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1 Introduction

The progress in medicine, sanitation and overall prosperity has led to an increasing
life-expectancy in developed countries. Consequently, degenerative and lifestyle-
induced diseases, such as cardiovascular ones, Alzheimer’s and certain types of
cancer are the major cause of death in these countries today. As a result, the focus
of bio-medical research has shifted towards early detection and treatment methods
to mitigate the etiopathology of these degenerative diseases. However, their early
diagnosis requires the detection of molecular perturbations on a microscopic scale,
e.g. DNA mutations in the case of cancer. As a result, new imaging methods for a
routine use in a medical environment are required.
Imaging methods based on coherent Raman scattering (CRS) are, nowadays,

among the most potent techniques for a rapid visualization of the chemical compo-
sition of complex structures with sub-micrometer resolution. In particular, these
methods are called Coherent anti-Stokes Raman scattering (CARS), stimulated
Raman scattering (SRS) and the Raman induced Kerr effect (RIKE). All of these
techniques have attracted great interest in the life and material science communities,
since they are able to detect different molecules by their specific vibrational spectra.
This potentially leads to label-free detection and fluorescence-free marking via small
reporter molecules, e.g. alkyne tags or deuterated drugs. This intriguing feature,
which has been known since the dusk of the last millennium, could not find routine
usage outside specialized laser laboratories staffed with experienced laser scientists,
because laser sources for CRS imaging are, even today, driven by large and complex
laser setups. These systems are usually based on free-space lasers, where part of
their radiation is converted in a free-space optical parametric oscillators. The light
is either converted to a certain wavelength where multi-photon imaging (MPI)
is beneficially operated at (e.g. 1250 nm) or the energy difference between two
spectral features are tuned in a range of 1000 to 3000 cm−1 to enable CRS based
imaging. Due to the unreliability and massive scale of such laser systems, there
have been numerous attempts to create laser concepts, which are not only powerful
enough, but also robust, compact and easy enough to use to bring these promising
imaging technologies to real-world clinical environments.
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1. Introduction

Optical fibers, on the other hand, are a key technology which has enabled
and contributed to the development of many fields of technology. High-speed
communications and laser machining are two prominent examples, which were
revolutionized by the fiber concept. Among their key advantages, in respect to other
laser technologies, are reliability, maintenance-free operation and compact system
footprints. Consequently, fiber technology might hold the key to the ultimate laser
source driving CRS imaging.
This dissertation is devoted to exploring this possibility. First, a close look is

taken at imaging processes based on multi-photon imaging in general and coherent
Raman scattering in particular. Afterwards, in chapter 3, the demands for these
non-linear imaging techniques and the optimal set of laser parameters is determined.
Chapter 4 will lay the foundation, on which fiber laser sources can be constructed
to enable internal conversion to the desired wavelength range needed to drive
the addressed imaging techniques. The advantages of four-wave-mixing-based
conversion is highlighted, since it the basis for the fiber based optical parametric
oscillator (FOPO) described in Chapter 5, which is the core idea of this work.
Here, its physical operation principle, implicit functionality and versatility are
discussed. Chapter 6 describes the implementations of the FOPO for coherent anti-
Stokes Raman scattering, stimulated Raman scattering and three-photon excited
fluorescence, illustrating the advantages of this laser concept in contrast to other
concepts. Finally, chapter 7 will conclude the work and give an outlook on how
the technology could revolutionize medical surgery.
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2 Imaging Processes using
Multiphoton Excitation and
Coherent Raman Scattering

2.1 Multi-Photon Imaging (MPI)
The excitation of fluorophores with multiple photons is called multi-photon exci-
tation [1]. An intense laser beam is focused and scanned over a labeled specimen
with a spot size smaller than 1 µm. If multiple photons are absorbed to excite a
fluorescent marker, the emitted light can be collected and allocated to the present
position of the scanner [2, 3]. Therefore, a map of the fluorescent marker in the
scanned focal plane can be created. As the laser focus has a well defined z-position
and the fluorescent light may only emerge from the very focus of the beam, a three
dimensional map of the sample can be generated by scanning multiple depths.
This is an inherent advantage to bright field microscopy which, traditionally, only
confocal scanning [4] or light sheet microscopy [5] offers. As the absorption of blood
and water is weak in the near infrared, the excitation wavelengths can penetrate
deep (up to ∼ 1.5mm) into the tissue [6]. In section 3.1, the choice off the right
wavelength range to work in will be discussed. As it has been already mentioned,
the intensity of the exciting laser used for multi-photon imaging is so high that the
probability for multiple photons to be absorbed at once becomes significant. The
principle is depicted in figure 2.1. Two photons with wavelength λ1 stimulate a flu-
orophores in its absorption band at Eabs. Subsequently, the fluorophor will release
a fluorescence photon from its emission band Eem with a wavelength > λ1/2. The
same principle can be applied when three photons are absorbed by the fluorophor.
In both cases the energy gap of the absorption band of the fluorescent marker has
to be twice or three times the stimulation photon energy.
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E0
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E0

Eem

Eabs

Eem

> λ1/2λ1 > λ2/3λ2

Figure 2.1: Energy diagram of two and three photon excited fluorescence.

By the use of ultra-short laser pulses (e.g. 100 fs pulse length) peak powers in
the order of multiple Kilowatts can be easily generated by standard free-space
oscillators. The peak power of a rectangular shaped laser pulse can be determined
by P̂ = E

τ
, where E is the energy the laser pulse carries and τ the pulse length.1

If these pulses are tightly focused with an high NA microscope objective, focal
spots of down to 400 nm in diameter can be reached. This corresponds to a peak
intensity of 1TW/cm2 which is high enough to enable three photon absorption
of the fluorophores. Despite these huge intensities, the average power of such
a laser with a pulse repetition rate in the range of 100MHz is only ∼ 20 mW.
This example highlights the potential of ultra-short pulse lasers to produce high
photon densities to trigger non-linear effects at low average powers to minimize
photo-induced damage in the tissue. How to reach this kind of laser performance
at the wavelengths needed for maximum tissue penetration from a compact fiber
laser source is still an open issue. In chapter 3 the optimal parameters for a MPI
source will be discussed before a generation method of such laser parameters will
be introduced in chapter 4. The characterization of the resulting laser will be
conducted in chapter 5 before the results of a real world laser source and the
attained three photon excited fluorescence measurements are presented in chapter
6.

MPI requires intrinsic or extrinsic markers to identify different structures in the
biological tissue. These markers can be poisonous to the specimen and/or alter the
behavior of the system e.g. the metabolism. Therefore, researchers are looking for
ways to visualize different chemical compounds without such markers. One way
and possibly the most promising method is coherent Raman imaging (CRS). Thus
the main effort of this work was devoted to construct a compact laser tailored to

1This relation is exact for square pulse and does not differ significantly for e.g. Gaussian shaped
pulses.
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the needs of CRS imaging.

2.2 Coherent Raman Imaging
Contrary to multi-photon imaging, in coherent Raman imaging the chemical
selectivity is not provided by extrinsic contrast agent (e.g. fluorescent marker).
This label-free contrast comes from the inelastic scattering of photons off a molecule
by either exciting or annihilating a molecular vibrational state. The shifted spectral
lines are (due to the inelastic nature of the scattering) called Stokes and anti-Stokes
signals. The number and position of the vibrational frequencies depend on the
bond strength and the mass of the connected molecule section. Therefore, the
energy signature is highly specific for each molecule, which makes Raman-based
imaging a chemically differentiating method without the need for potentially toxic
or functionality altering marker agents.

Figure 2.2: Structure and Raman shift spectrum of a dipeptide Pre -Ala molecule. [?]

Figure 2.2 depicts a dipeptide Pre-Ala molecule and its Raman shift spectrum
in the so called fingerprint region, which contains tightly packed highly specific
vibrational bands and a few characteristic bands of certain functional groups. Two of
them are the benzene ring breathing vibration at ~1000 cm−1 and the C = O double
bond of the peptide group at 1650 cm−1. At higher wave-numbers C−H stretching
vibrations e. g. of the methylene groups at 2850 cm−1 and 2930 cm−1 can be found.
Between those regions, only very few vibrations, of e.g. triple bonds, occur [7].
Hence, this part is called the silent spectral region. The energy signature of Raman
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spectra of cells and biological tissues can be assigned to carbohydrates, nucleic
acids, lipids and proteins. As cancerous tissue and other anomalies are accompanied
by alterations in the composition, structure and concentration of molecules, Raman
spectra provide a sensitive and highly specific indication of the type and the state
of the specimen. In the following sub chapters the physical background of Raman
scattering as a tool for bio-imaging is reviewed. Afterwards, two improvements
of this method namely Stimulated Raman Scattering and Coherent anti-Stokes
Raman scattering as fast, chemically sensitive imaging methods are introduced.

2.2.1 Linear Raman Scattering

The inelastic scattering of light on bound atoms is called Raman scattering. The
interaction between the oscillation of the atoms in a molecular bond and the
photons is mediated by the electrons, which are bound to the atoms.
The electric field of the light-wave moves charged particles with an oscillation

frequency associated with its wavelength. As these frequencies are in the range of
hundreds of THz, the nuclei are too inertial to follow adiabatically. Consequently,
the interaction of the light field with the matter is dominated by the interaction
with the electrons. The bound electrons are displaced, which induces an electric
dipole moment: µ(t) = −e · r(t), with e being the charge of the electron and r(t)
its displacement from the equilibrium positions. Close to the nucleus, the motion
of a bound electron can be approximated by an harmonic oscillator. The resulting
macroscopic polarization can then be obtained by summing up over the electric
dipole density N :

P (t) = Nµ(t). (2.1)

If the applied electric fields are weak compared to their binding fields, the polar-
ization caused by the displacement follows directly the electrical field and can be
written as

P (t) = ε0χE(t), (2.2)

where ε0 is the electric permittivity of vacuum and χ is the susceptibility of the
material. If the intensity is increased and the displacement of the electrons becomes
stronger, the binding potential of the electrons can no longer be correctly described
as an harmonic oscillator. To describe the anharmonic motion of the electrons, the
description of the polarization should be expanded by the inclusion of additional
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terms which are non-linearly dependent on the electrical field:

P (t) = ε0[χ(1)E(t) + χ(2)E2(t) + χ(3)E3(t) + ...], (2.3)

with χ(n) being the nth order susceptibility. In order to generate observable third-
order signals, which we will see later are needed for the Raman scattering process,
the electrical field strengths of the driving fields can be much lower than the
electrical field strength of the bound electrons. For biological imaging, for the
intensity range of 1010W/m2, the the third-order susceptibility is the dominating
non-linear order. The second-order susceptibility is not occurring (or very weak)
in isotropic materials like biological tissue and the intensity is not high enough
to enable higher-order susceptibilities. The non-linear response is enhanced if the
driving field is tuned to the electronic resonance of the material or molecule. Since
these resonances are generated by the motion of the atoms, it can be said that the
oscillating motion of the atoms in a molecular bond disturbs the polarizability of
the electrons. Far from electronic resonances, the electronic dipole moment µ(t) is
connected to the polarizability α(t) by the optical driving field E(t) [8, 9].

µ(t) = α(t)E(t) (2.4)

For the theoretical case of a still standing atom, the polarizability is a time
independent value α0. To include the vibration motion of the atoms one can expand
α in a Taylor series:

α(t) = α0 +
(
δα

δQ

)
Q(t) + ..., (2.5)

where the term δα/δQ can be interpreted as the coupling strength of the nucleus to
the electron motion. The motion of the atom core can be described as a harmonic
oscillator by Q(t) = 2Q0cos (ωνt+ Φ) = Q0e

iωνt+iΦ+c.c., where Q0 is the amplitude
of the nuclear motion, ων is the resonance frequency of the molecular bond and
Φ its phase. If an optical wave E(t) = Ae−iω1t + c.c. (A is the amplitude of the
electrical field, c.c. is the complex conjugate of the term in front) interacts with
the bound atom, equation 2.4 becomes

µ(t) = α0Ae
−iω1t + A

(
δα

δQ

)
Q0

(
e−i(ω1−ων)t+iΦ + e−i(ω1+ων)t−iΦ

)
+ c.c. (2.6)

The dipole moment of the electrons now oscillates at different frequencies. The
first term describes Rayleigh scattering and the second term describes the generation
of the Stokes and anti-Stokes frequencies at ω1 − ων and ω1 + ων . The information
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of the vibrational frequencies of the molecular bonds are, therefore, transferred
to the dipole moment of the electrons. Thus, the vibrational frequencies of the
molecular bonds can be probed by a light field which scatters partially inelastically
generating a so-called Raman shift equal to this frequency. This process can be
depicted more simply by considering the energy states which are involved in the
Raman scattering process. In this depiction, the pump photons emitted by the laser
are exiting the ground state of the system to a so-called virtual state. This state
has no lifetime and decays instantly. In the likely event that the system returns to
its ground state a photon with the same amount of energy is released. This event
is the well-known Rayleigh scattering process. If part of the energy is absorbed by
exciting a higher vibrational state in one of the molecular bonds, the photon is red
shifted and released. Therefore, the scattering process is described to be inelastic.
The bond is left in an excited state and the photon is released in a random direction.
If the excited energy state is absorbing another pump photon before it decays, the
energy of the excited state is transferred to the pump photon and its photon energy
increases. The radiated Raman shifted light can be calculated by the amplitude of
the electrical field emitted by the oscillation dipole. The resulting time average
of the Pointing flux can be integrated over the unit sphere to derive the overall
intensity of the Raman shifted light:

I(ωs) = ω4
s

12πε0c3Q
2
0|A|2|

δα

δQ
| (2.7)

The intensity of the shifted light is linearly proportional to the intensity of the
incident light I = |A|2 and proportional to ω4

s . This wavelength dependence of
the incident light is well know for Rayleigh scattering and is also true for Raman
scattering. From an experimentalists point of view, it is convenient to define a
cross section σ(ωs) for the Raman scattering process, such that:

I(ωs) = Nzσ(ωs)I0, (2.8)

with N being the molecular density and z the interaction length. Depending on the
cross sections of the different resonances, the likelihood of this process to occur is
in the order of 10−8. Consequently, the measurement of those events involve long
integration times, high average powers and highly sensitive measurement equipment.
This process is usually depicted by the involved energy states of the exciting laser
and by the excited phonons (see fig. 2.3).

8



2. Imaging Processes using Multiphoton Excitation and Coherent Raman
Scattering

E0

Evib

Evirt

Figure 2.3: Energy diagram of the Raman scattering process. The virtual state Evirt
is generated when an incoming photon is absorbed by the molecular bond.
Then, different photon with different energies may be generated when the
bond is not returning to its original state but a molecular vibration is excited.
Depending on the energy of this state, the out-coming photon is red-shifted
by this amount of energy.

The benefit of this technique is that the different Raman shifts are all excited
simultaneously by the pump source and the scattering occurs only in dependence
of the cross-sections of the molecular bonds and their concentration in the solution.
To improve the scattering efficiency and, therefore, shorten the acquisition times
for a certain signal to noise ratio, the process can be stimulated or seeded similar to
the stimulated emission in the laser process or during seeded parametric parametric
conversion. The stimulation of the Raman scattering process leads to a higher
conversion efficiency, which is then in the order of 10−4. The amount of energy
which is subtracted from the pump beam and added to the Stokes beam is, therefore,
still extremely low. To detect this very small change, two solutions are possible:
First, either the pump or the Stokes beam needs to be modulated to detect the
change at the modulation frequency via lock-in detection of the other beam after
conversion. This technique is called stimulated Raman scattering (SRS). The second
method is to probe the excited molecular states by another probe photon, which
will absorb the amount of stored energy of the excited molecular state and create
the so-called anti-Stokes photons, which is spectrally separated from the pump
and Stokes photon. This method is called coherent anti-Stokes Raman scattering
(CARS). Both processes yield a much higher signal (which allows for a much faster
detection) than the linear Raman scattering process but need sophisticated lasers
in order to run efficiently. In the following sections both techniques are explained
in depth.
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2.2.2 Coherent Raman Scattering

During linear Raman scattering, the molecule is addressed by an input field, which
is far from a molecular resonance. In this case, the initial phase of the Raman
oscillation is random and is, therefore, said to be spontaneous and incoherent. If
together with the pump field, a Stokes field is added to stimulate the scattering
process, the phase of the scattered waves is determined by the phase of the incoming
fields. Therefore, SRS and CARS produce coherent signals.

The light field which acts on the vibrational motion of the bound nuclei is given
by Ei(t) = A−iωiti + c.c. where i=1,2 is referring to the pump and Stokes fields. The
external force exerted by the incoming light fields is:

F (t) =
(
δα

δQ

)
0

[
A1A

∗
2e
−iΩt + c.c.

]
, (2.9)

where the frequency difference between the pump and Stokes field is Ω = ω1 − ω2.
The nuclear displacement can be then described by a damped harmonic oscillator
model [10]:

d2Q(t)
dt2

+ 2γ dQ(t)
dt

+ ωνQ(t) = F (t)
m

, (2.10)

where γ is the damping constant and m is the reduced mass of the nuclear oscillator.
The resulting oscillation of the nuclei is then: Q(t) = Q(ων)eiΩt + c.c. with the
amplitude

Q(ων) = 1
m

(
δα

δQ

)
0

A1A
∗
2

ω2
ν − Ω2 − 2iΩγ . (2.11)

It is obvious that the amplitude of the oscillation is large if the frequency difference
of the driving light fields Ω is the same as the oscillation frequency ων of the
molecular bond. The absolute frequency of the pump and Stokes fields does not
influence the amplitude of the scattered light and can be chosen according to other
aspects as discussed in chapter 3.1.1.
The oscillation of the nuclei causes an altered electronic polarizability of the

material. The electronic fields of the incoming light E1 and E2 experience this
change by the effective macroscopic polarization in the material, which can be
described as the sum of the dipole moments (see eq. 2.1). By using the equations
2.1, 2.4 and 2.5, the polarization can be written as:

P (t) = N

[
α0 +

(
δα

δQ

)
0
Q(t)

]
{E1(t) + E2(t)} (2.12)

The terms which depend on α0 correspond to the linear polarization, which is
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independent of the oscillation of the atom cores, whereas the terms linear to ( δα
δQ

)0

correspond to the third-order polarization. These terms are dependent on the
nuclei movement and contribute to the nonlinear polarization

PNL = P (ωcs)e−iωcst + P (ω2)e−iω2t + P (ω1)e−iω1t + P (ωas)e−iωast, (2.13)

with the frequencies: ωcs ≡ 2ω2 − ω1, the coherent Stokes frequency and ωas ≡
2ω1 − ω2, the coherent anti-Stokes frequency. The resulting nonlinear polarization,
therefore, consist of contributions which oscillate at the driving frequencies ω1 and
ω2 (see figure 2.4a), as well as at the newly generated frequencies ωcs and ωas(see
figure 2.4(b)). The energy diagram in figure 2.4(c) depicts possible non-linear
interactions of the driving fields with the vibrating molecular bond at the frequency
Ω. The first panel shows the generation of the coherent Stokes generation: An
excited vibration absorbs a photon with the frequency ω2. A so-called virtual state
(at the energy level Evirt,2) is generated, which is depleted instantaneously by a
photon of the second light field with the frequency ω1 to the ground state. A second
photon at ω2 is absorbed by the system bringing it to the virtual state at the energy
level Evirt,1. This state can then radiate the so-called coherent Stokes photon at ωcs.
The whole process is called coherent Stokes Raman scattering (CSRS). The second
panel in 2.4(c) depicts stimulated Raman gain (SRG) and stimulated Raman loss
(SRL). Here, the driving fields ω1 and ω2 excite a vibrational mode in the system
via the virtual state Evirt,2. In this path part of the photons of the driving field at
ω1 are converted to photons at ω2, which are than added to the corresponding field.
The difference energy is remaining as the excited phonon in the system. The last
panel describes the excitation of the virtual state at Evirt,2 and the depletion of this
state to excite the vibrational state of the atoms, while releasing a photon at ω2.
This state is excited by another photon at ω1, bringing the system to the virtual
energy level Evirt,3. From this state the so-called Anti-Stokes photon is released
to bring the system to its ground state. The overall process is called coherent
anti-Stokes Raman scattering (CARS) and will be subject of the chapter 2.2.4.
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Evirt,3

Evirt,2

Evirt,1

Evib

E0
Ω

ΩΩΩ

Ω

ω1ω2
(a)

(b)

(c)

ω1ω2ωCS ωAS

CSRS SRG/SRL CARS

Figure 2.4: Spectrum and energy diagrams of the Coherent Raman scattering processes.
(a) The incoming light fields at frequency ω1 and ω2 with the frequency
difference ω1 − ω2 are in resonance with the frequency Ω of the atomic
oscillation. (b) The frequency components after non-linear scattering. The
dotted lines represents the level of the incoming light fields in (a). (c) Energy
diagrams of the possible non-linear conversion paths. Here, the dotted lines
mark the energy levels of the virtual states.

