line) of pure water.
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Figure 34: (a—c) Score distribution of PC3-PC5 of the PMMA beads with canola oil in
water (details see text).

To interpret the hyperspectral image in more detail, a principal component
analysis (PCA [141, 10, 142]) was performed with the full data-set in the pre-
sented spectral region of 2500 to 4000 cm™ without any post-processing of the
raw data. The PCA was selected among other analysis techniques, because it
enables a straightforward evaluation of the hyperspectral data-set, without any
knowledge or assumption about the sample and yielded results, which were
easy to interpret, for the sample used in this work. While the first two principal
components (PC) represented offsets generated by fluctuations in the transmis-
sion, the following three PCs (PC3-PC5) could be clearly identified as character-
istic signatures of the three different substances in the sample and are shown in
Fig. 33 (d—f). The PC3 and PC4 nicely reproduced the Raman spectra of PMMA
and water, respectively. PC5 showed a maximum at the central position of the
spectral feature of the lipid and a minimum at the PMMA peak, which was
a result of the overlapping spectral peaks of the lipid and PMMA. The reduc-
tion of the dimensionality of the hyperspectral image to the three significant
PCs, resulted in the pictures in Fig. 34 (a—). Here, the score of the individual
PCs are depicted for every pixel in false colors. The score of PC3 in Fig. 34 (a)
is clearly highest within the two round beads, but it is also visible within the
lipid droplet, because the spectral features of PMMA and of the lipid are over-
lapping (see Figs. 33 (a) and (c)). The surrounding water is rendered dark. The
PC4 score distribution in Fig. 34 (b) is rather noisy, because of the low water
signal (compare to Fig. 33 (b)), but still the beads as well as the lipid region
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show a lower PC4 content. In Fig. 34 (c), the score of PC5 of the lipid shows a
striking contrast to the beads and the water.

As a next step, the identical section of the sample was raster-scanned in all
three spatial dimensions. The stepsize in every direction was set to 2 um over
a volume of 54 x54x26 um? resulting in an acquisition time of about 32 min-
utes. The same PCA procedure as before was applied to the raw data-set. The
PC3 again showed the dominant PMMA Raman peak. Compared to the two-
dimensional measurement in Fig. 34, here, the relative amount of the actual Ra-
man signatures were lower than before, because the contributing constituents
in the sample (beads and lipid) took less room relative to the scanned vol-
ume. Additionally, there were more structured or periodically modulated spec-
tra present, mainly because of interference effects at the interfaces within the
sample. These contributions were covered by PC4-PC7, followed by PC8 and
PC9, which were identified as the Raman signature of water and the lipid, re-
spectively. The different scores of the relevant PCs were rendered as isosurfaces
in Fig. 35. The colors red, blue and green represent PC3 (PMMA), PC8 (water)
and PC9 (lipid), respectively, while the level of the score sets the opacity of the
isosurfaces. Again, no smoothing or interpolation has been applied for the data
visualization. The "red" beads exhibit a spherical shape and the "blue" water
fills the whole surrounding volume. In this three-dimensional rendering the ac-
tual shape of the "green" lipid droplet becomes apparent. It adhered flat to the
bottom cover slip and stuck to the two beads, filling the gap in-between them.
Due to noise in general and the overlapping spectral features of the lipid and
the beads, there are some distortions from the ideal shapes, but the separate
components are clearly distinguishable from one another.

Figure 35: Three-dimensional isosurface rendering of the score of the PCs of the hyper-
spectral data-set of PMMA beads with canola oil in water of a volume of
54 x 54 x26 um? (for details see text).

As a second demonstration, a sample of PMMA and polystyrene (PS) beads
was prepared and analyzed, as just presented. Both beads had a diameter of
about 26 pm and consequently were not distinguishable from one another in
a transmission image. But since the Raman resonance of PMMA (at 2927 cm™)



and PS (measured to be located at 3053 cm™) are sufficiently distinguishable
from one another, they are clearly discriminated by the PCA, resulting in the
three-dimensional rendering shown in Fig. 36. Here also, the beads are ren-
dered as spherical objects and are fully surrounded by water.

z‘;@‘ < B PC6 (Water)
, N - Hl PC9 (PMMA)
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Figure 36: Three-dimensional isosurface rendering of the score of the PCs of a hy-
perspectral data-set of PMMA and PS beads in water of a volume of
56 x 60 x 28 um? (for details see text).

4.4 CURRENT LIMITATIONS AND FURTHER IMPROVEMENTS

The presented experiments in the foregoing chapter demonstrated the high po-
tential of the interferometric approach to acquire Raman spectra. Nevertheless,
there are several opportunities of improvements in this proof-of-principle work
of iFSRS, II-FSRS and the hyperspectral imaging. These improvements are ad-
dressed and discussed individually in the following.