The amplitude of the polarization for the different frequencies in equation 2.13
can be written as [8]:

P (ωcs) = 6ε0χ∗NL(Ω)A2
2A
∗
1 (2.14)

P (ω2) = 6ε0χ∗NL(Ω)|A1|2A2 (2.15)

P (ω1) = 6ε0χ∗NL(Ω)|A2|2A1 (2.16)

P (ωas) = 6ε0χ∗NL(Ω)A2
1A
∗
2 (2.17)
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with the nonlinear susceptibility:

χNL(Ω) = N

6mε0

(
δα

δQ

)2

0

1
ω2
ν − Ω2 − 2iΩγ . (2.18)

To determine the parameters which influence the intensity of the SRL, SRG and
CARS signals, the non-linear polarization term has to be inserted into the nonlinear
wave equation:

∇2E− n2

c2
∂2

∂t2
E = 1

ε0c2
∂2

∂t2
PNL (2.19)

as a source term in order to solve for the nonlinear field E. [8] To simplify the
calculation, we approximate the light fields within the interaction length of the
focused beams as plane waves. In this approximation the different driving fields
can be written as:

Ej(z, t) = 1
2
(
Aj(z)ei(kjz−ωjt) + c.c.

)
x, j = 1, 2, 3, (2.20)

where x is the orientation vector of the E-field, which is orthogonal to the propaga-
tion direction of the plane waves. The kj = ωjnj/c is the scalar wave vector and j
identifies the different incident waves. The resulting amplitude A4 of the resulting
field E4 can be derived by using the slowly varying envelope approximation [11]
and by integration over the interaction length L:

A4(L) v iχNL(Ω)A1A
∗
2A3Lsinc

(
∆kL

2

)
ei∆kL/2. (2.21)

For CARS, where the first and third fields are usually identical, the intensity of
the generated anti-Stokes field scales as:

I(ωas) v |AAS(L)|2 v |χNL(Ω)|2I2
1I2L

2sinc
(

∆kL
2

)
. (2.22)

For SRS where the scattering of the light field at ω1 is stimulated by the field at
ω2:

Astim2 (L) v i {χNL(Ω)}∗A∗1A2A1L (2.23)

The change in intensity of the incident light at ω2 at the resonance Ω can be
calculated from the interference with the remaining field:

∆I(ω2) v 2Im {χNL(Ω)} I1I2L. (2.24)
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This change represents the stimulated Raman gain, which is linearly dependent on
the interaction length and the intensities of the light fields at ω1 and ω2. The same
approach can be used to determine the change of intensity of the first light field at
ω1, which is called the stimulated Raman loss:

∆I(ω1) v −2Im {χNL(Ω)} I1I2L. (2.25)

So far, the theoretical background about the origin of CRS and the signal
dependence of SRS and CARS on the main laser parameters has been established.
In the following two sections the consequences for a practical implementation of
these two modalities for chemically resolved imaging will be discussed.

2.2.3 Stimulated Raman Scattering

In order to conduct chemically sensitive measurements via SRS, a laser source,
which delivers two different wavelengths, is focused onto a sample. The wavelength
λ of the light is connected to the oscillation frequency of the E field by ω = 2πc

λ
. If

the wavelength difference of the two colors matches a molecular bond vibrational
frequency, part of the incoming light at ω1 is shifted to the second field at ω2 (for
ω1 > ω2). In order for SRS to work efficiently for tightly focused beams, the power
of the laser has to be in the range of 1 kW. To prevent photo-induced damage,
the lasers have to be pulsed to reach these power levels (over a short time) at a
moderate average power. The issue of phototoxicity will be discussed in chapter
3.1.3. Still, the interference of the stimulated Raman loss and gain with the driving
fields at ω1 and ω2 causes only little changes in intensity. In order to detect these
small changes, lock-in detection needs to be applied. The lock-in detection works
by modulating one of the driving pulse trains with a frequency which is lower than
the pulse repetition rate. After the SRS process the non-modulated pulse train
carries the SRS signal at the modulation frequency. It is detected by a photo-diode
and can be separated by electronic filtering from the signal (see figure 2.5).
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Figure 2.5: Energy diagram of the stimulated Raman scattering process. Depicted are the
two driving fields, where the pulse train of the laser with the higher photon
energy (green arrow) is modulated (dotted arrows). For the instances where
both fields are present and interact with the molecular bond, the modulated
pump pulse train is scattered on the bond and loses part of its photon energy
in the process. It becomes part of the field with the lower photon energy (red
arrows) which represents a small change compared to its overall intensity.
The gray arrows represent the spontaneous Raman scattering emission which
are many orders of magnitude more unlikely than the stimulated emission..

A pre-requisite for this detection method to work is a laser with an extremely
low noise figure at the modulation frequency. Noise at the modulation frequency of
the non-modulated beam will burrow the signal and will require long integration
times to extract it. The noise issue will be discussed in chapter 3.3. The optimal
parameters of the wavelength range in which the laser should operate, the pulse
length, repetition rate and required output power will be discussed in the same
place.

2.2.4 Coherent Anti-Stokes Raman Scattering

In section 2.2.2, the dependence of the signal intensity on the peak powers of the
driving fields of SRS and CARS has been established (equations 2.22, 2.24 and
2.25). It is apparent that the degree of non-linearity is higher for CARS and that it
is quadratically dependent on the intensity of the pump field (that with the highest
photon energy). The energy diagram in figure 2.6 depicts the conversion path of
the CARS process. The anti-Stokes signal component is spectrally separated from
the rest of the driving fields, which can be filtered out by high-contrast spectral
filters. The detection of the signal is, in comparison, straightforward and it is
usually done with a highly sensitive photo-multiplier.
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Figure 2.6: Energy diagram of the coherent anti-Stokes Raman scattering (CARS) process
and origin of the non-resonant background. The photons with the higher
photon energy (the “pump”, green) and the coincident driving photon with
the lower energy (the “Stokes”, red) cause the stimulated excitation of a
molecular bond if the frequency difference of the pump and the Stokes match
the bond vibrational frequency. Then, if another high energy photon (the
“probe”) is absorbed it will cause the depletion of this excited molecular bond
while releasing an “anti-Stokes” photon (marked in blue). The right-hand
side diagram describes an alternative route to generated a signal that overlaps
with the anti-Stokes photon without the aid of a molecular state. In this case
two pump photons are converted to signal and idler photons, which cause a
non-specific background for the anti-Stokes.

Equation 2.22 describes this conversion path but also includes a different possi-
bility to generate a signal at this frequency. If χNL(Ω) is divided in its real and
imaginary parts, the spectral behavior S(Ω) of the anti-Stokes component I(ωas)
can be written as:

S(Ω) v |χNL(Ω)|2 = |χ(3)
NR|2 + |χ(3)

R (Ω)|2 + 2χ(3)
NRRe

{
χ

(3)
R (Ω)

}
.

The spectrum of the non-linear response can hence be written as the sum of a
non-resonant background

(
χ

(3)
NR

)
, the resonant term

(
χ

(3)
R (Ω)

)
and the interference

term 2χ(3)
NRRe

{
χ

(3)
R (Ω)

}
[12]. The line shape resembles the behavior of a driven

oscillator and is depicted in figure 2.7(a). The red line represents the line shape of
the imaginary part of χNL(Ω) which is the lineshape of the spontaneous Raman
process. Its amplitude is plotted versus the detuning of the energy difference of the
pump and Stokes fields in respect to the resonance frequency of the molecular bond.
The blue line represents the real part of χNL(Ω). The linewidth of the resonance
was set to 5 cm−1 and the ratio of the resonant to the non-resonant term was set
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to unity.
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Figure 2.7: Spectral response of the CARS process on a resonance with a linewidth of
5 cm−1. (a) Imaginary (blue) and real (red) part of χNL(Ω). (b) CARS
lineshape S(Ω) (red) with non-resonant background (dotted gray line) in
comparison to the linear lineshape (red)

The resulting spectral response of the CARS signal is significantly different
compared to a narrow Raman line. Firstly, there is the non-resonant background
caused by quantum pathways which contribute to the anti-Stokes radiation but
do not contain propagators at ω1 − ω2 (see figure 2.6 right panel). Secondly, the
line peak is shifted by a few cm−1 (compare the positions of the peaks of the
red and blue curve) and lastly, the shape differs strongly as the interference term
causes constructive and destructive interference of the real part of χNL(Ω) with
the non-linear background. In the case of overlapping resonances, the spectrum
becomes quite complicated and difficult to compare to the linear Raman spectrum.
Also, the contrast of the anti-Stokes radiation is limited by the presence of the non-
resonant background. In the depicted situation (figure 2.7), where the non-resonant
background is as strong as the resonant one, the spectral contrast it quite poor.
For stronger resonances or a weaker non-linear background radiation, the lineshape
quickly becomes close to the linear Raman shape again. Therefore, CARS is very
well suited for strong resonances but becomes difficult to interpret if the resonances
are weak and tightly spaced.
It was assumed that the excitation fields are narrowband. To gain information

about many resonances at once, the Stokes field may be broadband in order to
excite many resonances simultaneously [13]. In general, the detection of the anti-
Stokes generation has to be spectrally resolved. However, the integration time and
sensitivity of spectrometers are orders of magnitude longer than a photo multiplier.
Therefore, to reach video rate acquisition times, single-band excitation (single-band
CRS) needs to be used.
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3 Optimal Parameter Set of Laser
Sources for Three-Photon Excited
Fluorescence Imaging and
Coherent Raman Scattering

In this chapter, the optimal parameters for three-photon excited fluorescence
(3PEF) imaging and coherent Raman scattering are deducted. Based on this
knowledge, a suitable fiber-based laser concept will be introduced in chapter 5 and
the experimental results and application to non-linear imaging will be presented in
chapter 6.

3.1 Parameters for Coherent Raman Scattering
Imaging Applications

Before the optimal parameters for CARS, SRS and multi-photon imaging (MPI)
are deducted, the common requirements for wavelength, bandwidth and laser power
for CRS imaging will be explored. Except for the bandwidth requirements, these
findings are also true for MPI. In the following part, specific requirements for each
of the imaging modalities will be established.

3.1.1 Wavelength

One of the most important aspects of non-linear imaging is the possibility to scan
the tissue three-dimensionally as it was introduced in section 2.1. In order to
maximize the achievable penetration depth, absorption and scattering in the tissue
have to be minimized. The absorption in typical biological material is limited
by the absorption of water and hemoglobin. The highest transparency of both
materials is found in the wavelength range of 600 to 1400 nm and around 1700 nm.

18



3. Optimal Parameter Set of Laser Sources for Three-Photon Excited Fluorescence
Imaging and Coherent Raman Scattering

Therefore, all of the photons should be in this range since, otherwise, heating
caused by absorption could destroy the sample. The spectral range from 600 to
1400 nm spans 9500 cm−1, which is broad enough to encompass all biochemically
relevant Raman shifts. Figure 3.1 shows exemplarily the pump and Stokes within
the spectral window for a typical application of multiplex (a) and single frequency
(b) CARS.
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Figure 3.1: (a) Example of multiplex CARS and single frequency CARS within the
spectral work space given by the absorption of water and hemoglobin. [14]

In this spectral range, the losses are dominated by Rayleigh scattering. Rayleigh
scattering losses are proportional to ω4 and, therefore, photons with shorter wave-
lengths are scattered much more strongly than photons in the near infrared. Fur-
thermore, the non-linear absorption of multiple photons leads to a strong absorption
in the UV. Thus, non-linear imaging techniques, in which the peak power of the
light is high enough to cause such an interaction, benefits from longer wavelengths.
On the other hand, the spot size increases at longer wavelengths and there is a
limited availability of high NA, NIR-corrected microscope objectives. Therefore,
the wavelength range around 1 µm is a trade-off between low scattering losses,
non-linear absorption, spatial resolution and the availability of optical glasses and
components.
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3.1.2 Bandwidth

The spectral resolution of the CARS and SRS processes is determined by the
spectral bandwidth of the pump and Stokes laser pulses [15]. In the case of single
band CRS, the convolution of both bandwidths determines the spectral resolution
of the measurement. Therefore, both driving pulses (pump and Stokes) have to
be narrowband in order to reach a high spectral resolution (and with it a high
chemical resolution). In figure 3.2 a spectral CARS scan in the CH- stretching
range of 2750 to 3000 cm−1 with a spectral resolution of 1 cm−1 is compared to the
same measurement with a simulated spectral resolution of 5 and 10 cm−1.
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Figure 3.2: Spectral CARS signal sweep for different resolutions. [16]

It is clearly visible that the contrast between the different lines is much better
at the highest resolution. Especially in the fingerprint region, where the Raman
bands are much closer together, spectral resolutions below 5 cm−1 are preferable.
For isolated Raman lines, the non-resonant background in a CARS measurement
increases linearly with the spectral width of the driving pulses. Thus, in order to
increase the contrast to the non-resonant background, the bandwidth of the lasers
has to be as narrow as possible [17]. Even though SRS does not suffer from the
non-resonant background in the same way as CARS does, a wideband excitation
results in a lower signal yield as only a (small) part of the bandwidth of the pump
and Stokes pulses are contributing to the SRS process. The advantage of CARS
imaging with narrowband excitation is depicted in figure 3.3.
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Figure 3.3: Contrast advantage of high spectral resolution CARS imaging at 30 cm−1

(a) and 1 cm−1 (b). The CARS data from protein and lipid structures can be
plotted in a two-color CARS image at the C−H stretching resonance of CH3
(2930 cm−1, blue) and CH2 (2850 cm−1, green). The spectral separation of the
components is determined by the separation angle ϕ in the frequency scatter
plots (c) and (d). This separation is significantly increased for CARS with
narrowband excitation (d). Consequently, high spectral resolution increases
the signal-to-noise ratio and allows for a lower detection limit. Finally, the
last row shows the resulting CARS spectra of lipid droplets and cytoplasm of
adipocytes measured at 30 cm−1 (e) and 1 cm−1 of spectral resolution (f) [14].

The chemical sensitivity of CARS microscopy is demonstrated by imaging
adipocytes and collagen fibers of the connective tissue surrounding an artery
at 30 cm−1 in panel 3.3(a) and at 1 cm−1 spectral resolution in panel 3.3(b). Two
CARS images with an energy difference of the pump and Stokes wavelength of
2850 cm−1 (green) and 2930 cm−1 (blue) were overlaid. These resonances correspond
to the characteristic CH-stretching vibrations of the methylene and methyl groups,
respectively. Since the CARS signal intensity ratio of 2930 cm−1 and 2850 cm−1 is
higher in proteins, areas where the protein density is high appear blueish, whereas
lipid-rich areas appear green. Even if both images allow for the discrimination of
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protein and lipids, the separation of both substances is significantly higher in the
2D-histograms of panels (a) and (b), i.e. in panels (d) and (c). This is indicated
by the larger separation angle φ. In addition, the CARS spectra depicted in panels
(e) and (f) (acquired by tuning the frequency difference from pump and Stokes
at the locations indicated by arrows in (a) and (b)) are significantly better for
the high spectral resolution light source. Hence it can be concluded, that a high
spectral resolution of 1 cm−1 in comparison to 30 cm−1 resolution is also beneficial
for resolving spectrally broad resonances in the C-H-stretching region. High spectral
resolution imaging results in a lower detection limit and in a better discrimination
of molecular markers, e.g., protein and lipids. A spectral resolution of 1 cm−1

corresponds to transform-limited Gaussian pulses of about 15 ps the wavelength
region of 1 µm.

3.1.3 Laser Power and Phototoxicity

The main limiting factor to achieve the highest signal-to-noise ratio during a
measurement, or to achieve the fastest acquisition rate, is the phototoxicity. This
has to be considered when choosing the wavelength, repetition rate, peak and
average power of the laser source. There have been many studies aimed to at
finding the nature of photo damage in living cells and its dependence on laser
power [18–22]. The damage threshold at which the photo-induced destruction is
likely to occurs is:

D = P̂ nfRepτ, (3.1)

where P̂ is the peak power of the laser, frep the pulse repetition rate and τ the
duration of the laser pulses. The exponent n depends on the non-linearity of the
damage. If n=1, the damage is purely due to the average power of the laser, which
means that the damage is related to the accumulated heat within the laser beam
focus. For n>2 the damage is originating from multi-photon absorption. In this
case two or more photons are absorbed by the medium. Together they excite an
electronical state which causes chemical bonds to break and ultimately destroy the
tissue. Therefore, these damage effects are highly dependent on the peak power
and the pulse duration of the laser. It has to be noted that all of the peak power
values depend heavily on the focus size. In case of biological imaging, we assume
tight focusing and numerical apertures approaching 1. Fu et. at. [23] found in an
CARS experiment that for P̂pump = 74W and P̂Stokes = 23W at a repetition rate of
frep = 3.9MHz, a NA of the objective of 1.2 and a pulse duration of τpulse = 2.5 ps,
damage effects are mostly linear (n=1). By increasing the peak powers to 277W
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and 86W respectively, n increased to 1.8. Here the pump wavelength was fixed at
701 nm and the Stokes wavelengths were shifted from 843 to 888 nm. From this
experiment, a lower threshold for the onset of damage effects can be set if the
pump and Stokes wavelengths are shifted further into the infrared, as the linear
absorption and also the multiphoton absorption is reduced at longer wavelengths
around 1 µm. Hopt et. al. [18] used very short pulses (< 200 fs) and peak-powers of
200W for multi-photon experiments pumped at 800 nm. In this case, n increases
to 2.5.

The signal strength for CARS microscopy is (compare to equation 2.22):

P ∼ P̂ 2
pumpP̂Stokesτpulsefrep (3.2)

and for 3PEF:

P3PEF ∼ P̂ 3
pumpτpulsefrep. (3.3)

Hence, both of these imaging modalities are dependent on the peak power to the
power of three. Thus, since the damage D depends on the exponent n in the range
of 1...2 for picosecond excitation and up to 2.5 for sub-picosecond excitation, the
only way to maximize the signal strength for a given damage threshold D is to
decrease the repetition rate frep and pulse duration τpulse [20–22,24] while increasing
the pump and/or Stokes peak power. As the studies show, reducing the pulse
duration is not very effective as it also increases the exponent n in the damage
threshold equation 3.1. For CRS microscopy, the length of the pulse plays a crucial
role, since it is inverse proportional to the minimal bandwidth a pulse can have.
This relation is called the time-bandwidth product and it is: τpulse ≥ 0.44⁄(∆νc),
for Gaussian pulses with the FWHM (full width half maximum) bandwidth Δν. If
the pulse duration becomes very short, the spectral bandwidth increases to a point
where their it broader than the Raman bands. Consequently, the pulse width of
the driving laser defines the maximal spectral resolution and contrast between two
adjacent Raman lines that CRS microscopy can have [16]. In contrast, reducing the
repetition rate allows higher pump and Stokes peak powers, which ultimatly leads
to higher signal strengths at the same phototoxicity level D. Figure 3.4 depicts the
signal power P in the case of CARS microscopy at a constant damage threshold
D for different CARS resolutions and repetition rates for transform-limited pulses
plottet versus their bandwidth.

23



3. Optimal Parameter Set of Laser Sources for Three-Photon Excited Fluorescence
Imaging and Coherent Raman Scattering

(a) (b)

Figure 3.4: Signal strength P for Damage threshold exponents n = 1 and (b) n = 2

As the resolution in CRS microscopy should be better than 10 cm−1 to resolve
closely spaced resonances with a high contrast, the pulse duration should be at least
a few picoseconds. Depending on the exponent n in the damage threshold equation
(between 1 and 2), the difference in signal power P in a CARS experiment pumped
by a laser at 100MHz and 1MHz is a factor of 10 to 100 different. This means that
at moderate peak powers, it is always better to choose the lowest possible laser
repetition rate, in order to reach high signal strengths and spectral resolution at the
same time. Of course, for high speed imaging the repetition rate also defines the
minimum pixel acquisition rate. If the laser scanning microscope is synchronized
to the laser and for each pixel only one laser pulse excites the sample, a video rate
acquisition of 10 frames per second at a resolution of 500x500 pixel is possible with
2.5MHz of pulse repetition rate. Compared to a standard free-space OPO with
a repetition rate of 80MHz, a signal increase of 5.6 dB at the same damage level
(n = 2) can be expected. Alternatively, the bandwidth of the pump and Stokes
pulses can be decreased in order to enhance the resolution of the CARS process.
In this case, both the bandwidth and the repetition rate may be lowered by 5.6 dB
to achieve the same signal intensity compared to an excitation with 80MHz. As
the pulse length increases by the same amount, the exponent n in the damage
threshold equation also decreases. Therefore, by using pulses in the order of tens
of picoseconds, higher pump and Stokes pulse peak powers can by used without
causing photo-induced destruction of the tissue. In the end, the optimal repetition
rate and pulse duration is determined by the desired pixel acquisition rate and
chemical resolution.

SRS has a lower degree of non-linearity and, therefore, has to be treated differently
(compare with 2.24 and 2.25).

PSRS ∼ P̂pumpP̂Stokesτpulsefrep. (3.4)
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Depending on the exponent in the damage equation 3.1, the repetition rate of the
laser should be either high (n > 2), does not have an effect (n = 2) or should be as
low as possible (n > 2). As it has been shown earlier, n rises above 2 for very short
pulses (τpulse < 1 ps). In this case SRS would benefit from high repetition rates. It
has also been established that for good chemical specificity and signal strengths,
SRS should be driven with narrowband pump and Stokes pulses (∆ν < 5 cm−1).
Therefore, the non-linearity of the damage should be lower than 2, which favors
low repetition rates. Compared with CARS and MPI imaging, however, this effect
is very small.