The current spatial resolution is limited due to the relatively low numerical
aperture (0.6) microscope objectives, which can easily be replaced by better op-
tics with a higher numerical aperture. The rather low spectral resolution of about
100cm™ is determined by the spectral bandwidth of the pump pulse, so that
narrow-bandwidth picosecond pump pulses will be used in future experiments
to improve the spectral resolution by one order of magnitude. The application
of longer pump pulses would indeed reduce the signal yield, because the effi-
ciency of SRS scales with the peak power of the applied pump and probe pulses.
However, a simultaneous compression of the actually applied temporally dis-
persed probe pulse would counteract the loss of efficiency. At the same time, the
covered spectral range of the scheme would increase up to the full bandwidth of
the broadband probe pulse due to the increased temporal overlap between the
pump and probe pulses.

In the current II-FSRS setup, the birefringence of the components in the setup
or the samples itself only showed a negligible effect to the signal-to-background
ratio. The retardation error of the quarter-wave plates for the in-line interferom-



68

eter was the main limitation, so more performant optics, like Fresnel thomb
retarders, will considerably raise the sensitivity of II-FSRS. Increasing the signal-
to-background ratio will also have a beneficial effect on the signal-to-noise ratio.
The dominant contribution to noise is introduced by the detector of the spec-
trometer. With a further reduced background, the dynamic range of the detector
could be exploited to a higher extent with the actual signal by being able to in-
crease the applied probe pulse power or the integration time of the detector.
As a result, the signal level would be elevated, while the detector noise would
stay constant. The additionally induced temporal pulse stretching due to the
material dispersion of the Fresnel rhomb retarders could be compensated for
with the aforementioned compressor. By reducing the retardation error of the
retarders, also the potential influence of the birefringence of the sample and the
other components will have to be reconsidered. If a strong birefringence would
be present, the amount of the interferometric reduction would be decreased,
but even in the worst case of no reduction, the background would be limited to
the level of standard FSRS. A realistic assessment of a biological sample with
a birefringence of An=0.001 [143] and a thickness of 4 um would result in an
influence comparable to the retardation error of the actually used achromatic
waveplates.

With post-processing and/or averaging of the raw spectral data, it should
be possible to improve the general noise characteristics. The acquisition time of
the II-FSRS hyperspectral data is currently dominated by the settling time of
the scanning stage (~ 100 ms), which could be drastically reduced by the imple-
mentation of galvanometric scanner mirrors. The data acquisition at one spatial
position was mainly limited by the software, related to the implementation of
an easy but inefficient way to save the spectra and a slow hardware commu-
nication, which is limiting the read-out time of the CCD. Resolving these data
acquisition issues would further enhance the speed of the hyperspectral mea-
surement at least by one order of magnitude.

4.5 SUMMARY AND CONCLUSION

In summary, this section showed interferometric approaches for a background
reduction of FSRS measurements. The presented iFSRS scheme using an un-
balanced Sagnac interferometer demonstrated a signal-to-background ratio im-
provement by a factor of 25. This enabled acquisition of clear iFSRS spectra with
only a CCD-array spectrometer, which potentially offered very fast acquisition
times, limited only by the read-out time of the spectrometer. In addition, it was
shown that the interferometric measurement does not reduce the Raman signal
to a simple loss signature in the spectrum, but revealed the phase shift, gath-
ered within the nonlinear interaction, as a dispersive lineshape. The spectral
(phase) shape of this line could be recreated based on the Lorentzian model,



such that access was gained not only to the amplitude, but also to the phase of
the resonant x(3).

Additionally, II-FSRS, a novel interferometric scheme for the measurement
of Raman scattering spectra was introduced and compared to the competing
broad-bandwidth CRS schemes FSRS and FRIKES. II-FSRS exploited the ad-
vantages of an unbalanced in-line interferometer, where two probe pulse copies
were distinguished by their polarization. It was shown that by only varying the
polarization of the pump pulses, both, Raman loss and gain spectra as well as
dispersive lineshapes could be achieved. This corresponded to directly measur-
ing the intensity spectra, but also granted access to the phase of the coherent
Raman signal, resulting in a characterization of the full complex response of
the sample. Using a vibrational resonance of acetonitrile, very clear and dis-
tinct spectra were measured with a high signal-to-noise ratio of 156:1.

In contrast to iFSRS, the II-FSRS setup was simpler and rugged and could be
realized by only adding two QWPs to the FSRS or FRIKES setup. This enabled
the direct application of II-FSRS to microscopy, where it lead to an increased
S/N-ratio compared to FSRS or to a faster acquisition time compared to FRIKES.
Additionally the spectral resolution could be improved by utilizing the phase
information.