3.2 Coherent Anti-Stokes Raman Scattering
Imaging

After the discussion of the infuencing parameters on single-band CARS microscopy,
the optimal parameters are summarized in table 3.1.

Parameter Value
Wavelength range pump and Stokes 800− 1400 nm*

Raman shift range 0− 3500 cm−1

Pulse duration (for 1 cm−1resolution) 15
frep for video rate acquisition / 1 µs pixel dwell time 8MHz/1MHz

Peak power at the sample ∼ 300W**
Average power at the sample ∼ 30mW**

Minimal output power > 100mW per beam

Table 3.1: The Optimal parameter set for single band CARS microscopy. * Even though
a 1400 nm excitation still allows for submicron spatial resolution utilizing
high NA-objectives, there is, to the best of our knowledge, currently in this
wavelength range no apochromatically corrected microscope objective available
which covers the pump and the required Stokes radiation. ** Since the CARS
signal depends on the peak intensity rather than on the peak power, this value
is strongly affected by the NA of the microscope objective. The values stated
are valid for high NA-objectives [16].

The repetition rate for video rate acquisition was chosen to be 8MHz in order to
support the acquisition of frames with a resolution of 500x500 px with at a rate of
24 frames per second.

Additionally, the intensity ratio of the CARS pump to the Stokes radiation
should be 2 : 1 to generate the maximum signal strength [?].
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3.3 Stimulated Raman Scattering Imaging
As it has been mentioned in chapter 2.2.3, SRS imaging has a much higher demand
on the laser stability than CARS. Before the optimal values for SRS microscopy are
presented the different origins of noise in a SRS experiment have to be identified.

Stimulated Raman scattering introduces extreme prerequisites on the laser. As
it was discussed in chapter 2.2.3, the SRS signal is buried deep within the pump or
the Stokes signal. By employing a lock-in detector, the signal at the modulation
frequency can be separated. However, both the photo detector and the laser
introduce noise, which becomes a background signal at the modulation frequency.
This, depending on the detection speed, can be easily as strong as the SRS signal.
Figure 3.5 depicts a scheme of a SRS experiment with the parameters that influence
the final signal to noise ratio the most.

Figure 3.5: SRS principle and most influencing parameters on the signal voltage and
background noise

The signal voltage from a lock-in detector in a SRS experiment is [25]:

VSRS = 1
2bSRSIm(χ(3))PPPS

Afrep

τSRS
τP τs

GqsRl, (3.5)

with
bSRS ≈

2.8× 104

npns

z

λp
.

In bSRS ni is the refractive index at the signal and pump wavelengths λ and z
is the Rayleigh length of the focused beam. In the general equation χ(3) is the
third order nonlinear susceptibility, which is dependent on the molecular resonance
and the molecular density. P is the peak power, τ the pulse duration, A is the
focus area of the focal spot, frep is the modulation frequency (we assume a duty
cycle of 50%, which leads to the 1/2 in the equation), G represents the photo diode
response multiplied by the lock-in gain, s is the signal collection rate (the portion
of the signal, which is collected by the photo diode) and Rl is the load resistance.
The q-factor describes the spectral and temporal overlap of the pump and Stokes
pulses [25]. The signal voltage is superimposed by noise originating from three
different sources: The noise of the laser source, the shot noise and the Johnson
noise of the detector. The noise of the laser at the modulation frequency creates a
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background signal:

VLN = GLock−In

√
10σRIN/10

2∆t PpGPDqsRl, (3.6)

where σRIN is the relative intensity noise of the non modulated beam at the
modulation frequency and ∆t is the averaging time. In essence, this is the noise
of the non modulated laser beam at the modulation frequency after the detection
and amplification in the Lock-In over the load resistance Rl. The Johnson noise is
white noise caused by the photo detector being at a temperature T:

VJ = GLock−In

√
2kBTRl

∆t
. (3.7)

Finally, the quantum nature of photons creates a lower boundary on the noise
that a optical signal can have. The so-called shot noise is caused as only a finite
number of photons can be detected. As the fluctuation of the detected power
changes by at least the amount of energy a single photon is carrying, the shot noise
depends on the average power of the detected signal.

Vshot = GLock−In

√
ePpGPDqs

∆t
Rl, (3.8)

For an exemplary SRS experiment the following parameters are assumed: Rl =
50Ω, s = 1, q = 1, τSRS = τP = τs = 15ps, G = GLock−InGPD = 50, PP =
PS = 15mW , A = 0.09 µm2, np = ns = 1.3, z

λp
= 1. For a strong resonance,

|Im(χ(3))| ≈ 10−21m2/V 2, the voltage of the generated SRS signal will beVSRS ≈
345mV . For a typical relative intensity noise of a OPO of −150 dBc/Hz at the
modulation frequency, the overall noise of the measurement is then [25]: Vnoise,SRS =√
V 2
LN + V 2

J + V 2
shot =

√
(7.7× 10−7)2 + (0.6× 10−7)2 + (4.0× 10−7)2 = 8.7×10−7

√
∆t .The

signal-to-noise ratio is then SNRSRS = VSRS/Vnoise,SRS ≈ 4 × 105
√

∆t. In order
to achieve a high SNR of 100, the integration time ∆t needs to be about 0.06 µs.
Therefore the pixel acquisition rate is limited to ≈ 16Mpx/s. This value is high
enough to reach video rate pixel acquisition frequencies. The maximum pixel
acquisition rate with respect to the RIN at the modulation frequency is depicted
in figure 3.6.
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Figure 3.6: Pixel acquisition rate with respect to the RIN at the modulation frequency

The sharp decline in scanning speed for the RIN demonstrates the importance
of the laser noise in a SRS measurement.

To reach higher rates, either part of the SNR needs to be sacrificed, or a higher
RIN of the non modulated beam at the modulation frequency has to be achieved.
In practice, s and q are not going to be unity, which will increase the background
noise level caused by Johnson noise and shot-noise. Also, if the Raman resonance is
weaker, VSRS is going to decrease linearly. In this case higher integration times are
needed. In any case, the SRS laser needs a RIN level better than −150 dBc/Hz in
order to achieve fast imaging speeds. Table 3.2 summarizes the optimal parameters
for SRS imaging.

Parameter Value
Wavelength range pump and Stokes 800− 1400 nm*

Raman shift range 0− 3500 cm−1

Pulse duration (1 cm−1resolution) 15
frep for video rate acquisition / 1 µs pixel dwell time 8 to 20MHz

Peak power at the sample ~ 300W**
Average power at the sample ~ 30mW**

Minimal output power > 100mW per beam
RIN at modulation frequency < −150 dBc

Table 3.2: The optimal parameter set for single band SRS.
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3.4 Three-Photon Excited Fluorescence Imaging
Three-photon excited fluorescence is not chemically specific since it relies on
fluorescence markers or auto-fluorescence. Therefore, the bandwidth of the pump
photons is not a limiting factor and can be as broad as the transparency region
described in subsection 3.1.1. The main limitation regarding the wavelength
becomes the spectral position of the third harmonic signal which excites the
fluorophor. If its wavelength is too short, absorption and scattering will weaken
the signal severely. Thus, 3PEF excitation wavelengths in the range of 1300 and
1700nm have been used to scan deeply into biological tissue [6, 26].

It has been established in subsection 3.1.3 that the order of non-linearity in the
damage equation is > 2 for a few hundred of femtoseconds of pump pulse durations.
There are no studies on the degree of non-linearity for pulse durations for only
tens of femtoseconds. If the trend continues, one could expect a non-linearity of
up to n = 3 which would make the choice of the repetition rate ambiguous. Xu
et. al. proposes the use of low repetition rates for 3PEF in order to reach high
peak powers at low average powers [27]. The optimal parameters for 3PEF are
summarized in figure 3.3.

Parameter Value
Wavelength range pump and Stokes 1300 or 1700nm

Pulse duration < 1 ps
Repetition rate 1MHz

Peak power at the sample ~ 100 kW
Average power at the sample ~ 10mW

Minimal output power > 100mW per beam

Table 3.3: The Optimal parameter set for single band SRS.

So far, the optimum parameters for MPI and CRS imaging have been established.
The following chapter will supply the basic knowledge about optical fibers and fiber
lasers to be able to understand the fiber laser concept that has been developed in
this work in order to produce these laser parameters form a compact fiber laser
source.
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In this chapter, the key elements of the physical background of optical fibers are
covered in order to understand the behavior and design aspects of the laser concept
that will be presented in chapter 5.

4.1 Optical Fibers and Photonic Crystal Structures
An optical fiber is a waveguide capable of transporting light [28,29]. To understand
the guiding properties of so-called single-mode fibers it is necessary to solve the
Maxwell equations with the boundary conditions appropriate for a fiber structure.
From the Maxwell equations it is possible to derive the basic wave equation

describing the propagation of electromagnetic waves [30]:

∇×∇× E = − 1
c2
∂2E
∂t2
− µ0

∂2P
∂t2

, (4.1)

where E is the electrical field vector, P the induced polarization of the material,
µ0 the vacuum permeability and c the speed of light in vacuum. To simplify
the equation, the following assumption will be made: the polarization depends
exclusively on the local E field in the medium. Additionally, the non-linear part of
the polarization vector is relatively small compared to its linear part, the losses in
the fiber are small and the host material is isotropic. With these assumptions, it is
possible to derive [30]:

∇2Ẽ + n2 (ω) ω
2

c2 Ẽ = 0, (4.2)

where ω is the radial frequency of the carrier wave and n is the refractive index
of the medium the wave is traveling through. In this work, short laser pulses
within fibers are described, therefore, the optical wave will be described by the
carrier wave and its envelope. If the relative rate of change of the pulse envelope
(Ã(z, ω− ω0)) is much smaller than the carrier oscillations (exp(−iω0t)), the terms
can be separated [31]. The radial field distribution within the fiber can then be
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solved by choosing the ansatz [30]:

Ẽ(r, ω − ω0) = eP · F (x, y) · Ã(z, ω − ω0) · exp [−i (ω0t− βz)] . (4.3)

with the Fourier transformation relation Ẽ(r, ω) = 1√
2π

´∞
−∞E(r, t) exp (iωt) dt.

The resulting solutions of the possible modes are distinguished by their propaga-
tion parameter βnm and their transverse field distribution function Fnm(x, y) [30].

(
∂2

∂x2 + ∂2

∂y2

)
F + ε (ω) ω

2

c2 F = β2
nm · F (4.4)

2iβ0
∂

∂z
Ã+

(
ε (ω) ω

2

c2 − β
2
nm

)
Ã = 0 (4.5)

These discrete solutions F (x, y), which describe the propagation of light inside an
optical fiber are called the Helmholtz equations. The meaning of the propagation
constant β will be discussed in detail in the following section 4.2.

One of the most simple and at the same time most common optical fiber structures
can be seen in fig. 4.1: the so-called step-index fiber, where the core index n1

is higher than the cladding index n2. The index difference is set by doping the
glasses. Depending on this difference ∆n = n1−n2, the core radius a and the mean
wavelength λ of the light, a certain set of guided modes is supported by the core of
the fiber satisfying equations 4.4 and 4.5. Usually, fused silica is the material of
choice for guiding light in the visible and near-infrared spectral regions, due to the
extremely low propagation losses in high quality silica glasses.

n

r

n1

n2

n

r

n1

n2

n3

Figure 4.1: Step-index fibers with on and two claddings.

If only the lowest order, Gaussian-like mode profile shall be supported by the
optical fiber, the index step ∆n has to be small enough to exclude any higher order
modes. In particular, to ensure this single-mode guidance, the fiber has to fulfill
V < VC ≈ 2.405 with [30]:
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V = 2π
λ
a
√
n2

1 − n2
2. (4.6)

Due to the wavelength dependence of this condition, step-index single-mode
fibers, as the one depicted in 4.1, will become multi-mode below a certain cut-
off wavelength. Therefore, in order to ensure single-mode guidance in a broader
spectral range a different kind of fiber design is necessary.

In 1996 a new kind of fiber was proposed and fabricated: the so-called photonic
crystal fiber [32]. This fiber consists of a solid core and a periodic arrangement of
holes which form the cladding. The structural parameters of the core and cladding
design, namely the hole size, hole spacing and hole pattern, influence the waveguide
properties greatly (see fig.4.2). One example of this is the so-called endlessly single
mode fiber [33]. In this type of fiber the structural parameters can be chosen so
that the single-mode guidance is maintained over the whole transparency window
of fused silica and is only limited by bending losses at very short wavelengths.

Figure 4.2: Structure of a photonic crystal fiber.

Over the years many different structures have followed enabling new paths in
photonics research. One key design aspect is the manipulation of the dispersion
properties of such fibers which will be introduced next.

4.2 Waveguide Dispersion
The chromatic dispersion reflects the fact that every wavelength may travel through
an optical medium with a slightly different velocity (n = n (λ)). The refractive
index n(λ) = c/v(λ) is the ratio of the velocity of light in vacuum c compared to the
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velocity of light traveling in the optical medium v(λ) at a particular wavelength
λ. This chromatic dispersion relation is different for every material and will be
called material dispersion. If light is now confined in a waveguide and propagates
in a certain mode, the dispersion relation is altered by the waveguide. This new
dispersion term is called waveguide dispersion and it can be treated separately
from the material dispersion.
The material dispersion is usually described by the Sellmeier equation, which

gives insight into the origin of chromatic dispersion itself: The Kramer-Kronig’s
relation states that absorption causes dispersion, and since light suffers absorption
of different strengths in the ultra-violet and the infrared spectral regions, chromatic
dispersion is present in-between these spectral regions.

The general Sellmeier equation can be written as [30]:

n2 (ω) = 1 +
m∑
j=1

Bjω
2
j

ω2
j − ω2 , (4.7)

with ω = 2πc/λ being the angular frequency of the light. Bj corresponds to the
strength of the absorption line and ωj to the spectral position of the absorption;
contributing to material dispersion.

The origin of waveguide dispersion is fundamentally different. To explain it, only
the fundamental mode will be considered. From the Helmholtz equations 4.4 and
4.5 we know that most of the electrical field is confined in the core, but there is also
some energy traveling through the cladding, called the evanescent field (which is an
exponentially decaying field required to fulfill the boundary condition between the
core and the cladding). The mode, therefore, experiences not only the refractive
index of the core but also that from the cladding. The resulting overall refractive
index is called the effective index neff . On top of that, the shape of the electrical
field is slightly different for each wavelength, with longer wavelengths penetrating,
in general, the cladding material more deeply, meaning their evanescent field reaches
deeper into the cladding structure. Consequently, usually the relative overlap with
the cladding increases with wavelength causing a change in the overall dispersion
of the waveguide compared to its material dispersion. To describe the waveguide
dispersion, the propagation of the electrical field of a lightwave traveling in the z
direction is considered: E = E0 · ei(k·z−ω·t) where the wave-number k(ω) is:

k (ω) = neff (ω) ω
c

(4.8)

The dispersion relation of the wave-number can be approximated with a Taylor
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expansion centered around ω0 by [30]:

k (ω) = neff (ω) ω
c

= β0 + β1 (ω − ω0) + 1
2β2 (ω − ω0)2 + . . . , (4.9)

with βj = ∂jk(ω)
∂ωj
|ω=ω0 .

These βj are called the dispersion constants and reflect certain aspects of the
traveling wave packet though an optical medium. β0 = neff (ω0) ω0

c
= ω0

vP
describes

the phase velocity vP of the wave or, in other words, this is the velocity with which
the carrier wave of a wave package is traveling. It is known from Fourier theory
that waves which have a finite duration consist of many frequencies. This means
that a wave package or a laser pulse can have a different velocity than its carrier
wave, this is the so-called group-velocity. The relation between the phase and group
velocity of a wave package is defined by [34]:

vg ≡
∂ω

∂k
= vp − λ

∂vp
∂λ

(4.10)

From this equation, the relation of β1 to the group velocity can be derived:

β1 = 1
vg

= 1
c

(
neff + ω

dn

dω

)
. (4.11)

As stated earlier, a light pulse has a limited spectral bandwidth as the velocity of
each of the spectral components of the pulse is, in general, different. Therefore, the
pulse is going to disperse, i.e. become longer, while propagating though a medium.
The magnitude of this dispersion is described by β2:

β2 = ∂

∂ω

(
1
vg

)
= ∂β1

∂ω
= 1
c

(
2dneff
dω

+ ω
d2neff
dω2

)
, (4.12)

This phenomenon is called group velocity dispersion (GVD) and it is often
written as:

D = −2πc
λ2 β2, [D] = ps

nm · km (4.13)

stating how much longer a transform limited pulse with a certain spectral
bandwidth has become after propagating a certain distance though a medium. If
D < 0 the dispersion is defined to be anomalous and if D > 0 it is normal.

The next order of the dispersion terms is the third order dispersion:

TOD = β3 = ∂β2

∂ω
|ω=ω0 = 1

c

(
3d

2neff
dω2 + ω

d3neff
dω3

)
. (4.14)
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which defines the change of the group velocity dispersion with the angular
frequency. The manipulation of the dispersion e.g. in a photonic crystal fiber is of
central importance and will be considered in chapter 5 [35].

4.3 Non-Linear Effects for Frequency Conversion in
Optical Fibers

One of the most intriguing phenomena in waveguides is the onset of non-linear
effects at relatively low peak powers. Usually their impact on the pulse is considered
to be detrimental, but if light confined as a fundamental mode in a fiber experiences
these effects in a predictable manner, they can also be understood as a toolbox
for changing the pulse parameters to one’s needs. As it was introduced in chapter
3, CRS imaging needs two spectrally separated pulses with a well-defined photon
energy difference. Therefore, different fiber-based frequency conversion techniques
will be explored here.

Each of the conversion techniques has its own advantages with respect to the
application and the required pulse parameters. At first, self-phase modulation
will be introduced, which is one of the most basic effects. Afterwards, Raman
scattering in fused silica fibers will be covered and used as the basis to understand
self-soliton frequency shift (SSFS). The next subsection presents super-continuum
(SC) generation, which works for a high range of input pulse parameters. However,
as the energy is almost evenly spread across a very broad spectral range, the
spectral power density becomes quite low. Since both SSFS and SC generation
suffer from broad spectral bandwidths, a technique called spectral self-compression
may be employed. Finally, four-wave mixing in endlessly single mode fibers will be
introduced and discussed. It offers the unique ability to convert light directly to
new frequencies within a narrow spectral band. The pulses are easily generated
with picosecond pump pulse durations, being optimal for CRS imaging.

4.3.1 Self-Phase Modulation

The most basic non-linear effect is the change of the temporal phase of a pulse
due to the intensity-dependent refractive index change of a fiber. This effect is
called self-phase modulation (SPM). If the intensity of the pulse is high enough to
force the polarization vector of the medium to react in a non-linear fashion, the
non-linear coefficient n2 has to be taken into account. The nonlinear change of the
reflective index is then given by [30]:
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∆n = n2|E|2(t). (4.15)

and it is dependent on the absolute value of the amplitude of the electrical field
E of the laser pulse. In the frame of this work this response will be considered to be
instantaneous. Thus, the maximum change of the temporal phase after propagating
a distance L through a fiber is:

∆φ(0) = B =
ˆ L

0

ω0

c
∆n(0) dz = ω0

c
Ln2E

2(0) = γPL, (4.16)

where P is the peak power of the laser pulse and γ = 4n2ω0
πc

d2
eff , with deff being

the effective mode-field diameter of the fiber. The value obtained in equation
4.16 is also called the B-Integral. Due to the rapid phase change occurring across
the pulse (due to its temporal changing intensity), new frequency components are
generated. Thus, the resulting bandwidth of a formerly transform-limited pulse
after propagating a distance L in the medium is:

∆ω(t) = ω(t)− ω0 = − ∂

∂t

[
ω0

c
L · n2E

2(t)
]
. (4.17)

For a Gaussian-shaped pulse (E(t) = E0 exp
[
−(t−t0)2

τ2

]
), the pulse is broadened

to [36]:
|∆ωmax| = ∆φmax

2
τ
e−0,5 = ∆φmax

1, 21
τ

. (4.18)

A measure of the strength of this effect is the nonlinear length [30]:

LNL = 1
γP0

(4.19)

. It determines the length of a certain fiber after which the pulse peak accumulated
a phase of B = 1.

4.3.2 Raman Scattering

Raman scattering is the inelastic scattering of photons in a medium due to molecular
vibrations. As the photons are scattered by molecules or the atom lattice of a solid,
part of their energy is absorbed exciting molecular vibrations called phonons. This
way, the scattered light is red shifted. Figure 4.3 depicts the Raman gain in fused
silica with its peak at 13THz.
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Figure 4.3: Raman gain gR. [37]

4.3.3 Soliton-Self Frequency Shift

The soliton self-frequency shift (SSFS) is a non-linear frequency conversion tech-
nique relying on the combination of dispersion, self-phase modulation and Raman
scattering [30]. The idea is that an ultra-short pulse experiencing SPM is spectrally
broadened. At the same time, if the pulse experiences anomalous dispersion, the
pulse is constantly compressed towards its transform-limited pulse duration. The
resulting pulses is called soliton since it is a stationary solution in a waveguide,
which after its generation, is unchanged as it propagates in its host fiber. To
generate a soliton of the order N , the dispersion length LD = T 2

0
|β2| has to fulfill the

following condition [30]:

N2 = LD
LNL

= T 2
0 γP0

|β2|
, (4.20)

with a soliton pulse duration T0. The dispersion length can be seen as an analogy
to the Rayleigh length. It causes an initially unchirped pulse of the duration T0

to increase its duration to a factor of
√

2 [38]. The peak power of the soliton is
related to its temporal duration and the group velocity dispersion of the fiber by:

P0 = |β2|
γT 2

0
. (4.21)

To explain the basic shape of a soliton, the non-linear propagation of light in a
fiber needs to be described. The basic propagation fuction (eq.4.1) is rewritten
and simplified by assuming a slowly-varying pulse envelope with respect to the
oscillations of the carrier wave (|∂2A

∂z2 | � |k ∂A∂z |). The resulting equation considers
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SPM and dispersion up to the second order [30]:

i
∂A

∂z
= β2

2
∂2A

∂T 2 − γN
2|A|2A, (4.22)

This equation is commonly called the non-linear Schrödinger equation (NLS).
For the fundamental solution (N = 1), eq. 4.22 can be solved giving the temporal
profile:

A(z, T ) =
√
P0·sech

(
T

T0

)
· exp

(
iz

2LD

)
(4.23)

It can be seen that the temporal intensity profile of a soliton follows a sech2-
function. Higher order solitons change their temporal and spectral shape periodically
over a length related to the dispersion length z0 = π

2LD. After this cycle, the process
starts over again. In real fibers, higher order solitons decay into several fundamental
solitons by soliton fission, which happens after the so-called characteristic fission
length [30]:

zfiss = LD
N

= T0√
|β2| · P0 · γ

. (4.24)

Therefore, for frequency conversion in optical fibers it is only practical to excite
fundamental solitons. Therefore, the potential peak power of a frequency shifted
soliton is ultimately defined by the conversion fiber. This simplified description has
to be expanded by Raman scattering in order to explain the self-frequency shifting
properties of solitons in real fibers.

Up to this point we have established the formation of fundamental solitons where
the temporal soliton duration is determined by the dispersion properties of the
fiber, the fiber material and its peak power. In typical highly-nonlinear single-mode
PCFs, fundamental solitons have a pulse duration shorter than 100 fs. Consequently,
their spectral bandwidth spans over tens of nanometers. Thus, the red part of their
spectrum overlaps with the Raman gain in fused silica (fig. 4.3). In this context
a spectrally broad soliton can simultaneously act as both the pump and the seed
signal for the Raman scattering process. This phenomenon is also called intra-pulse
stimulated Raman scattering and ultimately leads to a red-shifting of the soliton
spectrum propagating along the fiber.
Equation 4.21, suggests that by decreasing the pulse duration of the soliton,

its energy could be enhanced significantly. This is true to a point where the
bandwidth of the soliton reaches a value at which the dispersion of the fiber is
strongly influenced by the third order dispersion of the fiber. On the other end

38



4. Fundamentals of Optical Fibers

of the energy scale, narrowband solitons in the picosecond time regime are also
possible but lack the spectral bandwidth to enable intra-pulse stimulated Raman
scattering and the self-frequency shifting of solitons.
Scaling the peak power of solitons in fused silica fibers, consequently, involves

the scaling of the diameter of the mode [39,40]. In order to achieve high conversion
efficiencies of the pump pulse to the Raman shifted soliton, the pump field temporal
shape should be as similar as possible to the final soliton shape, which demands
sophisticated ultra-short pump sources [41].

4.3.4 Four-Wave Mixing

Four-wave mixing (FWM) is a nonlinear elastic interaction between four waves. If
the pump photons have the same frequency, the process is called degenerate FWM.
It is a χ(3) process, which is the lowest order non-linearity occurring in isotropic
media such as fused silica. In order for FWM to be efficient, energy and momentum
conservation have to be fulfilled [30].

Energy conservation:
2ωpump = ωsignal + ωidler, (4.25)

Momentum conservation:

2βpump = βsignal + βidler + 2γPpump, (4.26)

where γ is the nonlinear parameter (see 4.16) and PPump is the pump peak power.
The momentum conservation can be expressed in a scalar equation because the
waves propagate in only one direction in the fiber.
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Abbildung 4.4: Phase-matching condition: (a) energy and (b) momentum conservation
without the peak-power-dependent term.

Figure 4.4(a) schematically illustrates the energy convervation condition. Hereby,
two pump photons are converted into a signal and an idler photon. EV is introduced
as a virtual state which acts as an excited state without lifetime. Figure 4.4(b) on the
other hand, shows the scalar momentum conservation within the fiber with a small
phase mismatch [30]: ∆β = βsignal + βidler − 2βpump + 2γPpump = ∆β0 + 2γPpump.

Figure 4.7 depicts the phase-matching condition for different peak powers in an
endlessly single mode fiber. For the extreme case of a vanishing peak power, the
phase-matched wavelengths for the signal and idler meet at the zero dispersion
wavelength (ZDW) of the conversion fiber. At this point four-wave mixing degener-
ates into SPM. On the normal dispersion side the signal and idler wavelengths allow
for a wide spectral conversion range depending on the exact pump wavelength.
When the peak power increases, the phase-matched signal and idler wavelengths
shift apart. This also allows for conversion in the anomalous side of the dispersion,
albeit over a much smaller spectral ranges. Traditionally, this conversion branch is
called modulation instabilities and is regarded to be a limiting factor for narrowly
spaced multiplexed fiber communications [42].
The four-wave mixing process itself is described by a set of coupled nonlinear

Schrödinger equations. These equations describe the energy flow between the pump,
signal and ider fields. This set of equations can be solved numerically [43]. If the
pump suffers only a small relative perturbation during the conversion process, it
is possible to derive an approximate analytical solution for the gain of the FWM
conversion process. Thus, for the unsaturated single-pass amplification, the gain
for the signal in a fiber with length L can be written in the form [30]:
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G = 1 +
(
γPpump
g

)2

sinh2 (gL) , (4.27)

where g =
√

(γPpump)2 − (∆β/2)2is the parametric gain coefficient. The maximum
parametric gain is obtained when there is perfect phase-matching (∆β = 0). In
this case the FWM gain is

G = 1 + sinh2 (γPpumpL) = 1 + sinh2 (B) , (4.28)

which has a spectral bandwidth that is dependent on the pump peak power Ppump.
We define the bandwidth of the FWM gain to be the width where g drops to 0 due
to the phase-mismatch ∆β. The bandwidth is then:

BWFWM = 2∆β0 = 4γPpump. (4.29)

The maximum small-signal gain is in the center of the gain bandwidth:

∆β0 = −2γPpump. (4.30)

It has already been established that the phase-matching condition has to be
fulfilled in order to allow the FWM process to work. However, yet another condition
has to be fulfilled to allow for efficient conversion. This condition is the overlap of
the involved modes in the fiber. Depending on the spectral separation between the
converted radiation and the pump light, the modal field diameters can vary strongly
depending on the fiber design. For a standard step-index single-mode fiber with a
cut-off wavelength of 800 nm, the mode-field diameter of the fundamental mode
varies from 3.5 µm at 500 nm to 11 µm at 1500 nm [44]. In this case the mode-field
area overlap integral becomes small for a large spectral separation between the
pump light and the frequency converted signal, which results in a decrease of
the conversion efficiency [45]. Consequently, the parametric gain factor has to be
modified to include the effective mode-overlap:

G = 1 + sinh2 (γPpumpLfijkl) , (4.31)

which includes the overlap integral between the four fiber modes involved in the
FWM process:

fijkl =

〈
F ∗i F

∗
j FkFl

〉
[〈
|Fi|2

〉 〈
|Fj|2

〉 〈
|Fk|2

〉 〈
|Fl|2

〉]1/2 , (4.32)
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where the angle brackets denote the integration over the transverse coordinated x
and y [30]. Hence, to obtain an efficient frequency conversion over a broad spectral
range, it is necessary to use a single mode fiber, in which the mode field diameter is
nearly constant over a very large spectral bandwidths. As introduced in section 4.2,
ESM fibers have this property 1. In order to check this, the evolution of the mode
field diameter with the wavelength was simulated in a single-clad PCF structure
with a one-hole-missing design. The pitch of the fiber Λ (i.e. the hole to hole
distance) structure was chosen to fulfill d/Λ = 0.5. d is the hole diameter and Λ is
the hole-to-hole distance (see figure 4.5 (a)). Λ was now varied from 2 to 5 µm in
steps of 0.25 µm and depicted in figure 4.5 (b).
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Abbildung 4.5: (a) ESM structure. (b) Effective mode-field diameter of different ESM
structures versus wavelength with Λ varied from 2 to 5 µm (blue to pink).

It can be seen that the mode-field diameter changes very little with wavelength
in comparison to a step-index fiber. Thus, light conversion via four-wave mixing is
not limited by the mode-field overlap in the conversion fibers.
By altering the structural parameters of the ESM fiber in the same way as

before, the effective refractive index neff can be influenced (see sec. 4.2). The
resulting neff has been plotted in figure 4.6 (a), where the black line represents
the pure material dispersion of fused silica. Again, the influence of the waveguide
is more pronounced at smaller core dimensions and longer wavelengths, which has
been already discussed in section 4.2. The resulting second-order dispersion of the
different fiber structures has been plotted in 4.6 (b). The so-called zero-dispersion

1Strictly speaking, ESM fibers are defined for d/λ < 0.42 [46, 47]. At this value the effective V
parameter Veff < VC in accordance with the definition for a single mode fiber. In practice
even higher values for d/λ result in are effectively endlessly single-mode behavior as the
cut-off wavelength for the lowest higher-order mode is extremely short in comparison to
the wavelengths at which the fiber will be used. Additionally, as the propagation constants
are substantially different from the one of the fundamental mode, mode coupling caused by
microbendigs and other pertubation are very weak. [48]
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wavelength (ZDW), at which the dispersion switches between normal and anormal
is shifted in the fiber towards shorter wavelengths and away from the ZDW of fused
silica (4.6 (b)). For the smallest core dimensions a second ZDW emerges at longer
wavelengths. For even smaller core dimensions, the two ZDWs would shift further
into the blue and slide closer together. Finally, if additionally d/Λ is below 0.4, the
fiber dispersion does not cross the zero dispersion line, which makes it a so-called
all-normal dispersion fiber [49].
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Abbildung 4.6: Effective refractive index neff for ESM structures versus wavelength with
Λ varied from 2 to 5 µm (blue to pink) with constant d/Λ = 0.5. Also
shown are (b) the resulting β2 values, the (c) zero-dispersion wavelengths
and (d) β3 values. The black curves represent the material dispersion of
fused silica.

The FWM phase-matching diagrams were calculated for the regarded fibers and
plotted in figure 4.7 (a). It shows the phase-matched signal and idler wavelengths
depending on the pump wavelength. At these wavelengths, the gain for the signal
and idler has a local maximum. In this work, the spectral feature, which is generated
at the short wavelength side is referred to as the signal and at the long wavelength
side as the idler. It can be seen, that the ZDW is a crucial design aspect for the
FWM process.
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Abbildung 4.7: (a) Phase-matching diagrams for ESM structures versus pump wavelength
with Λ varied from 2 to 5 µm (blue to pink) and constant d/Λ = 0.5 for
a pump peak power of Ppump = 1 kW (b) Phase-matching diagrams for
a ESM fiber with Λ = 3.25 µm and d/Λ = 0.5 at different pump peak
powers of 0.3, 1, 3, 10, 30, 100 kW .

By pumping these fibers within the Ytterbium gain bandwidth (see chapter
4.4) , signal wavelengths starting from ∼ 600 nm can be generated. The signal
wavelengths can be generated close to the pump wavelengths when pumping close
to the ZDW. As can be seen in figure 4.7, the idler wavelengths can easily reach
wavelengths beyond 2 µm, where the transparency window of fused silica starts to
close. The influence of the peak-power on the phase-matching is shown in figure 4.7
(b). At low peak powers the signal and idler branches meet at the ZDW. At longer
wavelengths, where the dispersion in the conversion fiber is anomalous, the spectral
position of the gain peak for signal and idler conversion is mainly dependent on
the peak-power Ppump. Theoretically, with a vanishing pump peak power, the gain
peak for the signal and idler wavelengths falls exactly at the pump wavelength
and the gain bandwidth becomes 0. FWM in the anomalous dispersion region is
traditionally called modulation instabilities.
FWM in the normal dispersion region is, in contrast, much more dependent on

the structure of the fiber and its ZDW. Here a change in peak power causes the
gain-peak wavelength to shift only slightly.
In this study a single fiber design is identified which will be employed in a

conversion setup to accommodate the requirements for a tunable fiber-laser source
based on FWM. The commercially available EMS fiber called LMA 5-PM (Λ = 3.25)
by NKT photonics is very well suitable for this task. Pumping this fiber with a
peak power of 1 kW between 1025 and 1055 nm results signal wavelengths between
770 and 970 nm. Hence, Raman resonances between 3230 and 830 cm−1 can be
addressed with the resulting signal and residual pump wavelengths.
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4.3.5 Supercontinuum Generation

A super-continuum is commonly described as the generation of an ultra-broad
spectral continuum from a narrowband pump laser. The origin of supercontiuum
generation is strongly dependent on the pump pulse parameters and the conversion
medium. In the case of optical fibers, the fiber material and its structure can
influence and limit the conversion process, e.g. by material absorption. While
SPM (chap. 4.3) and soliton fission (eq. 4.24) are the most important processes
for femtosecond pump pulses durations, four-wave mixing and Raman scattering
become dominant when the pump pulse duration is in the picosecond or nanosecond
range [50–52]. Additionally, the spectral position of the pump with respect to the
zero dispersion wavelength of the fiber is important [53]. After an appropriate nar-
rowband filtering, super-continuum generation supports every possible wavelength
combination for CRS applications. However, the filtered laser lines contain only a
tiny fraction of the original pump peak power and average power.

4.4 Active Fibers
Another advantage of fibers is the ability to dope the core material with laser-active
ions to create an amplifying waveguide. Usually, these fibers are pumped with diode
lasers emitting at a wavelength which can, directly or indirectly, create inversion of
the active ions. Common doping materials are Ytterbium (Yb), Erbium (Er) and
Thulium (Tm), which are all rare-earth elements. Figure 4.8 depicts the absorption
and emission cross-section of the Y b3+ ion in Germano-silicate glass. Yb has the
advantage of having a very low quantum defect and a high quantum efficiency
allowing for th operation with high average power and amplification efficiencies
when pumped at 976 nm. This pump wavelength is also very attractive as there
are high brightness pump diodes commercially available making Yb-doped fiber
amplifiers the premier choice for compact high-power laser sources. Due to the low
quantum defect2, conversion efficiencies of 80% have been demonstrated [54].

2The quantum defect is one minus the energy ratio between the signal and pump photons and
marks the maximum conversion efficiency in a laser process.
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Figure 4.8: Absorption and emission cross section of the Y b3+ ion in Germano-silicate
[?, 55].

Ytterbium-doped fiber lasers can be either core-pumped or cladding pumped.
Core pumping means that a pump laser at 976 nm or around 915 nm is directly
coupled to the core of an active fiber. If this fiber has single-mode guiding properties,
the pump radiation also has to be spatially single-mode in order to couple the
pump light efficiently to the active single-mode fiber. Today, single-mode pump
diodes are limited to one semiconductor emitter. Therefore, the available pump
power is limited to ≈ 1W. The great advantage of such a pump scheme is that
the pump is absorbed within a very short length of the active fibers, which allows
the construction of extremely compact amplifiers with a very low accumulated
B-Integral during amplification (eq. 4.16).

In contrast, cladding pumped amplifiers offer orders of magnitude higher average
powers. The pump radiation propagates in the cladding of the fiber with a high
numerical aperture (NA). Therefore, the pump light only needs to be focused to
the pump core, which allows the spatial incoherent combination of many single
diode emitters and, therefore, several kWs of pump power. The pump light is
penetrating the signal core with a rate equal to the ratio of the signal to pump core
area. Therefore, the pump light is only absorbed efficiently if the active fiber length
is much longer than in the core-pumped case. Hence, the accumulated B-Integral
is much higher compared to the core-pumped scheme at the same converted signal
power and pump power for a given core diameter.

Due to the broad emission spectrum of Yb, both broadband [?,56] and also widely
tunable laser sources have been demonstrated [57,58]. Thus, the combination of
FWM with a wavelength tunable Yb-based pump source is a promising choice to
exploit the broadband phase-matching characteristics of ESM fibers.
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4.5 Mode-Locked Lasers
Many applications such as CRS benefit from ultra-short pulses instead of continuous
wave (cw) radiation. The pulses may have several kWs of peak power with only mWs
of average power. Thus, non-linear effects can be triggered without causing heat-
related damage in the sample. To generate pulses with picosecond to femtosecond
durations, a technique called mode-locking may be employed. To understand the
physics of mode-locking, a laser cavity of length L with an optical path length of
Lopt = neffL is considered. If the gain bandwidth of the gain medium is much
broader than the longitudinal-mode spacing ∆ν = c/Lopt and the gain is higher
than the losses in the cavity, several longitudinal modes can reach the oscillation
threshold simultaneously. The resulting electrical field will be the sum of all of
these modes and can be written as [30]:

E(t) =
M∑

m=−M
EMexp (iφm − iωmt) (4.33)

where EM , φm and ωm are the amplitude, phase and frequency of the m-th mode
within the cavity. The total number of modes is 2M + 1. If the phases of the
modes change randomly with time, the total intensity of the light field |E (t) |2

will be time independent, which represents the case of cw laser operation. The
situation changes if the phases of adjacent modes are locked to a constant difference
φ = φm−φm−1. The phase of the modes can then also be written as φm = mφ+φ0

and the mode frequency can be written as ωm = ω0 + 2mπ∆ν. If, for simplicity,
every mode has the same amplitude eq. 4.33 can be written for the mode-locked
case as [30]:

|E (t) |2 = sin2 [(2M + 1) π∆νt+ φ/2]
sin2 (π∆νt+ φ/2) . (4.34)

The now time dependent intensity of the overall field is periodic with a period
time of τr = 1/∆ν, which is the round-trip time of the oscillator cavity. The
full-width half maximum (FWHM) pulse duration in the mode-locked operation is
then τp ≈ [(2M + 1) ∆ν]−1. As (2M + 1) ∆ν corresponds to the overall bandwidth
of the pulse, its temporal duration is inversely proportional to its bandwidth in
accordance with Fourier theory.
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Figure 4.9: Mode-locked pulse train for 11 longitudinal modes of equal amplitudes

Mode-locking can be achieved by an active or passive element [59]. Active
mode-locking can be achieved, for example, by using an acouso-optical modulator
or an electro-optical modulator with a modulation frequency equal to the inverse
of the round-trip time of the cavity. Passive mode-locking usually involves an
element which has an intensity-dependent response to the light field. This way,
an incoming pulse is absorbed at the pulse front more than at the pulse center,
where the intensity is high enough to saturate the absorption. Thus, the pulse
becomes shorter after transmission. In a laser cavity, this leads to a preference
for short pulses over longer pulses, as shorter pulses minimize the losses of the
cavity. One of the most simple and robust implementations of such an element is a
saturable absorber mirror. Such an element consists of a Bragg-mirror with a high
reflectivity for the signal wavelength on a semiconductor substrate made from e.g.
GaAs. The mirror is covered by a layer of absorbing material which saturates at a
certain fluence [60].

4.6 Similariton Lasers
There are many different operation regimes for mode-locked lasers depending on the
sign and magnitude of the dispersion in the laser cavity at the operation wavelength.
One of the most prominent laser concepts is the soliton laser, where anomalous
dispersion and self-phase modulation balance each other out [61]. However, this
operation regime limits the peak powers to < 1 kW and the pulse energy to ∼ 0.1 nJ
when operated in standard single-mode step index fibers. These limitations arise
form the soliton fission in the presence of higher order dispersion (see Chap 4.3.3,
eq. 4.24), but can be somewhat circumvented by adding two elements with high
amounts of GVD with the opposite signs in the cavity. This results in a cyclic
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stretching and compression of the oscillating pulse. Consequently, the average peak
power is reduced during the oscillations allowing for higher compressed peak powers
at the output. With these so-called stretched-pulse or dispersion-managed solitons,
peak powers in the range of ∼ 10 kW are feasible [62, 63]. Another option is to use
fibers with very large mode field diameters in order to reach high pulse energies
from a fundamental soliton (see eq. 4.21). For example in [39] 15 nJ of pulse energy
at 1700 nm and up to 45 nJ at 2100 nm were obtained. Although these values are
very impressive, they were not demonstrated inside a laser cavity. In order to reach
even higher output pulse energies, the ability to produce transform-limited pulses
has to be sacrificed. In so-called all-normal dispersion lasers, the pulse is stretched
throughout the laser cavity. In the steady state, the pulse duration monotonically
increases during each round-trip. Simultaneously, SPM causes the pulse width to
increase proportionally. Then, via spectral or temporal filtering, the chirped pulse
is trimmed back to its initial pulse duration before completing the round-trip, this
achieves consistency. The output of these laser has to be temporally compressed
(e.g. via grating compressors) in order to reach its minimal pulse duration. This
feature is not necessarily a disadvantage as the pulse duration in fiber amplifier
systems is usually artificially increased anyways in order to keep the peak power
low during amplification.