Consequently, the hyperspectral imaging capabilities of the II-FSRS scheme
were presented. The high sensitivity for the detection of stimulated Raman loss
spectra allowed for an acquisition of hyperspectral data-sets in two and three
dimensions with a rate of five spectra per second. The clear Raman signatures
enabled the application of a principal component analysis to reduce the di-
mensionality of the measurement to the three test constituents of the samples:
PMMA, lipid and water, or PMMA, PS, and water. A volumetric reconstruction
of the sample revealed the structure and distribution of each of the different
elements. This proof-of-principle demonstration clearly showed a high applica-
bility of the II-FSRS scheme.

Apart from the improvements listed in Sec. 4.4, the continuation of this work
will expand the potential of the interferometric measurement of nonlinear in-
teractions into two directions: one direction will concentrate on the measure-
ment of broader and more complex spectra with overlapping resonances and
on the consequential application of the hyperspectral imaging capabilities to
complex problems in life-sciences, e.g., imaging lipid distributions in cellular
membranes [144]. Here we will investigate the potential to extract the ampli-
tude and especially the phase information in order to analyze mixtures of un-
known compounds with a high accuracy.

In another direction, the interferometric approach can be applied to narrow-
band SRS loss spectroscopy. By reducing the bandwidth, we should be able to
improve the background reduction and thus the S/B-ratio in a narrow spectral
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band. In this way, the method will be combined with lock-in techniques to push
the threshold of detectable SRS to even fainter signals.



SUMMARY OF THE THESIS

This thesis was about the development of the combination of a highly adapted
light source and a specialized spectroscopic scheme to generate a molecular spe-
cific contrast for the application to microscopic imaging. The focus of the light
source was on a reasonable balance between the peak and average power of the
pulses, in order to ensure an efficient nonlinear response and simultaneously a
minimized thermal impact within light-matter interaction.

The master oscillator and power amplifier system (MOPA, Sec. 2.1) also met
the requirements of various other nonlinear optical experiments, like optical
nonlinear transverse mode conversion in few-mode fibers [103]. The fundamen-
tal fiber-based all-normal dispersion laser oscillator (Sec. 2.1.1) maintained a
stable pulsed operation over weeks, while supporting a pulse duration of less
than 300 fs. The connected chirped pulse amplification setup (Sec. 2.1.2) boosted
the pulse power to over 4 uJ at a repetition frequency of 1 MHz, while keeping
the influence of disturbing nonlinear effects to a minimum. The choice of the
repetition frequency dictated the applicable pulse energy, which was limited
either by a thermal or a nonlinear damage threshold, whereby a repetition fre-
quency of 1MHz was enabling a promising balance. The residual nonlinear
phase distortions within the amplification processes were compensated for by
a pulse shaper based on a liquid crystal spatial light modulator (Sec. 2.1.3). The
automated pulse optimization algorithm allowed for a reliable day-to-day use
of the system.

A direct application of the MOPA pulses was the generation of a highly stable
and coherent supercontinuum in bulk media. These broad-bandwidth pulses
were an essential element for pump-probe experiments, i.e. broad-bandwidth
coherent Raman scattering, or to seed optical amplifiers (Sec. 2.2). The parame-
ters of the MOPA pulse, namely the duration and pulse energy, were sufficient
to induce self-focusing inside the crystal resulting in a filament, wherein the
highly increased intensity enabled the exploitation of nonlinear effects, like
self-phase modulation and plasma defocusing (Sec. 2.2.1). Optimal conditions
were acquired in an experimental survey (Sec. 2.2.2), which revealed a strong
dependence of the performance of, among others, the choice of the nonlinear
medium, the incident pulse energy and the focusing conditions. The conse-
quential spectral broadening was highly coherent and resulted in highly stable
supercontinua. With the acquired optimal conditions, the emerging supercon-
tinuum exhibited root mean square pulse-to-pulse fluctuations in the order of
1%, and an energy content of a few tens of nanojoule, covering a spectral region
of 600 to more than 1600 nm.
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Besides the utilization of the supercontinum in broad-bandwidth coherent
Raman scattering (CRS) experiments, the supercontinuum is also well suited to
seed an optical parametric amplifier, which is directly pumped by a pulse of
the MOPA. The implementation of the supercontinuum and the MOPA pulse to
narrow-bandwidth optical parametric amplifiers (OPA) was presented in three
different nonlinear crystals in Sec. 2.3. The periodically poled lithium niobate
crystal (PPLN, Sec. 2.3.1) showed a good performance for the generation of tun-
able signal pulses with a central wavelength in the region of 1480 nm to above
1600 nm. The superior transmission of lithium indium selenide (LISE, Sec. 2.3.3),
reaching up to a wavelength of 12000 nm, allowed the generation of signal
pulses close to the pump wavelength and consequently, the idler pulses theo-
retically possessed a central wavelength of 10700 nm and thus were not directly
absorbed in the crystal. In combination with a MOPA pulse, the signal pulse of
the LISE-based OPA will enable the probing of Raman resonances with narrow-
bandwidth CRS schemes in the fingerprint region, while the wavelength of the
signal pulses of the PPLN-based OPA will match the C-H stretch region. Along
with further improvements of the OPAs and the MOPA system, as discussed in
Sec. 2.4, the application of the generated pulses to narrow-bandwidth CRS and
other nonlinear experiments is part of future efforts.