This kind of pulse generation is, therefore, quite different compared to soliton and
dispersion-managed solitons. These pulses are called Similaritons as their temporal
and spectral shape change in a self-similar fashion [64]. The resulting parabolic
shaped pulses feature steep edges in the spectrum and a parabolic spectral phase.
Therefore, these pulses can be easily compressed close to their transform-limited
pulse duration. Pulse energies of 900 nJ with compressed pulse durations below
100 fs resulting in peak powers of 7MW have been achieved by combining this
operation regime with large mode are fibers [65].

The concept of normal dispersion fiber laser cavities have the potential to reach
the highest pulse energies and peak powers and they will be combined in this
work with the parametric gain provided by four-wave-mixing in order to generate
tunable, energetic pulses for biomedical imaging applications (see chapter 4.3.4)
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5 All-Fiber Widely Tunable Optical
Parametric Oscillator

The goal of this work is to find an all-fiber solution able to fulfill the laser parameter
requirements of CRS and MP imaging. Even though other concepts based on free
space optics have already been able to deliver such parameters, but have proven to
be widely impractical for applications outside specialized laser laboratories.

5.1 Narrow-Band Four-Wave-Mixing-Based Optical
Parametric Oscillator

The key component for a tunable, narrow-band, FWM-based conversion is a highly
dispersive optical parametric oscillator. In this work it consists of an input-coupler,
a conversion fiber, an output-coupler and a relatively long feedback fiber. Since the
dispersion of the cavity results in different round-trip times for each wavelength,
either the FWM generated signal or the idler wavelength can be synchronized with
the pulses of the pump radiation.

Picosecond Oscillator
 & Amplifier

Input 
Coupler

Output 
Coupler

Delay Fiber

Conversion Fiber

coupling ratio α

Length ldelay

Length lcon

Pump Pulse Length τ
Pump Pulse Energy  E

Figure 5.1: Scheme of a fiber-based OPO

If its wavelength fall within the normal net-dispersion region of the cavity, the
pulses may be generated as in a mode-locked oscillator with a normal-dispersion
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cavity, which has been discussed in chapter 4.6. The main difference here is that
the gain is produced by FWM instead of by an active laser medium. Thus, for
instance, if the signal after the round-trip in the FOPO cavity overlaps with one of
the subsequent pump pulses, a stable solution may form provided that the losses in
the cavity are compensated by the FWM gain and that the spectral and temporal
shape of the signal is reproduced after one round-trip (for a stable, uniform output).
Figure 5.1 shows the schematic setup of the FOPO and the main parameters that
influence its behavior. In an attempt to gain a deeper insight in the operating
principle of the cavity, a series of simulations have been done. However, first the
function and design of the filter mechanism that ensures narrowband, tuneable
wavelength generation is introduced.

5.1.1 Passive Dispersive Filter

In chapter 4.3.4 (equation 4.29) the bandwidth dependence of the parametrically
generated signals on the pump wavelength and the pump peak power in a specific
ESM fiber has been discussed. Additionally, it is known that narrow linewidth
excitation is required to enable high chemical-sensitivity in CRS microscopy. Conse-
quently, a spectral filter has to be used in order to decrease the spectral bandwidth
of the signal and idler waves that are oscillating in the fiber cavity. Without this
bandwidth reduction, the spectral bandwidth of the signal is in the order of 3 nm at
800 nm and a few tens of nm at 950 nm when pumped at 1030 nm [17,66]. The most
straightforward way to reduce the spectral bandwidth is to use a narrow dielectric
filter or a spatially dispersive element (prism or dielectric grating) to select a signal
or idler wavelength. This method has been used in a FOPO to reduce the signal
bandwidth and enable signal tuning [67]. The disadvantage of his approach is that
the tuning of the signal is limited by the tuning range of such filters, which is
usually much narrower than the tuning capabilities of FWM. Furthermore, there
are high intrinsic insertion losses associated with these filters which are based on
bulk optics and require fiber coupling to be compatible with the FOPO. Lastly,
for a constant turning the realigning of the filter elements lead to complex and
maintenance-intensive setups. Moreover, for dielectric filters, the bandwidths are,
due to technical reasons, wider than the bandwidths required for CRS imaging. In
the end, a fiber-based filter method is required, which has a low insertion loss and
works for a wide spectral bandwidth. A filter that fulfills all these requirements is
a passive dispersive filter [68,69].
The idea is to employ a long piece of polarization-maintaining optical fiber to
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introduce a large amount of chromatic dispersion for the oscillating signal or idler
pulse in the FOPO cavity. In the following description, the cavity has been assumed
resonant to the FWM signal wavelength. The initial pump pulse generates both
a signal and an idler pulse in the ESM fiber. These pulses are generated from
noise and roughly cover the gain bandwidth of the FWM process. The main of this
initially broad signal is coupled out of the cavity and the rest is fed back to the
input-coupler through the feedback fiber. These pulses are consequently temporally
stretched out by the chromatic dispersion they expericence during their propagation
along the fiber. For better understanding, the propagation time (τ = lfiberβ1) of
light pulses (with very narrow bandwidths) at different wavelengths is plotted over
their central wavelength after a propagation through 200m of fused silica. In figure
5.2(a) it can be seen that, for instance, two pulses at 1200 nm and 600 nm will arrive
with a 10 ns time difference at the end of the silica medium. This corresponds to a
spatial separation of over three meters in air.
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Figure 5.2: (a) Propagation time needed for different spectral components to go through
200m of fused silica length. (b) detailed view around 800 nm.

This way, by adjusting the length of the feedback fiber, is is possible to force
that either the signal or the idler pulses overlap in time with the next pump pulse.
When this condition is fulfilled then we talk about a cavity resonant to the signal
or to the idler pulse. On the other hand, the spectral components of a pulse with a
bandwidth of 5 nm at 800 nm will be stretched in time by 100 ps. This means that
a successive pump pulse with a typical pulse duration of 40 ps will only overlap
with a section of the stretched pulse. Consequently, only part of the feedback
pulse contributes as a seed for the parametric process. Thus, the following signal
pulses will become more narrowband with each round-trip until the influence of the
dispersion of the delay fiber becomes negligible (because its impact is proportional
the the spectral bandwidth of the feedback pulse).
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Parameter Value, OPG Value, OPO
ESM fiber length lcon 50 cm 50 cm
pump pulse energy E 100 nJ 80 nJ

pump pulse duration (FWHM) τ 40 ps 40 ps
pump wavelength λpump 1033 nm 1033 nm

feedback fiber length ldelay - 200m
Feedback ratio α - −20 dB

Table 5.1: Parameters for OPG and OPO operation

The filtering effect is, therefore, based on dispersion and temporal gain narrowing.
Such a filter is virtually lossless and, depending on the fiber length, can become
very narrow. As the filter works for any wavelength as long as the group velocity
dispersion is significant, it can be used over a very large spectral range. It works
purely within optical wave-guides and it is completely maintenance-free. On the
down-side, the filter works only with parametric amplification or stimulated Raman
scattering as the conversion has to be instantaneous. This filter method is, therefore,
not applicable to classic laser active media. Furthermore, since the dispersion is in
general different for each wavelength, the filter characteristic changes too. This can
be advantageous if one wants to e.g. convert to pulses, supporting femtosecond
durations (see section 6.2) near the zero dispersion wavelength (ZDW) of the cavity.
On the other hand, if one operates the dispersive filter far from the ZDW, the
relative change of the filter bandwidth becomes weak.

5.1.2 Reaching the Steady State

As it has been described earlier, pumping a suitable ESM fiber with a certain pump
wavelength and a sufficient pump pulse peak power leads to the extintion of two
pump photons and the generation of a signal and an idler photon. If there is no
external seed within the gain bandwidth produced by FWM, the quantum noise
of the matter acts as a seed signal, which is amplified by FWM. This so-called
optical parametric generation (OPG) roughly fills the gain bandwidth of the FWM
process. Figure 5.3 depicts a numerical simulation of the OPG process when using
a ESM fiber with a d/Λ = 0.5 and a hole to hole distance Λ = 3.25µm (see section
4.3.4) with the parameters given in table 5.1.

The simulation has been done 100 times in order to generate an average signal
shape, where the quantum noise is randomly generated for each simulation. The
average was fitted with a Gaussian curve in order to simulate the signal shape
one could expect to measure with a spectrometer averaging over millions of pulses.
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As the pump peak power increases, the spectral bandwidth becomes broader, due
to the intensity dependent phase-matching condition (see equation 4.29). The
signal and idler intensity increases until the the radiation is converted back to
the pump again [45, 66]. The maximum conversion to the signal reaches under
normal conditions ≈ 10%. One way to increase the efficiency is to absorb the idler
radiation [70]. In this case the pump to signal conversion efficiencies can reach up
to 35%.
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Figure 5.3: Optical parametric generation for parameters according to table 5.1. The
blue curve represents one randomly chosen OPG signal. The red curve is the
average of 100 OPG signals and the yellow curve is a Gaussian fit.

It is obvious that the OPG signal and idler are different for each pulse and,
therefore, this spontaneous generation is not suitable for SRS measurements, where
a low noise laser radiation is required. On the other hand, it is still possible to
perform CARS measurements with a low chemical specificity as demonstrated
in [66,71].

Following the schematic setup shown in figure 5.1, a fraction α from the generated
signal is sent back through the dispersive delay line and overlapped with one of the
subsequent pump pulses. As described earlier, part of the initial OPG radiation
seeds the next FWM conversion and, in the process, is filtered to a narrower
signal and idler pulse. The evolution of the generated spectra over the first thirty
oscillations is depicted in figure 5.4. It can be seen how the signal is generated,
filtered to under 1 nm bandwidth and finally reaches a peak power where the
propagation though the delay and conversion fiber leads to spectral broadening
due to SPM (see also figure 5.5). The broadening effect is again limited by the
dispersive filter. Finally, the steady-state is characterized by very clean pulses with
very low pulse to pulse fluctuations after only 10 oscillations. It is already clear
that this method offers a much better pulse stability than OPG.
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Figure 5.4: Optical parametric oscillations for parameters according to table 5.1. (a) Lin-
ear and normalized spectra of the signal pulse for the initial thirty oscillations.
(b) The same spectra in logarithmic scale

The bandwidth settles at 1.0 nm which is much narrower than the gain bandwidth
of the FWM process.
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Figure 5.5: Bandwidth and pulse length evolution of the signal pulse within a single
round-trip in the steady-state.

To gain further understanding of the pulse dynamics within a single round-trip,
the signal bandwidth and the length of the signal pulse have been plotted in figure
5.5.
The simulation starts at the output-coupler, where 99 % of the signal power is

coupled out and 1 % is sent back through the dispersive delay line. SPM broadens
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the pulse to a bandwidth of 1.4 nm and dispersion stretches it to a pulse duration
of 53 ps. When the feedback pulse is superimposed to one of the subsequent
pump pulses (40 ps pulse duration), only part of the pulse will be amplified and,
therefore, due to its temporal chirp, become more narrowband. After 25 cm of
propagation in the ESM fiber, the bandwidth of the pulse reaches a minimum of
0.7 nm. Up to this part of the fiber the pump is still undepleted and the gain is
purely exponential. Afterwards, as the pump pulse is depleted the wings of the
pulse are amplified stronger than its center and, as a result, the pulse becomes
broader and longer, and recovers its original bandwidth and pulse duration of 1.0 nm
and 28 ps respectively. The circulating pulse, therefore, dynamically changes its
spectral width and duration. The cavity behaves, in part, as an normal dispersive
fiber oscillator [72] (see section 4.6) where the gain is provided by FWM and the
necessary spectral filtering happens in the ESM fiber.
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Figure 5.6: Spectral intensities and phases at the output of the FWM-driven FOPO
cavity for the signal (left column), the pump (center column) and the idler
(right column).

A pulse with a linear chirp exhibits a spectral phase with a parabolic shape.
The FWM-based FOPO shows the same behavior as a normal dispersion fiber
oscillator as it is shown in figure 5.6. Figure 5.6 depicts the spectral intensity
and phase of the FOPO signal, pump and idler at the output of the cavity. The
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spectrum of the signal pulse (left column) features steep spectral edges, which are
typical for normally dispersive laser cavities, and the aforementioned parabolic
spectral phase. The depleted pump pulse features side-lobes, which are typical
for SPM broadened pulses (center column). Finally, the idler pulse (right column)
also features a parabolic spectral shape but with a different sign. The idler pulse
compensates for the phase of the signal pulse. This feature is called optical phase
conjugation [73, 74]. Now that the behavior of a typical FOPO cavity has been
discussed, its wavelength tuneability is explored.

5.1.3 Tuning the FOPO

In the simulation of the previous section, the dispersive filter was tailored to
generate a signal at 800 nm by setting the velocity of the moving frame in the
simulation to the group velocity of the signal pulse at 800 nm. This way, the desired
signal wavelengths remains in the center of the temporal simulation window. The
pump pulse is then superimposed at the center of this moving frame. One could
also say that the repetition rate of the signal at 800nm has been synchronized
to the pump repetition rate. In practice, the tuning of the signal wavelength is
accomplished either by changing the pump repetition rate or by changing the
FOPO cavity length. The FOPO remains oscillating if the signal is still within
the FWM gain bandwidth provided by the pump and if the gain at this signal
wavelength is still able to compensate for the losses in the cavity.
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Figure 5.7: (a) Signal energy tuning curve for the FOPO parameters defined in 5.1. (b)
Signal energy evolution for different signal wavelengths.

Figure 5.7(a) depicts the signal energy for different group velocities of the signal
pulse with respect to the pump pulse in the delay fiber. It might be surprising
that the tuning curve of the extracted pulse energy is not symmetric as the OPG
spectrum. The asymmetry can be explained by phase-matching at high conversion
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efficiencies. In the high gain/low conversion efficiency case (see eq. 4.30), the
phase-matching only depends on the peak power of the pump. In the case of high
conversion efficiencies, however, the phase mismatch also depends on the peak
power of the signal and idler waves [75]:

∆β = ∆β0 + γ(2Ppump − Psignal − Pidler). (5.1)

For higher signal and idler powers, the power difference in the brackets in equation
5.1 becomes smaller. Thus, ∆β0 also becomes smaller to fullfil the phase-matching
condition at ∆β = 0. As it was introduced in equation 4.30, ∆β0 corresponds to
the location of the gain peak. Consequently, the gain maximum shifts for high
conversion efficiencies from the center of the phase-matched spectral region towards
the pump wavelength [76].

The transient response is, therefore, quite different for signal wavelengths close to
or far from the pump wavelength within the FWM gain spectrum as can be seen in
figure 5.7b. In the simulation both filter positions at 798.000 and 800.625 nm lead
to a signal pulse energy of about 10 nJ. At 798.000 nm (red curve in figure 5.7(b)),
however, the initial signal increase is fast as the signal wavelength is close to the
small-signal gain peak. In this situation it takes only 4 cycles to achieve significant
conversion. During following cycles, the signal energy oscillates about its final value
and converges slowly to its steady state value. This oscillation occurs because a
high seed-signal energy causes the gain peak to shift away from 798.000 nm which
results in a lower signal gain. Consequently, the next cycle starts with a lower
seed signal which experiences now a higher gain. At 800.625 nm the picture is very
different. The small-signal gain at this wavelength is very small and it takes many
signal round-trips in order to shift the gain peak towards higher wavelengths (yellow
curve in figure 5.7(b)). The signal energy then becomes stronger and saturates.
Figure 5.7(b) shows the evolution of the pulse energy of the signal over the initial
40 cycles at both wavelengths. At 800.000 nm (blue curve) at which the highest
signal conversion efficiency is reached, the initial signal gain is small compared
to the signal at 798.000 nm but higher than at 800.625 nm. The gain peak then
shifts with the signal energy towards 800.000 nm leading to a fast onset of the
steady state. The stability is consequently the highest at this wavelength. This
shift of the gain maximum is important for the FWM-based conversion as the
effects of gain and non-linear phase (second term in equation 5.1) depends both
on χ3-non-linearities. Therefore, both effects are equally important. Compared,
for instance, to parametric conversion processed based on χ2-non-linearities, the
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non-linear phase during the conversion plays a minor role and can be neglected.

5.1.4 Influence of the Feedback Fiber Length

One of the easiest parameters to analyze is the length of the feedback fiber. Its length
influences the bandwidth of the dispersive filter and enables the synchronization
of the signal oscillation frequency in the FOPO cavity with the pump repetition
rate. By increasing the fiber length, the bandwidth of the dispersive filter becomes
narrower. This is due to the increased dispersion and, therefore, to the longer
feedback pulse length. The signal, consequently, becomes narrower not only due to
the filtering alone, but also due to the reduced effective feedback ratio caused by
the filter1. Figure 5.8 depicts the FWHM bandwidth of the signal for fiber lengths
from 1 to 1000m in logarithmic scale.
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Figure 5.8: Influence of the feedback fiber length on the signal bandwidth.

If the fiber length is not long enough, the dispersive filter is too weak and the
oscillation is unstable. When the fiber length reaches about 50m, the FOPO
becomes stable. At this point the signal bandwidth reaches its maximum of 1.5 nm
while longer feedback fibers lead to narrower signal pulse spectra.

As mentioned before, for the tuning to work, it is not important whether the
repetition rate of the pump pulses or the FOPO cavity length is changed. In
practice, the FOPO cavity length may be chosen to be much longer than it would
be necessary due to the pump repetition rate. For instance, in order for the FOPO
cavity to be resonant with a pump repetition rate of 10MHz, the delay fiber
length only needs to be about 20m. However, if the delay fiber length increases by
multiples of 20m, multiple signal pulses oscillate in the cavity at one time. In this

1Since the temporal overlap with the pump pulse decreases with an increase of the feedback
pulse length, the effective seed energy decreases as well.
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case, the signal pulse is not fed to the first following pump pulse but to one the
pulses following it.

5.2 Temporal Walk-Off During Conversion
Up to now the length of the conversion fiber has been kept constant. Equation
4.28 states that the FWM small-signal gain is only dependent on the B-Integral
within the ESM fiber. Thus, if the B-Integral B = γPpumplcon is kept constant,
the FWM gain should also be preserved. The nonlinear parameter γ = 4n2ω0

πc
d2
eff

depends only on the fiber parameters and on the central wavelength. Therefore, the
conversion fiber length can be changed if the pump power is also altered accordingly.
Of course, other parameters such as the gain bandwidth are primarily depend on
the pump peak power and are, thus, not going to be constant. If the conversion
efficiency is constant, it would be straightforward to maximize the signal energy by
using a short piece of conversion fiber and increase the pump power accordingly. In
essence, this was one of the aspects exploited in the development of the FOPO for
multi-photon imaging [77]. On the other hand, if the pulse peak power is limited
by the amplifier system, one could suggest to simply increase the conversion fiber
length to reach the necessary FWM gain value. This is where the temporal walk-off
of the signal with respect to the pump plays an important role.

This issue is caused by the different group velocities of the pump and the signal
light. The transit time through the ESM relative to the minimum (obtained at the
ZDW) is plotted in figure 5.9. After 1m of such a fiber the pump and signal pulses
at 1033 nm and 800 nm, respectively are shifted from one another by over 8 ps.
If the pump pulse duration is in the order of this delay, the effective conversion
fiber length is reduced below its physical length. Figure 5.9 depicts the change
of the OPG signal for different ESM fiber lengths at constant B-Integrals. While
for a fiber length of 0.5m the conversion efficiency at different pump wavelengths
deviates only by a small amount (see figure 5.9(b)), longer conversion fiber lengths
result in a stronger walk-off and, therefore, in a decreased conversion efficiency (see
figure 5.9(c) and (d)).
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Figure 5.9: (a) Transit time relative to that at the ZDW group-velocity. (b-d) Effect on
the OPG signal for different pump wavelengths and resulting walk-off lengths
after 0.5, 1 and 2m of ESM fiber with constant B-Integral. The pump pulse
length is 40 ps and the pump peak power set to 4 kW for 0.5m of ESM fiber.
(e) Walk-off between the pump and signal pulses.

For 2m of conversion fiber and a pump wavelength of 1030 nm, there is a signal
decrease of 35 dB compared to the conversion in 0.5m. This difference is caused
only by a change in walk-off from 4.75 to 19.0 ps (see figure 5.9(e)). Consequently,
the choice of the conversion fiber length in a FOPO is highly dependent on the
pump pulse length. While a length of 50 cm of conversion fiber is short enough for
wide spectral conversion with pump pulse lengths of 40 ps, shorter pump pulses
can only convert efficiently within proportionally shorter fiber lengths.
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In the end a minimum amount of pump energy is required to be able to convert
light over a wide spectral range. If the pump pulses are long, the conversion fiber
can be long in order to convert light with a required pump peak power. If the pump
pulses are chosen to be short, the length of the conversion fiber has to become
shorter in order to avoid the detrimental walk-off effect. Short conversion lengths,
on the other hand, require more peak power to generate the same FWM gain.
Therefore, it does not matter how long the pump pulses are, there is always a
certain amount of pump pulse energy required to avoid a strong walk-off induced-
FWM loss of gain within the appropriate conversion fiber length. This fact has
severe consequences when working with all-fiber components and limited pump
energies. If the application requires a certain pulse repetition rate (e.g. 20MHz for
SRS imaging), the amplifier system needs to provide a certain amount of average
power, which is technically limited. In the end, the FOPO concept is limited by
the amplifier system.

5.3 Influence of Self-Phase-Modulation Broadened
Pump Pulses on the Conversion Process

Up to this point, the pump radiation was considered to be transform-limited. This
means, for example, that a Gaussian pump pulse with 40 ps of duration has a
spectral bandwidth of only 40 pm (at 1 µm central wavelength). As the main goal of
this thesis is the construction of an all-fiber laser source for CRS imaging, the pump
pulse generation and amplification is accompanied with a significant propagation
through optical single-mode fiber. In the previous section, it was established that
the widely tuneable generation within a FOPO cavity requires a certain amount of
pulse energy. Therefore, a large amount of SPM might broaden the pump pulses
before they reach the input of the ESM fiber. In a standard optical single-mode
fiber at λ = 1030 nm, the nonlinear parameter is γ = 0.008 1

Wm . The non-linear
phase accumulated by a pump pulse with a peak power of 1.8 kW, which propagates
half a meter from the last amplifier to the ESM fiber, can reach values around
B = 30 rad. With the help of equation 4.18 it is possible to calculate the pump
pulse broadening to 0.33THz or 1.2 nm. Thus, each spectral slice of the broadened
pulse becomes phase-matched to a different signal wavelength. Additionally, as the
SPM broadening causes the pump pulses to become chirped, the phase-matched
amplification happens at different temporal sections of the pulse. Together with
the already complex signal generation in the FOPO cavity, this premise leads to an

62



5. All-Fiber Widely Tunable Optical Parametric Oscillator

even more complex temporal and spectral pulse evolution to and during the steady
state. The influence of this effect was simulated by first imposing a nonlinear phase
to a transform-limited pump pulses of 40 ps duration. The maximum phase was
varied from 0 to 30 rad and the spectral intensity of the resulting pulse has been
plotted in figure 5.10a.
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Figure 5.10: Influence of the non-linear phase accumulated in the amplifiers: (a) on the
pump pulses, (b) on the signal spectrum, (c) on the temporal signal pulse
shape and (d) on the signal conversion efficiency.

The resulting behavior of the signal pulse is illustrated in figure 5.10 (b-d). With
the increase in accumulated phase of the pump pulses, the signal pulses become
shorter and the conversion efficiency decreases. This effect becomes clear when
the limited phase-matching of the broadband pump pulses is considered. If the
FOPO cavity is resonantly pumped to an oscillating signal wavelength at 800 nm,
only a narrowband part of the chirped pump pulses is phase-matched to this
signal wavelength. Consequently, the generated signal pulse length is becoming
significantly shorter than the pump pulses. The decrease in signal pulse duration
increases the filter effect of the dispersive delay line, which lets the signal pulses
become even more narrowband. This results in shorter and more narrowband pulses
compared to signal pulses which are generated from transform-limited pump pulses,
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but also in a decrease in conversion efficiency as a large part of the pump pulses is
not taking part in the conversion process. The decrease in signal bandwidth and
the slight increase of signal peak power are both beneficial for CRS imaging.

5.4 Influence of the Pulse Shape on the Conversion
Efficiency and Bandwidth

The previous section has illustrated the strong influence of the pump pulses on the
FOPO based conversion. A possibility to circumvent the effect of SPM without
sacrificing the entitlement of an all-fiber setup, is the alteration of the pump pulse
shape. Up to now, Gaussian shaped pulses were used to pump the FOPO cavity,
which broaden as they propagate though a nonlinear medium. While this is true
for any pulse shape, the effect on the generated bandwidth can be quite different
depending on the shape. Equation 4.17 states that the change in intensity with
time causes the generation of a non-linear phase. For a Gaussian-shaped pulse, the
intensity changes over the course of the whole pulse. In contrast, for a rectangular
pulse the intensity changes only at the edges of the pulse. Thus, at the pulse edges
the accumulated phase is much larger than at any section of a comparable Gaussian
shaped pulse. The plateau part of the rectangular pulse, on the other hand, is
ideally unaffected by SPM. Therefore, the majority of the pump pulse reaches the
conversion fiber of the FOPO unbroadened. Figure 5.11(a) shows the spectral
difference between a transform-limited pulse with a rectangular temporal shape
and one with a Gaussian temporal shape with a FWHM of 40 ps after accumulating
15 rad of non-linear phase.
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Figure 5.11: Influence of SPM on rectangular and Gaussian temporal pulse shapes in (a)
linear scale and (b) logarithmic scale

The initial bandwidth of the rectangular pulse is 80 pm, which is virtually

64



5. All-Fiber Widely Tunable Optical Parametric Oscillator

Parameter Value
ESM fiber length lcon 12 cm
pump pulse energy E 400 nJ

pump pulse duration (FWHM) τ 65 ps
pump wavelength λpump 1034.2 nm

feedback fiber length ldelay 275m
Feedback ratio α −30 dB

Table 5.2: Parameters for the rectangular pulse shape FOPO

uneffected by SPM. The spectral width of the Gaussian pulse, on the other hand,
is increased from 40 pm to 600 pm. A logarithmic plot of the spectrum (5.11(b))
reveals the broad pedestal of the rectangular pulse which does not contribute to
the conversion process.

It has also be shown that the SPM-broadened pump pulses causes pump depletion
only within a limited part of the pulse. In fact, even a transform-limited Gaussian
shaped pulse is only partially depleted in the FOPO as only the central part of
the pulse is strong enough to cause efficient conversion. In this regard, rectangular
shaped pulses have a two-fold advantage: because nearly the whole pulse can
be converted by a FOPO and the pump pulses reach conversion fiber nearly
undistorted.
A model of a FOPO pumped with a rectangular temporal pulse shape and a

short conversion fiber length was simulated to show the increase in efficiency and
decrease in bandwidth. The pulse parameters have been chosen in order to reflect
the parameters used in the experiment described in [78], which will be further
discussed in chapter 6. The parameters are listed in table 5.2.

The initial 40 oscillations are simulated and plotted in figure 5.12.
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Figure 5.12: Pulse evolution to the steady state in a FOPO pump with rectangular
pump pulses. (a) Depiction of the spectrum and (b) the temporal shape of
the signal pulse in logarithmic scale.
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The signal pulse duration settles at 63.4 ps which is nearly identical to the pump
pulse duration. The bandwidth of the signal is 43.6 pm and virtually transform-
limited for a rectangular pulse of this duration. The total conversion efficiency
of the pump pulses to the signal and idler pulse is 90.3%, which results in a
signal conversion efficiency of 63.4%. In the actual experiment [78], the conversion
efficiencies were significantly lower due to the only nearly rectangular temporal
pulse shape after amplification. The extremely narrowband signal pulses can be
understood as a feature of the rectangular pulses. In a Gaussian FOPO, the
feedback fiber and the conversion fiber can cause significant amounts of non-linear
phase to the oscillating pulse. The signal pulse is, therefore, broadened and becomes
temporally stretched. Thus, the signal pulse portion which seeds the next pump
pulse becomes smaller. In the rectangular FOPO, the temporal signal pulse is
generated with a rectangular temporal shape which, if the temporal phase of the
pulse aligns to form a narrowband signal spectrum, is only minimally stretched by
dispersion in the feedback fiber. The temporal overlap with the next pump pulse
is then maximized and preferred by the system. Narrowband signal pulses are,
therefore, preferred by the rectangular FOPO. The pulse shape of the signal before
and after the feedback fiber in the steady-state is depicted in figure 5.13(a).
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Figure 5.13: (a) Simulation of the temporal shape of the rectangular FOPO signal and
(b) the Gaussian FOPO signal before and after the feedback fiber.

The rectangular signal is nearly unaffected by the feedback fiber as its bandwidth
is only 45 pm. After the feedback fiber the spectrum is nearly unchanged with
a bandwidth of 48 pm. The fine modulations on the rectangular temporal pulse
shape are associated to the rectangular pulse shape itself. The downside of this
method is the complicated pulse generation. The method which was used in ref. [78]
involved the generation of a broadband signal from which a narrowband portion
was extracted by a unapodized fiber-Bragg grating (FBG) (Chapter 6.1). The

66



5. All-Fiber Widely Tunable Optical Parametric Oscillator

resulting pulse shows a nearly rectangular pulse shape. As the FBG is fixed to a
certain wavelength, tuning it by the amount needed for a widely tuneable source
(e.g. by stretching the FBG) is not possible. For comparison, the signal evolution
of a Gaussian signal through the feedback fiber from the FOPO of section 5.1.3 is
depicted in figure 5.13(b). As can be seen, the feedback pulse is dispersed from a
pulse duration of 27 ps to 63 ps and broadens from 1.0 nm to 1.4 nm.
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6 Implemented Laser Sources for
Multi-Photon and Coherent
Raman Scattering Imaging

In the previous chapter light conversion in a four-wave-mixing-based optical para-
metric oscillator (FOPO) has been discussed and analyzed. At the beginning of
this thesis, the FOPO was built having exclusively CARS imaging in mind. The
application to multi-photon imaging and SRS of this laser concept was done only
after realizing its potential. Therefore, the organization of this last chapter will
follow the historical steps: first, the FOPO for CARS imaging will be presented,
which features rectangular shaped pump pulses, short conversion fiber lengths and
a high conversion efficiency at a repetition rate of ≈ 1MHz. This setup contained
many free-space sections which allowed for a detailed characterization of this laser
concept. Subsequent simulations of this source revealed the linear chirp of the signal
and idler pulses. Thus, after the optimization of the bandwidth of the idler pulses
and subsequent compression to femtosecond pulse durations, three-photon excited
fluorescence imaging could be carried out with the source described in section
6.2. The development continued by implementing the tuneable Ytterbium-doped
oscillator and increasing the repetition rate to ≈ 10MHz in order to support widely
tuneable and fast SRS imaging in conjunction with a secondary low noise laser
output (section 6.3). This marked the final step in developing an all-fiber OPO for
applications outside a laboratory environment.

6.1 Fiber OPO for CARS Imaging
According to the optimal parameters for CARS imaging given in section 3.2, the
goal of this davelopement was to support CARS imaging at pixel-dwell times in
the microsecond range for fast single-frame imaging with high chemical resolution.
The setup is depicted in figure 6.1.
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Figure 6.1: Setup for the free-space FOPO. ISO: Optical isolator, PM fiber Stretcher:
20m of polarization-maintaining single-mode fiber, Yb Amp: single-clad
Ytterbium doped amplifiers, PM FBG: polarization-maintaining fiber-Bragg
grating, Yb-PCF Amp: Ytterbium-doped double-clad photonic crystal fiber
170 µm pump core and 40 µm signal-core, DM: dichroidic mirror, BS: beam
splitter, ESM fiber: endlessly single-mode fiber.

The front-end was based on a broadband mode-locked femtosecond oscillator
emitting chirped pulsed with a duration of 7 ps and a bandwidth of 11 nm. The
bandwidth of the oscillator supported a compressed pulse duration of 200 fs. The
uncompressed pulse was stretched in time with 20m of polarization-maintaining
(PM) fiber to a pulse duration of 24 ps in order to mitigate SPM later in the amplifier
chain. An acousto-optical modulator (AOM) reduced the pulse-repetition rate of
the pre-amplified oscillator pulses from 25MHz to 780 kHz. Then, a circulator was
used to insert a fiber-Bragg grating, which was used to filter out a narrowband
portion of the broad oscillator spectrum reflecting it back to the circulator. A double
pass amplifier was used to compensate for the losses of the components and the
filter. The remaining part of the broad spectrum was coupled out and compressed
to 240 fs. The compressed pulses were used to conduct a cross-correlation of the
filtered pulses. By overlapping both pulses in a birefringent nonlinear β-barium
borate crystal to generate the sum frequency and by shifting the relative delay of
the pulses, the temporal shape of the filtered pulses could be measured. Due to the
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short probe pulses, a high temporal resolution of 240 fs could be reached. Figure
6.2(a) depicts the results of the measured pulse shape.
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Figure 6.2: (a) Cross-correlation trace of the rectangular-shaped pulse. (b) Spectrogram
of a simulated pulse with 11nm bandwidth and a chirped pulse duration of
24 ps.

The pulse shape features very steep edges and a long plateau, which are the
key features of a rectangular pulse. The generation of such a pulse shape takes
place in the FBG used for filtering the chirped incoming pulse. In a highly chirped
femtosecond pulse each frequency component is located at a certain time slice. To
illustrate this, the spectrogram of a femtosecond pulse with a spectral bandwidth
of 11 nm, which has been chirped to a pulse length of 24 ps, is displayed in figure
6.2(b). It is obvious, that within the chirped pulse, only a short part of the
pulse is present at each wavelength. To find out how long this pulse section is,
a gaussian spectral filter with different FWHM was applied to the pulse. At a
filter bandwidth of 1.2 nm the pulse duration reaches a minimum at 1.7 ps. The
interaction with the FBGnarrowband is, therefore, locally confined to only this
pulse duration. Thus, the temporal characteristic of the reflected pulse was a
convolution of the longitudinal reflectivity of the FBG and the duration of a single
wavelength slice of the chirped pulse. The grating had a length of ≈ 7mm, which
means that the resulting pulse duration of the reflected pulse had a duration of
τ = 2nl/c = 70 ps, fitting the measurement very well. The decay of the temporal
intensity with time is due to the reflectivity of the FBG. The orange curve in
figure 6.2(a) shows the simulated exponential decay of a linear reflecting medium
(IR = I0e

−αt, α = 0.00785 1
ps), where 50% of the incoming intensity is reflected after

70 ps. The overall reflectivity value fits very well the measured reflectivity provided
by the manufacturer (IPhT Jena). The steepness of the pulse edges correlates to
the instantaneous pulse duration of the chirped pulse at the center wavelength of
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the FBG. This kind of pulse shaping method is a very versatile way to shape pulses
on a picosecond scale. In fact, this is a much faster pulse shaping method compared
to active pulse shapers such as EOMs and with a much higher temporal resolution
then fourier-based filters (for narrow ps pulses). The pulse shape can be controlled
by the strength of the grating over its elongation, thus, such a method can enable
precise pulse shaping in an all-fiber fashion. The characterization method of the
pulses is part of a publication presented in [13]. The retengular pulse shape allows
for highly efficient conversion via FWM as it was described in section 5.4.

The generated seed pulses at 1032 nm were amplified in Yb-Amp 3 and filtered
by a single diffraction grating to eliminate the amplified spontaneous emission of
the previous amplifier stages. The diffracted light is afterwards coupled into a
double-clad PCF with a mode-field diameter of 33 µm and a pump core diameter
of 170 µm. At the output of the amplifier, output powers in the order of a few
Watts could be obtained with a pulse repetition rate of 750 kHz. The pump pulses
were coupled to the cavity through a dichroidic mirror and into a ESM fiber with
a length of 12 cm (one-hole-missing design, Λ = 3.25 µm, relative hole size of
0.5). The conversion process has been simulated in chapter 5.4 which explains the
narrow-band conversion supported by the rectangular pulses. Figure 6.3 shows the
close match between the simulation and the experiment.
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Figure 6.3: Comparison of the measured and simulated (a) signal and (b) pump pulses
after conversion in the rectangular pump-pulse driven FOPO cavity.

The narrow-band main feature of the signal pulse and the residual pump pulse
were very well reproduced by the simulation model. This model could also explain
the spectral ripples originating from the temporal rectangular pulse shape, which
transforms to a sinc2 intensity shape in frequency space. The residual features
in the experiment can be attributed to the imperfect rectangular pulse shape
of the pump pulses (see figure 6.2). The signal and residual pump bandwidth
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were measured to be below 60 pm which translates to an extremely high chemical
(spectral) resolution better than 1 cm−1.

The signal wavelength was tuned by moving a translation stage in the FOPO
cavity. In section 5.1.3 the tuning mechanism was already explained and simulated.
By changing the cavity length, the signal wavelength which is resonant to the new
cavity length, shifts. If the FWM process provides enough gain to compensate
the losses in the cavity at this new wavelength, the new signal wavelength keeps
oscillating. The resulting signal and pump pulse average powers are depicted in
figure 6.4.
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Figure 6.4: (a) Output average power of the signal (black) and residual punp (red) and
the overall average power (orange). The conversion efficiency between the
pump and signal pulses is plotted in blue. (b) CARS pump (red) and Stokes
power (blue) at the sample of the final experiment and the CARS pump
bandwidth (black). (c) Tuning behavior of the FOPO in respect to the delay
stage position and the corresponding average powers of the CARS pump (red)
and Stokes (blue) directly at the FOPO output. (d) Signal output at 80%
total conversion efficiency.

Compared to the signal tuning curve in section 5.1.3(a), the resulting pulse energy
behavior over signal wavelength closely followed that predicted by the simulation.
The wavelength with the highest conversion efficiency was shifted strongly towards
the pump wavelength at high conversion efficiencies. There, the residual pump
pulses reached their minimum and, if the pulse duration is taken into account,
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the optimal peak power ratio of 2:1 between signal (CARS pump) and the pump
(Stokes) pulses has been achieved [?]. The conversion efficiency could be increased
to 50%, which corresponds to a total conversion efficiency of over 80% when the
pump pulse energy was increased further. In this state the signal pulses were broad
and structured (see figure 6.4(d)). In order to avoid this, the FOPO was driven a
moderate pump powers and conversion efficiencies.

The available signal and pump pulse average power superseded the requirements
for CARS microscopy. Therefore, for the sake of long-term stability, the conversion
fiber length was increased to 20 cm to allow the FOPO working at lower pump
powers. As a result, the tuning bandwidth was also decreased due to the decreased
pump peak power. In this early experiment, a wavelength tuneable pump source
was not available, thus, in order to regain some of the tuning bandwidth, the second
polarization axis in the polarization maintaining conversion fiber was exploited for
conversion. Usually, only the so-called slow axis of this fiber is used for conversion.
However, if the input polarization was rotated by 90°, the light was coupled to
the so-called fast axis of the fiber, which exhibited a sightly different dispersion.
In this particular fiber, this led to a shift of the gain peak of about 5 nm. Figure
6.4(b) displays the resulting signal tuning curves of the two polarization states in
the conversion fiber. Depending on the input polarization and the position of the
delay stage (figure 6.4(b)), the signal radiation (the CARS pump) could be tuned
between 790 and 793 nm and between 796 and 800 nm (figure 6.4(c)). The FWHM
bandwidth stayed below 50 pm over the whole tuning range, which enabled high
resolution CARS microscopy.

Together with a laser scanning microscope, which was provided by the non-linear
imaging group of the IPhT in Jena, the laser source was used for CARS microscopy.
Since the CARS pump and Stokes (the residual pump) waves emerge from the
same fiber, both pulses were passively synchronized and overlapped in space (due
to the common fiber) and time (due to the FWM process and the low relative
walk-off in the fiber). Therefore, the fiber output of the source could be directly
coupled to the laser scanning microscope (see figure 6.5).
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Fiber Laser 
for CARS

LP 750nm

20x NIR
Objective

2x SP 780nm

APD

Pair of 
Scanning 
Mirrors

Figure 6.5: Setup of the imaging system. LP: long pass filter, SP: short pass filter, APD:
avalanche photo diode.

A long-pass filter at 750 nm was placed into the laser beam in order to filter any
unwanted radiation emerging from the FOPO. To focus the beams, a 20x magnifying
objective optimized for NIR was used. After the condenser lens, two short-pass filters
at 780 nm were used to block the residual pump and Stokes radiation. Moreover, to
avoid the signal originating from two-photon exited fluorescence (TPEF) or second
harmonic generation (SHG) of the Stokes radiation, a long-pass filter with an edge
wavelength of 530 nm was placed in the setup. Thus, the anti-Stokes radiation
around 645 nm without averaging with a pixel dwell time of 2 µs was detected,
which resulted in an acquisition time of 32 seconds for a picture with a resolution
of 4096x4098 pixels. Figure 6.6 depicts a high spectral resolution CARS image
at 2850 cm−1 (CH2, orange) and 2930 cm−1 (CH3, green) of a human perivascular
tissue sample. Lipid filled adipocytes were contrasted in orange against the greenish
protein fibers of the connective tissue demonstrating discrimination of lipids and
proteins by CARS imaging at two wave-number positions. Furthermore, by slightly
changing the resonator cavity length with the translation stage, the CARS pump
wavelengths can be tuned across these resonances to maximize the contrast between
the two CARS signals.
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Figure 6.6: Superposed and color-coded CARS signals probing CH2 at 2850 cm−1 (orange)
and CH3 at 2930 cm−1 (green). The picture size is 1x1mm2 [78].

The fiber-based optical-parametric oscillator delivered an unprecedented high
signal strength and chemical selectivity due to its narrow-band CARS pump and
Stokes radiation. According to the parameters discussed in section 3.2, the source
delivers the ideal parameters for single frame CARS microscopy and also sparked the
interest to use this concept for other non-linear imaging applications. This source
including the imaging experiment has been published in optics express [78]. This
source was also compared, in a exhaustive comparison, to other fiber based CARS
sources in a review paper [?]. It could be concluded that the highly dispersive FWM
based FOPO offered the highest spectral (chemical) resolution at an exceptionally
high peak power enabling a superior imaging quality and chemically selectivity
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in the CH-region (~2930 cm−1). The final comparison chart form this review is
depicted in figure 6.7.
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Figure 6.7: Comparison of fiber laser sources for narrow band CARS microscopy [?]. The
presented light source is marked with a black arrow.