The performed broad-bandwidth CRS experiments in Chap. 3, which di-
rectly applied the supercontinuum pulses, showed a high potential to be ap-
plied in hyperspectral imaging. Both, femtosecond Raman-induced Kerr-effect
spectroscopy (FRIKES, Sec. 3.2) and femtosecond stimulated Raman scattering
(FSRS, Sec. 3.3) allowed the one-step acquisition of broad Raman scattering
spectra. But also individual disadvantages could be seen: the Raman-induced
Kerr-effect within FRIKES shows a lower efficiency than stimulated Raman scat-
tering in FSRS, but in the latter the signal is highly exceeded by a background
(Sec. 3.4).

In contrast, the developed novel interferometric approaches to acquire FSRS
spectra, as presented in Chap. 4, yielded a broad-bandwidth Raman response
on a greatly reduced background and thus compensated the disadvantage of
FSRS, concerning the disturbing background. Furthermore, the measured sig-
nal not only included the amplitude information of the involved Raman res-
onance, but also rendered the phase information, because an interferometer is
inherently phase-dependent. The resulting dispersive lineshapes were obtained
within interferometric FSRS (iFSRS, Sec. 4.1 and [119]) employing a Sagnac in-
terferometer, which is intrinsically stable, because both interfering beams share
the same path, traveling in reverse directions. By ensuring a pump pulse to
probe pulse overlap only in one direction, the interferometer was unbalanced,
resulting in an output, containing ideally only the nonlinear contribution of the
pump-probe interaction. Apart from a residual background emerging from ex-
perimental imperfections, the iFSRS spectrum exhibited the Raman scattering



signal as a dispersive line with an improved signal-to-background ratio by a fac-
tor of 16 compared to FSRS. This interferometric approach however, is limited
in terms of the application towards imaging, because the Sagnac interferome-
ter performance is prone to spatial distortions induced, e.g. by a microscopic
sample.

These restrictions of iFSRS were revoked in the further developed in-line
interferometric FSRS (II-FSRS, [145]), which applied an in-line interferometer
(Sec. 4.2) and yielded comparable results to iFSRS. The concept of II-FSRS is
the separation of two probe pulse copies through different polarizations and a
consequential pump-probe interaction depending on the pump pulse polariza-
tion. After rearranging the polarization of the two probe pulse components and
their consequential interference, the Raman response was exposed in the result-
ing spectrum, depending on the pump pulse polarization. Either, the spectrum
resembled a common Raman scattering intensity spectrum, or dispersive line-
shapes (comparable to iFSRS spectra) were acquired. In both cases, the back-
ground was reduced by more than 25dB and thus the signal-to-noise ratio
was increased considerably. Additionally, the enlarged content of information
within the dispersive lines actually raised the spectral resolution, exhibiting a
narrower linewidth. On the other hand, the intensity spectra are easier to inter-
pret, because they resemble the Raman scattering intensity spectrum.

The implementation of II-FSRS into a microscopic setup was shown in Sec. 4.3
and [146], where the observation of the sample in a standard transmission ar-
rangement allowed an easy recognition of interesting spatial regions within the
sample, while the continuous acquisition of Raman spectra enabled a live pre-
identification of the substance within the focus. Hyperspectral data-sets were
acquired from the microscopic samples by raster-scanning the sample with a
fixed focus position and were analyzed by applying a principle component
analysis, displaying the molecular specificity of II-FSRS.

In conclusion, in this thesis a versatile light source in combination with easy
to handle, yet fertile interferometric approaches to broad-bandwidth coherent
Raman scattering spectroscopic schemes were developed. The high applicability
of this comprehensive system to microspectroscopy is very promising for future
research and with the suggested improvements (Sec. 4.4) especially interesting
for investigations in the life sciences.
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