6.2 Fiber OPO for Three-Photon Excited
Fluorescence (3PEF) Imaging

In a second experiment the possibility to compress the converted signal and idler
waves to sub-picosecond pulse durations was explored. As a prove of concept, the
converted signal pulses were compressed via dielectric gratings to a duration of
3 ps. In order to reach useful parameters for multi-photon imaging, the goal was
to decrease the pulse duration a far as possible. Simulations revealed that the
effective bandwidth of the dispersive filter in the cavity and the gain bandwidth are
the main limiting factors for achieving broad signal bandwidths, which ultimately
determine the minimum compressed pulse duration of the pulse. The optimal
laser parameters for three-photon excited fluorescence were identified in section 3.4.
Even though the demanded peak-power is much higher than for CARS microscopy,
it does not require narrow excitation. Therefore, short pulses with high energy
are needed. To avoid photo-induced damage, the average power had to be limited,
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which means that the repetition rate of the driving laser had to be as low as
possible [6]. On the other hand, a minimum repetition rate has to be employed, in
order to ensure rapid image acquisition (the pulse repetition rate limits the pixel
acquisition rate). Therefore, a repetition rate of roughly 1MHz was used again.
Thus cavity length of the FOPO had to be at least 200m in order to be resonant to
the pump repetition rate. However, the cavity dispersion had to be minimized to
achieve broader spectral bandwidths and shorter compressed pulses. Consequently,
the spectral region around 1250 nm was chosen for the idler, since in this region
the absorption in biological tissue reaches a local minimum and a standard PM
fibers exhibit a low positive 2nd-order dispersion. Therefore, the cavity was tuned
to be resonant to the idler pulses so that these pulses become positively chirped
and compressible in a compact dielectric grating pulse compressor. The realized
setup is depicted in figure 6.8.

Yb 

Yb Amp 1 

AOM

PolarizerFBG 

Yb-PCF Amp 

Grating

ISO ESM Fiber 

Delay Fiber 

DM

BS

ISO SAM

Yb Amp 2 

ISO

HWP

Delay Stage 

Grating 
Compressor

Figure 6.8: Setup of the short pulse FOPO. SAM: saturable absorber mirror, Yb:
Ytterbium-doped single-clad fiber, FBG: fiber Bragg-grating, ISO: Isolator,
Yb Amp 1&2: Ytterbium-doped single-clad fiber-amplifier, AOM: acousto-
optical modulator, Yb-PCF Amp: Ytterbium-doped double-clad photonic
crystal fiber amplifier, DM: dichroidic mirror, ESM fiber: effectively single-
mode fiber, HWP: half-wave plate, BS: beam splitter.

The pulse generation was done in a different way than in the last experiment
in order to generate Gaussian shaped pump pulses for the FOPO cavity. Here,
the pulses were directly generated in a narrow-band Yb-doped fiber laser cavity,
which incorporates a SAM and a FBG (as shown in figure 6.8). The polarizer
ensured stable mode-locking in only one polarization axis. The pulse duration is
defined by the bandwidth of the FBG, which is acting as one of the end-mirrors
of the laser cavity and ensures a narrow-band operation in the steady state by
reflecting only a bandwidth of 40 pm at 1040 nm. The FBG also serves as an
output-coupler featuring a transmission of 60%. The resulting pulse duration was
measured via auto-correlation to be 60 ps. The radiation was pre-amplified in
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single-clad amplifiers, picked to a repetition-rate of 780 kHz and amplified in a
double-clad PCF with a MFD of 33 µm. The source delivered up to 2.5 µJ of pump
pulse energy. Since the target idler wavelength was 1250 nm, the pump pulses were
coupled to an ESM fiber with slightly smaller dimensions than the one used in
the first FOPO (one hole missing core design, hole diameter 1.55 µm, hole to hole
distance 3.1 µm). This resulted in a lower frequency shift in the FWM process
without the need for longer pump wavelengths, which would be far off the gain peak
of the Ytterbium ion. Without the feedback of the FOPO cavity, the radiation
produced from amplified quantum noise indicates the gain bandwidth of the FWM
process. The resulting OPG signal was recorded for pulse energies ranging from
1.15 to 1.66 µJ and plotted in figure 6.9(a).

(a)

(b)

0.8 µJ

0.6 µJ

(c)

Figure 6.9: (a) OPG signal at different pump pulse energies. (b) Bandwidth dependence
of the idler pulses with respect to the pump pulse energy with the FOPO
cavity closed. (c) Idler spectra for different FOPO cavity lengths [77].

The central wavelength of the OPG signal shifted with increasing pump peak
power away form the pump wavelength as predicted by equation 4.30 and depicted
in figure 4.7. Due to the high peak power (~30 kW) of the pump pulses, which
central wavelength laid close to the ZDW of the ESM fiber, the bandwidth of the
OPG signal and, therefore, the FWM gain bandwidth was very broad.
The FOPO cavity consisted of 11.5 cm of ESM fiber, a half-wave plate and a
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polarization dependent beam-splitter for out-coupling and a 250m long piece of
single-mode fiber to form a cavity, which was resonant to the pump pulse repetition
rate. To adjust the cavity length, a linear delay-stage was inserted into the cavity.
When the cavity was closed, the oscillator produced broad spectra (see figure 6.9(b))
which were widely tuneable (figure 6.9(c)). The pump pulse energy required to lock
the FOPO cavity was strongly decreased compared to the open loop. The FWM
gain overcame the cavity losses at 1250 nm when the ESM fiber was pumped with
600 nJ. Increasing the pump energy resulted in a broadening of the idler radiation up
to a bandwidth of 6.5 nm (see figure 6.10(b)). Increasing the bandwidth beyond this
point generated narrow spectral features while the bandwidth remained constant.
This might be due to the temporal shape of the signal pulse to develop a flat top
when the conversion saturates. This would enable narrow-band rectangular pulse
shapes as it was described in section 5.4.

By changing the cavity length of the FOPO in steps of 1 cm, the idler radiation
could be tuned from 1200 to 1300 nm. Due to the decreased gain at the edges of
the tuning range, the idler radiation became narrower. The spacing between the
recorded spectra increased for longer wavelengths owing to the decrease in 2nd-order
dispersion towards the ZDW of the delay fiber. The tuneable bandwidth could be
increased by increasing the pump energy and decreasing the conversion fiber length
in order to reach the same gain in the cavity (see eq. 4.28) while increasing the
gain bandwidth (see eq. 4.29).The conversion efficiency of the pump to the idler
pulse energy was 4.7%, which corresponds to an overall efficiency of just 8%. This
is only a fraction of the efficiency of the narrowband FOPO. Consequently, the
tuning curve is not as lopsided (see equation 5.1).
The subsequent compression of the broad idler pulses was done by using a pair

of diffractive gratings with a line density of 1250 lines/mm with a distance of
about 250mm. After a double pass over the grating pair the pulses exhibited an
auto-correlation length of 800 fs (see figure 6.10(c)). The simulation of the pulses
and comparison with the auto-correlation trace confirmed a pulse duration of 560 fs
FWHM. The simulation also revealed a large contribution of 3rd-order dispersion in
the residual phase (see figure 6.11(d)). As a side note, the relative contribution of
this 3rd dispersion order increases for idler wavelengths near the ZDW of the overall
cavity dispersion (which in this case is dominated by the feedback fiber). To enhance
the relative contribution of the 3rd order dispersion an experiment that was later
carried out with a tuneable seed source (see section 6.3). The pump wavelength was
shifted to longer wavelengths in order to generate gain for longer idler wavelengths
in the vicinity of the ZDW. Since the 2nd order dispersion vanishes towards this
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wavelength, the spectral position of the idler becomes extremely sensitive to cavity
length alterations and temporal fluctuation which alter the refractive index of the
fiber. Figure 6.10(a) depicts two sample spectra around the ZDW of the fiber cavity.
These pulses are dominated by 3rd-order dispersion which leads to the modulations
in the spectrum. The ZDW of the fiber cavity is therefore at about 1411 nm.

(a)
1390 1400 1410 1420 1430

Wavelength /nm

0

0.2

0.4

0.6

0.8

1
Sp

ec
tra

l I
nt

en
si

ty
 /a

.u
.

ZDW

(b) (c)

Figure 6.10: (a) Sample spectra around the ZDW of the FOPO cavity. (b) Spectrum
of the idler pulses at the output in linear scale (black line) and log. scale
(blue line). (c) Measured auto-correlation trace of the idler pulses and the
simulated trace in red.

The conversion around 1250 nm is very similar to the ideal FOPO from section
5.1.2. As the FWM gain bandwidth is very broad compared to the situation
described in section 5.3, the gain is virtually independent of the chirp of the pump
pulses and the spectral bandwidth of the driving pulse has little influence on the
FOPO dynamics.
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(a) (b)

(c) (d)

(e)

Figure 6.11: Idler pulse evolution (with each round-trip) of (a) the spectrum and (b) its
temporal profile. (c) Spectral intensity and phase in the steady state at the
output. (d) Simulated temporal pulse profile (blue) with the corresponding
simulated (black) and measured (red) AC. (e) Pulse evolution within a single
round trip in steady state.

A numerical simulation of the FOPO cavity has been conducted in order to gain
insight into the pulse dynamics during the pulse build-up and the steady-state.
The cavity was simulated according to the experiment. The energy of the pump
pulses was set to 250 nJ and with a duration of 60 ps. The conversion fiber was
set according to the experiment to 11.5 cm and the feedback fiber to 250 m with
a 6 µm core diameter. Figure 6.11(a) shows the evolution of the output spectra
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of the FOPO during the first 100 round trips. The steady state was reached after
30 round-trips. A bandwidth of 6.7 nm FWHM was obtained, which is in good
agreement with the experimental results. The temporal evolution of the pulse is
displayed in figure 6.11(b). The pulse duration settles at 21 ps FWHM, which
corresponds to a reduction to 35% of the initial pump pulse duration of 60 ps. The
pump energy required in the experiment could not be reproduced in the simulation
(only ~50% of the pulse energy was needed in the simulation compared to the
experiment). The additional power requirement in the actual experiment might
be due to non-linear polarization rotation of the pump light in the conversion
fiber. This would lead to an increase in the demand for pump power and to a
lower conversion efficiency. Such polarization effects were not considered in the
simulation and are, therefore, only speculative and at this point. Figure 6.11(c)
depicts the spectrum of the idler pulses in the steady-state. The spectral phase of
the idler pulses has been plotted in the same graph revealing its parabolic shape.
By compressing the pulses with grating pairs with the same line density as in the
experiment (1250 lines per mm), the measured auto-correlation shape (red line
in Fig. 6.11(d)) could be faithfully reproduced (blue line in figure 6.11(d)). This
allows estimating the temporal profile of the compressed pulses (see black curve
in figure 6(d)). As stated earlier, the residual phase is dominated by 3rd order
dispersion mostly originating from the delay fiber. Note that the obtained pulse
duration of 560 fs is just ~18% longer than the transform limit of 475 fs. Lastly,
figure 6.11(e) depicts the pulse evolution within a single round trip in steady state.
In the feedback fiber the fed back pulse was continuously lengthened by dispersion
and broadened by SPM. Afterwards the FWM gain led first to a narrowing of the
spectrum due to the dispersive filtering effect (see section 5.1.1). As the pulse was
linearly chirped, the pulse duration decreased as well. When the gain saturated,
the pulse was becoming broader again and the pulse length recovered.

In order to further increase the idler pulse energy, the conversion fiber length was
reduced to 6 cm. To reach sufficient gain in the conversion fiber, the pump pulse
energy was increased to 2.3 µJ. For stable conversion the feedback ratio was reduced
in order to correct for the additional spectral broadening in the feedback fiber by
the larger non-linear phase. This also leads to a higher gain and stronger temporal
filtering effect of the dispersive delay line during each oscillation. Therefore, the
bandwidth reduced to only 4.7 nm. The pulses were compressible to an auto-
correlation width of 1.6 ps. A simulation of the cavity suggests a compressed pulse
duration of 960 fs. The large auto-correlation width is due to the uncompressed 3rd

order dispersion. The conversion efficiency of pump to idler radiation was enhanced
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to 10.9%, which corresponds to an extracted idler average power of 200 mW and a
pulse energy of 250 nJ. After pulse compression (40% efficiency), a peak power of
104 kW was obtained. The experimental results are depicted in figures 6.12(a) and
6.12(b).

(a) (b)

1.6 ps

Figure 6.12: Idler spectrum at the output of the cavity in linear (black) and logarithmic
scale (blue). (b) Simulated (red) and measured (black) auto-correlation
traces.

The experiment was adopted from the experimental conditions presented in a
three-photon excited fluorescence imaging experiment conducted in [79]. In this
study, 1.5 nJ pulse with a duration of 140 fs at 1280 nm and a repetition rate of
80MHz were used to scan up to 1.6mm deep into a mouse cortex. Assuming a
two-photon absorption photo-damage mechanism as discussed in section 3.1.3, up
to 27 nJ of pulse energy can be used for ∼ 1 ps pulses at the same level of photo-
damage, since higher pulse peak powers can be used at 0.78MHz than at 80MHz
pulse repetition rate. In order to acquire the image in figure 6.13, a laser scanning
microscope (by the IPhT in Jena) was equipped with a 0.40NA objective. The
signals were collected in forward detection. As a proof-of-principle experiment we
used a sample without any fluorescent markers, unlike in [79]. Figure 6.13 depicts
a section of a rabbit aorta combining 3PEF (green), third harmonic generation
(THG, blue) and second harmonic generation (SHG, red) images. The laser was
blocked after the sample using a short pass filter at 750 nm (Semrock). In addition,
the 3PEF signal was filtered by a bandpass filter (λcenter = 460 nm, ∆λ = 80 nm,
Semrock). For recording the THG signal a bandpass filter centered at 415 nm was
used (λcenter = 415nm, ∆λ = 3nm, Semrock). The second harmonic generation
signal at 625 nm was isolated with another bandpass filter (λcenter = 625 nm,
∆λ = 20 nm, Semrock).
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Figure 6.13: Colored and overlaid images combining 3PF (red), third harmonic generation
(yellow) and SHG (blue) of an artery cross section from a rabbit model for
atherosclerosis.

Even without using a fluorescent label, the (much weaker) auto-fluorescence
process could be clearly detected. As discussed above, this fiber-laser source can
potentially provide even higher signal powers than the bulk-laser system used
in [79], if the sample is similarly labeled using high intensity fluorescent markers.
Therefore, it is believed that this laser source could allow imaging tissue layers
buried up to 1 mm deep below the surface as demonstrated in [79] when utilizing
an appropriate sample preparation and imaging setup. This source including the
imaging experiment has been published in optics express [77].

84



6. Implemented Laser Sources for Multi-Photon and Coherent Raman Scattering
Imaging

6.3 Fiber OPO for SRS Imaging
The final iteration of the FOPO concept in the scope of this thesis combines the
development of an all-fiber widely-tuneable version of the initial FOPO design
with the goal to generate the pulse parameters needed for SRS imaging. The pulse
parameters for fast-SRS imaging are very similar to the parameters for CARS
imaging except for the repetition rate and laser stability. A suitable laser system
also needs a secondary laser output which radiates at one of the two wavelengths
required for addressing the Raman shift. This output needs to be modulated in
order to detect the SRG or SRL in the other wavelength after the interaction with
the sample via lock-in detection at the modulation frequency.
In section 3.3, it was concluded that the SRS works well at a higher repetition

rates. On the one hand, modulating the beam means that the pixel aquisition rate
has to be at least a factor of two lower than the pulse repetition rate. On the other
hand, SRS does not benefit as strongly from low repetition rates as CARS and
3PEF does (see equation 3.4). In SRS, the modulation frequency of the modulated
beam is imprinted, in the presence of a resonant medium, onto the unmodulated
second beam. The weak modulation in the photo diode signal of this beam is
filtered out e.g. by a lock-in detector. Therefore, the noise at this frequency has to
be extremely low in order to detect the SRS signal quickly and, thus, enable fast
image detection (see figure 3.6). The design of the SRS FOPO follows the demand
for a low noise FOPO with high repetition rate.
As the gain bandwidth of the four-wave mixing process limits the addressable

wavelengths, the pump wavelength has to be tunable in order to unlock a wider
spectral range. Figure 6.14 shows the phase-matching of a typical endlessly single-
mode fiber similar to the one which was used in the conversion process. To reach
energy differences in the range of 900− 3200 cm−1, the pump wavelength of the
oscillator has to be tuned in order to gain access to a signal wavelength range which
corresponds to this frequency shift (relative to the pump wavelength) needed for
SRS imaging.
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6.3.1 Widely tuneable all-fiber FOPO for SRS
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Figure 6.14: Phase-matching diagram for a typical endlessly single mode fiber used for
FWM based conversion.

According to figure 6.14, a wavelength tuneable oscillator between 1030 and 1055 nm
is needed. On top of that, according to table 3.2, a pulse repetition rate of at
least 20MHz is required to support video rate imaging. An oscillator concept that
can provide narrow-band picosecond pulses at such a repetition rate is a passively
mode-locked laser similar to the one used in the previous experiment. In such
a laser the spectral bandwidth of the emission is inversely proportional to the
pulse duration and the bandwidth of such a laser is defined by the bandwidth of a
filtering element.
In the case of the generation of narrow-band pulses with durations of tens of

picoseconds, the bandwidth of the filtering element is the limiting factor. In order
to generate a pulse duration in the range of 40 ps, a filter bandwidth of < 100 pm
is required. The simplest, yet most effective way of constructing a tunable narrow
filter is to use a diffraction gratings. Such a filter comprises a collimation lens, a
grating pair, an 1:1 telescope, a tilt mirror and a focusing lens which couples the
filtered radiation back into a fiber. The bandwidth of this kind of filter is defined
by the focal length f of the lenses, the grating period Λ of the diffraction gratings,
the mode field diameter of the fiber d and the wavelength of the filtered light λ.
For a Gaussian beam, the bandwidth can be calculated by [80]:

∆λFWHM =
√
ln2· 2dΛ

f

√
1− [λ/2Λ]2 (6.1)

The filter bandwidth for a fiber with d = 6.6 µm, with collimation and focusing
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focal lengths of f = 35mm and a grating period of Λ = 625 nm has been plotted in
figure 6.15a. The beam path of such a filter is shown for 1000, 1050 and 1100 nm
for the parameters given above and depicted in figure 6.15b through d. The tilt of
the mirror has to be adjusted by about±5◦ as the signal wavelength is changed.
A fiber integrated version of this filter was purchased from WL-Photonics and
inserted into the laser cavity.
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Figure 6.15: (a) Evolution of the spectral bandwidth of a diffraction grating-based nar-
rowband filter with respect to the central wavelength. (b) By adjusting the
tilt of the mirror (bold line) the central wavelength of the filter can be set.

The laser cavity was adopted from a positive dispersive mode-locked oscillator [81].
The goal of this cavity was to generate ultra-short laser pulses from a saturable
absorber based cavity with a relatively high pulse energy. Figure 6.16 depicts the
altered tunable and narrow-band version. The tuneability is achieved by placing
the tuneable filter described above inside of the cavity. The saturable absorber
mirror (SAM) initiates the mode-locking (see section 4.5) when a certain intensity
threshold is reached (which saturates the absorption of the device). The initial
light originates from amplified spontaneous emission (ASE) which arises when the
Ytterbium-doped fiber is pumped. In order to benefit from the high conversion
efficiency of Ytterbium, a diode laser with a pump wavelength of 976 nm was
used (see section 4.4), which is coupled into the laser cavity through a wavelength
division multiplexer (WDM).
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Figure 6.16: Setup of the tunable Ytterbium-doped fiber oscillator. The components of
the setup from left to right: SAM: saturable absorber mirror, Filter: the
narrow-band tunable filter, WDM: wavelength division multiplexer, PD:
single-mode pump diode, Yb: Ytterbium-doped single-clad polarization-
maintaining step-index fiber, TAP: tap coupler with two in and output ports
and a coupling ratio of 1:9.

The tap-coupler in the setup acts as a semi-transparent out-coupling mirror and
is based on a Sagnac interferometer. This so-called linear-loop mirror splits the
incoming laser field in two beams that propagate in opposite directions to the
opposing ends of the loop. After their propagation through the loop, the two fields
interfere with one another. Depending on the split ratio of the tap coupler, the
out-coupling ratio can be set between 0 and 1. The dependence of the effective
reflectivity of the linear loop mirror on the coupling ratio of the tap-coupler α is
given by R = 4α (1− α) [82] and it has been plotted in the graph 6.17(a).
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Figure 6.17: (a) Reflectivity of the linear loop mirror as a function of the coupling
ratio. (b) Spectral behavior of the coupling ratio of a typical wideband
tap-coupler [83].

By choosing a coupling ratio of 10% (red circle in figure 6.17a), the reflectivity
of the loop mirror mimics the chirped fiber Bragg grating end-mirror of the setup
described in ref. [81], which had an out-coupling ratio of about 33%. This out-
coupling mirror works for a wide spectral range (figure 6.17b), is completely
fiber-integrated and even has a fiber output that can be directly spliced to an
amplifier. The second cavity mirror is the SAM which also works over a wide
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spectral range. The cavity has, therefore, a uniform round-trip loss over a broad
wavelength range, which is only limited by the gain bandwidth of Ytterbium.
Within this limit, the wavelength of the oscillator can be chosen freely with the
narrow-band filter.
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Figure 6.18: (a) Sample spectra at the tunable oscillator output. (b) Required pump
current for a constant spectral bandwidth of 70pm.

Figure 6.18(a) shows the output spectra of the oscillator for different filter
positions. The wavelength can be chosen freely between 1015 and 1065 nm. The
required pump current for the mode-locked state, in which the oscillator emits
with a spectral bandwidth of 70 pm, is shown in figure 6.18(b). It is can be seen
that the Ytterbium-doped fiber is most efficient at the gain peak for Ytterbium at
1030 nm and less efficient towards the edges of the tuning range. It is also visible
how the ASE content becomes more and more significant at wavelengths oscillating
away from the gain peak. The output power of the oscillator was between 5.0mW
at 1015 nm and 6.5mW at 1065 nm. The small deviation might be due to a small
wavelength dependence of the coupling ratio of the tap-coupler, the SAM and/or
the WDM. The SAM was mounted on a linear delay stage which granted repetition
rate tuneability of the oscillator. The cavity length could by altered by 30mm or
by 108 kHz. This feature is used to tune the signal light in the FOPO.

This tunable oscillator was used to seed an amplifier system, which delivered up to
75 nJ pulse energy at a repetition rate of 9.5MHz (down from the original repetition
rate of 19MHz, see figure 6.19). An acousto-optical modulator spliced between
the two amplifier stages was used to reduce the repetition rate and introduce the
modulation, which is needed for detecting the SRS signal. Due to the relatively long
pump pulse duration (40 ps), the amplification was accompanied by only moderate
amounts of non-linear spectral broadening even without the use of pulse stretchers
and compressors. The fiber OPO cavity consists of a 0.5m long photonic crystal
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fiber (PCF, one-hole-missing core design, hole diameter 1.55 µm, pitch 3.1 µm)
used for light conversion and amplification via four-wave-mixing FWM, an output
coupler and a 200m long piece of polarization maintaining single-mode step-index
fiber (PM 780).
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Figure 6.19: Setup of the all-fiber widely-tuneable FOPO for SRS microscopy. The
oscillator was isolated and sampled in the tap coupler (Tap) to generate the
modulation signal used to drive the acousto-optical modulator (AOM) and
to reduce the repetition rate of the laser before it reached the FOPO cavity.
In between, single-mode core-pumped amplifiers consisting of a pump diode
(PD) at 976 nm, a wavelength division multiplexer (WDM) for coupling the
light of the pump diodes to the signal and a Ytterbium doped fiber (Yb)
was inserted in order to amplify the signal light were inserted. After the
first amplifier, the secondary output was split and amplified again. The
FOPO consisted of a broadband WDM that allowed the signal light from
the feedback fiber (PM780) with the pump light to overlap. The feedback
signal is seeding the FWM conversion of the pump in the endlessly single
mode fiber(ESM).

In was demonstrated that changing the cavity length of the feedback loop in the
FOPO cavity shifts the signal and idler wavelengths within the spectral gain region
provided by the FWM process when pumped at a given pump wavelength. The
same effect can be obtained if the cavity length of the Yb-doped fiber oscillator
is changed. Finally, by tuning the wavelength of the oscillator and by adjusting
its repetition rate, it is possible to address the wavelength range between 785
and 960 nm for the signal and 1177 and 1500 nm for the idler. Figure 6.20(a)
depicts the signal and idler wavelengths that were obtained for different pump
wavelengths when the repetition rate of the Yb-laser was set to be in resonance
with the signal wavelength which produced the highest signal conversion efficiency.
The corresponding resonant repetition rate is depicted in figure 6.20(b).
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Figure 6.20: (a) Signal and idler generation at the resonant pump repetition rate (b).
The dashed lines in (a) represent the edges of the tuning range, where the
signal dropped to 50% of its peak value.

Tuning to a different signal or idler wavelength, therefore, only required the
correct positioning of the translation-stage, which controlled the repetition rate of
the Ytterbium laser and the setting of the narrow-band filter to set its wavelength
to generate FWM gain at the desired signal and idler wavelength. This tuning
method does not involve heating of crystals to adjust the phase-matching condition
(which is usually done in free-space OPOs) and, therefore, a motorized version
could set the desired central wavelengths of the pulse pairs in a couple of seconds.
On a side note, an even faster tuneable version of this FOPO could be ac-

complished by inserting a broadband chriped FBG into the ytterbium laser so
that the repetition rate is automatically set to the repetition rate shown in figure
6.20(b) when the wavelength of the laser is set to a certain wavelength without
the need of mechanical alteration of the cavity length. On top of that, if one could
construct a fast tuneable filter, which has a filter bandwidth in the order 100 pm
(e.g. a narrowband acousto-optical tunable filter, AOTF), the conversion could
be controlled fully electronically and almost instantaneously. With the simulation
depicted in figure 5.7 in mind, where it has been shown that the FOPO needs
roughly 10 oscillations to reach the steady-state, it should be in principle possible
to tune to a random wavelength within 10 µs.
The tuning range of the signal towards longer wavelengths was limited by the

spectral characteristic of the WDM and, therefore, it could be optimized to access
even lower Raman shifts. The conversion efficiency (pump light to signal) was
around 20%. Considering that comparable bulk OPO systems require a frequency
doubled pump laser, the conversion efficiency of the system is on par with the
overall conversion efficiency of state-of-the-art OPO systems. As the pump power
requirements are low enough to allow for the use of single-mode pump diode
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modules, no water cooling was necessary. The overall system size was, therefore,
of the order of a shoebox and may be easily integrated to existing laser scanning
microscopes. Using an intensity auto-correlation it was determined that the signal
pulse duration was around 20 ps (assuming a Gaussian pulse shape) at the peak
conversion efficiency. We have measured a signal average power of 70 to 100mW
corresponding to a pulse energy of 7.8 to 11 nJ. The generated bandwidths were in
the range of 0.4 to 1 nm FWHM. Frequency shifts between the generated signal and
residual pump (910 to 3030 cm−1) granted access to resonances in the CH-stretch
region, the fingerprint region and deuterium or alkyne tag resonances for CARS. To
enable SRS imaging, part of the pump radiation was split at an early stage in the
amplifier chain. The RIN of the output at the modulation frequency of 9.5MHz
was measured to be −150 dBc (if the background noise of the RF spectrometer is
removed).
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Figure 6.21: RIN measurement of the secondary output

With this RIN value, SRS imaging should be possible with a pixel dwell time of
less than 1 µs enabling imaging at 4 frames per second at 500x500 px resolution (see
3.3). If necessary, additional noise reduction methods, such as a balanced signal
detection could be applied for higher frame rates [84].

6.3.2 Linear Cavity FOPO

In order to eliminate the need for the free-space feedback and, therefore, to create a
truly all-fiber FOPO cavity, the layout of the setup is altered. Even though it would
be possible to employ a second WDM in order to split part of the generated signal,
this method would require another splice between the EMS fiber and the signal-
mode fiber of the WDM and, thus, produce unnecessary losses for the converted
signal (such splices usually have an insertion loss of 1dB). A more elegant way is
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to use the already existing Fresnel reflection at the end-facet of the ESM fiber.
The reflected signal travels back through this fiber and through the WDM goes
into the delay fiber. At the end of the delay fiber the signal needs to be reflected
by a broad band reflector to form a linear FOPO cavity. The down-side of this
method is the need for an isolator for the pump radiation between the last amplifier
stage and the FOPO cavity. Without this isolator the back-traveling FWM pump
light, which is also reflected at the end-facet, would reach the last amplifier. The
back-traveling light would be amplified and absorbed by the next isolator and
would deplete partially the gain of the amplifier. The forward traveling light, which
pumps the FOPO cavity would, consequently, become weaker which would also
result in a drop in signal conversion efficiency. This, on the other hand, would lead
to a decrease in signal and residual pump feedback which would allow the next
pump pulse to be amplified to a higher pulse energy again. In the end, the output
signal would fluctuate chaotically and the conversion would become inefficient.
That is why the additional isolator is inserted in front of the FOPO to prevent this
behavior. This also generates a higher accumulated non-linear phase in the pump
pulses, since the amplified light needs to propagate through the isolator at full
power before it reaches the FOPO. Consequently, this leads to an intensification
of the behavior described in section 5.3, which works favorable for CRS imaging.
Finally, the pump power requirements decrease since the feedback ratio is much
higher and the less FWM gain is required to reach the steady state. The setup of
the realized linear FOPO cavity can be seen is figure 6.22.
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Figure 6.22: Setup of the linear FOPO cavity.

The FOPO setup, therefore, works without the need for any free space propagation
which makes the setup extremely stable and alignment-free.

This setup has been built first as a laboratory prototype and later as a pre-
commercial prototype to enable SRS imaging in real-world applications. The
handling in the second installment is completely computer-controlled. By setting a
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desired Raman resonance, the computer sets the wavelength of the Ytterbium-doped
fiber oscillator and its repetition rate via an electronically controlled narrowband
filter and a linear delay-stage where the SAM is mounted on. The combination
of both parameters determines the parameters of the conversion of the amplified
radiation in the FOPO cavity, which is needed to realize the frequency shift
requested by the user. To demonstrate the tuneability and performance of the laser
system, the output spectra (figure 6.23a and b) and pulse parameters (figure 6.23c
and f) of both outputs have been recorded between 922 and 3322 cm−1 in steps of
200 cm−1.
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Figure 6.23: Output spectra and pulse parameters of the automated FOPO for the SRS
laser system.
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With the pulse parameters in mind, the wavelength and repetition rate of the
oscillator are simultaneous tuned to deliver signal pulses with the highest peak
power and small bandwidths. In this setup, the its generation is, again, heavily
influenced by the SPM broadened pump pulses. To describe the pulse generation
at different frequency shifts, a distinction between three different regions will be
done. The first region is between 3322 and 2322 cm−1 and allows for narrow-band,
short-pulse signal generation at moderate average powers. The second region
between 2322 and 1722 cm−1, can be characterized as a transition between the first
and third region and features double pulses. The third region (below 1722 cm−1)
finally delivers broader and longer pulses but with at a higher average power. The
main difference between these regions is the way the different gain bandwidth of
the FWM conversion process allows a partial or a full conversion of the pump
pulses. In section 5.3, it has been discussed that, for SPM-broadened pump pulses
and narrow gain bandwidths, only a part of the pump pulse can be converted to a
resonant oscillating signal in the FOPO cavity. If the bandwidth of the pump pulse
is too large, the central wavelengths of the FWM gain spectra generated by the
extreme components of the pump do not overlap. The conversion then becomes less
efficient in terms of converted pulse energy but allows for short and narrow-band
signals. This is because only a short and narrow-band part of the pump pulse is
converted at each time. The peak-power conversion efficiency is not influenced by
this effect (see 5.10c). A pump pulse which suffered strong SPM broadening but
underwent a relatively weak dispersion (LNL >> LD) (see eq. 4.20) has its highest
spectral intensity at its wings [30]. This means that the front and back of the SPM
broadened chirped pulse contains a relatively narrow but intense portion of the
overall pulse spectrum. The FWM gain is, therefore, strong and narrow-band for
the front and back temporal portion of the pump pulse. In the first region, where
the conversion bandwidth is narrow, it is possible to convert only the front or back
of the pump pulse, which results in narrow-band and short pulses (see 6.23d and
e).
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Figure 6.24: (a,c,e) Selected signal spectra at 3322, 1922 and 922 cm−1. (b,d,f) Corre-
sponding AC traces

One could say that, the pumping of the FOPO cavity with spectrally broad
pump pulses results in an increase of the effectiveness of the dispersive filter of
the cavity. In other words, the broadened pump pulses are only partially matched
to a resonantly oscillating signal pulse. This is also why a conversion efficiency of
only 12% was reached, which translates to a signal average power of about 50mW
in this region. In the third region, on the other and, the gain bandwidth is much
broader which allows the whole pump pulse to contribute to the amplification of
the oscillating signal. The output pulses are, therefore, much longer compared to
the first region. The pulse generation in this region is then very comparable to the
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conversion of pump pulses which were only slightly broadened by SPM (the FWM
bandwidth is much broader than the pump pulse bandwidth). In the second region
(the transition region), the bandwidth of the pump pulses and the (via the phase-
matching condition) corresponding bandwidth of the FWM gain are comparable.
Here it is possible that both the pulse front and back contribute to the conversion,
but they pump a different part of the converted pulse. The result is a signal pulse
with a hole in the middle of its spectrum. As the overall pulse shape is still chirped,
the signal output can be understood a double pulses. If the conversion shifts
further towards lower frequency shifts, the spectrum fills up and the pulses shape
characteristic for region 3 forms. The resulting average powers , therefore, increases
towards lower frequency shifts since the whole pump pulse can be converted. At
the lowest frequency shift of 922 cm−1, the amplifier system becomes limited by
amplified spontaneous emission, which results in lower conversion at this point.
The overall average power of the secondary output (see panel 6.23d) is nearly
constant. The recorded widths of the intensity auto-correlation (AC) reveal a
decrease in pulse duration towards higher frequency shifts of the FWM signal. In
the transition region, the AC reveals the generation of double pulses in the cavity,
which is marked by a star in figure 6.23e. The effective pulse duration of these
pulses is marked as red circles. These pulses are very short with an AC width of
only 6 ps and are separated by about 20 ps, which corresponds well to the temporal
separation of the spectral extrema of the pump pulses (it can be shown that this
separation is at about 80% of the FWHM pulse duration for a Gaussian shaped
pulse, see appendix 7). For comparison, the AC widths of the secondary output
are in the range of 32 ps with an AC shape, which is very close to a Gauss. The
pulse duration can be, therefore, estimated to be around 22.7 ps. The temporal
separation between the edges of the pulse spectrum are then 19.3 ps apart, which
matches the AC measurement very well. The resulting peak power of both outputs
at each frequency separation can be seen in panel 6.23f. Ever though the pulse
generation of the signal can be very different depending on the frequency shift of
the FWM based conversion, the resulting peak power over the whole range is quite
uniform and higher than 500W.

6.3.3 Application to CRS imaging

The laboratory prototype of the linear cavity was used to image different kinds
of samples in order to compare the imaging quality using the CARS and the SRS
imaging modality. The laser was set to 40mW at 799 nm with a measured signal
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FWHM bandwidth of 0.35 nm. The transmitted signal power on the sample was
20mW. The radiation at 1034 nm was compressed to maximize the overlap between
the signal and pump wavelength. The main pulse feature of the signal was simulated
to be 6 ps which is much shorter than the secondary output of the laser system
at 40 ps. The secondary output, emitting at 1034 nm, was amplified to 300mW
which resulted in a bandwidth of 0.4 nm. The subsequent pulse compression used
reflective gratings with 1800 l/mm with a separation of 75mm, which resulted in a
compressed pulse duration of 6 ps (confirmed by auto-correlation).

(a) (b)

(c) (d)

Figure 6.25: (a) CARS and (b) SRS measurements at 2850 cm−1 of glass beads in Cyclo-
hexan. (c) CARS picture of a human aorta at 2850 cm−1 compared to the
same section measured with SRS (d).

The compressed pulse was sent to the laser scanning microscope where 70mW
of the power reached the sample. Keeping in mind that this output has double
the repetition rate of the SRS pump at 799 nm, the peak power ratio between the
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interacting pulses is fairly matched. Since biological tissue is less sensitive to light
at around 1 µm, it is sensible to shift the peak power ratio slightly in favor of the
radiation there [?].

The contrast of the CARS signal in the picture between the non-resonant glass
beads and the cyclohexan is extremely high with a value of 80. The SRS signal
offers still a good contrast of 8 at the fastest pixel acquisition rate of the employed
laser scanning microscope of only 1 µs/pixel. At roughly the same resonance, a
biological tissue sample similar to the one used in the CARS experiment above was
scanned to map the lipid concentration in the sample. At the time of writing this
thesis the digital lock-in caused strong interferences with the scanning signal, which
gave rise to the appearance of stripes in the final SRS image when the gain in the
lock-in was increased to detect the comparatively weak signal from the biological
tissue sample. This is also the reason why the source was not used to image even
weaker resonances in the fingerprint region. An improved imaging system should
solve these issues in the near future.
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7 Conclusion

In this thesis, the basic properties and advantages of multi-photon imaging and
coherent Raman scattering (CRS) imaging over linear imaging techniques have been
reviewed. The fundamental working principle of CRS has been explored in depth
to deduct the optimal parameters for a driving laser source. An ambitious goal was
set to implement these parameters in a novel kind of laser source based on fiber
technology. Such a laser has often been referred to as the holy grail in biomedical
imaging. A source which is powerful and versatile enough to drive these highly
demanding imaging techniques and which is robust and compact enough to be
deployed in a medical environment. Coupled with a sophisticated imaging system,
the chemically sensitive nature of CRS could replace time-consuming staining
procedures e.g. during cancer detection aside the operation table and enable the
precise identification of the tumor directly on the patient without the need for
biopsy.

The key technology which promised this dream to become reality is fiber based
four-wave mixing. It enables the conversion of light within fibers without the
need for additional free-space components. The conversion fibers can be spliced to
standard fiber components and can be easily pumped by diode-pumped fiber lasers.
After the implementation of this process in an optical parametric oscillator (OPO)
cavity, the converted signal and idler radiation could fulfill the requirements for
coherent Raman spectroscopy and multi-photon imaging. A deep understanding
of the physics involved in the conversion process was the foundation to reach
the desired pulse properties from such a source. It also sparked the idea of a
wavelength tuneable all-fiber seed source, which allowed wide-band conversion
and full fiber-integration. The key development for its realization was a simple
and yet robust mode-locked oscillator which was continuously wavelength and
repetition rate tuneable. The combination of this oscillator and the FWM-based
OPO enabled a wide tuning range of 785 to 960 nm and 1177 to 1500 nm for the
first laser output and 1015 to 1065 nm for the second output. The addresses energy
differences between both channels can be set from 900 to over 3000 cm−1 or 1800
to over 6000 cm−1 if only the first channel is used. The system is in terms of peak
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power, tuning range and pulse duration comparable to state-of-the-art free-space
OPO systems but is conceptionally more simple, is inherently alignment-free, much
more compact and offers near diffraction-limited beam quality.
The potency of the setup has been proven in different imaging experiments

and has already found implementation in a prototype, where the wavelengths of
the pump, signal and idler were automatically set by a computer. This system,
therefore, represents the first turn-key, all-fiber, widely tuneable laser source and
could mark the beginning of clinical non-linear imaging as a basic diagnostic tool
by which tissue staining becomes more and more obsolete.
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Appendix

The temporal position within a Gausian shaped
pulse, where the frequency shift induced by SPM is
at its maximum
A Gaussian shaped pulse with a FWHM duration of 23 ps is plotted in figure 7.1.
The first derivative and the points of contraflexure are added. Equation 4.17 states
that the highest frequency shift is taking place at the points of contraflexure (where
the first derivative has its extreme values).
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Figure 7.1: Gaussian shaped pulse with an FWHM of 23ps, its first derivative and the
points of contraflexure.

The rate of change in the vicinity of these points of the pulse are relatively small.
Therefore, a large portion of the pulse energy is shifted to the edges of the spectrum,
which is then concentrated around the points of contraflexure of the pulse.

Zusammenfassung (Summary)

In der vorliegenden Arbeit wurden die grundsätzlichen Eigenschaften und Vorteile
von der Mehrphotonenbildgebung und der kohärenten Raman-Streuung (CRS)
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gegenüber linearen Abbildungsverfahren untersucht. Die grundlegenden physikali-
schen Vorgänge von CRS wurden beleuchtet und im Hinblick auf die optimalen
Parameter einer antreibenden Laserquelle untersucht. Es wurde das ambitionierte
Ziel gefasst, den identifizierten Parametersatz durch eine neuartige Laserquelle, die
allein auf Fasern und fasergekoppelten Komponenten basiert, darzustellen. Solch
eine Lichtquelle wurde oftmals als der heilige Gral der biomedizinischen Bildgebung
bezeichnet - eine Laserquelle, die einerseits leistungsfähig und flexibel genug ist
diese anspruchsvollen bildgebenden Verfahren zu betreiben und andererseits auch
robust und kompakt genug ist, um in einer klinischen Umgebung eingesetzt werden
zu können.
Im Zusammenspiel mit einem leistungsfähigen Laserscanningmikroskop kann

die chemische Sensibilität der CRS-Bildgebung beispielsweise genutzt werden,
um zeitaufwändige Kontrastierungsverfahren bei der Krebsdiagnose abseits des
Operationstisches, durch präzise Tumorortung direkt am Patienten abzulösen und
so Biopsien unnötig zu machen.

Das Grundprinzip, einer solchen Quelle, ist die faserbasierte Vierwellenmischung
(FWM). Diese ermöglicht die Konvertierung von Licht ohne die Verwendung von
Freistrahlkomponenten. Die Konvertierungsfaser kann direkt an Faserkomponenten
gespleißt werden und so durch diodengepumpte Faserlasersysteme gespeist werden.
Nachdem die Umsetzung dieses Konversionsprozesses in einem optisch para-

metrischen Oszillator (OPO) gelungen war und ein grundlegendes Verständnis
über die physikalischen Mechanismen durch umfassende Simulationen hergestellt
wurde, konnten die entstandene Signal- und Idlerstrahlung den Anforderungen der
CRS- und Multiphotonenbildgebung angepasst werden. Es folgte die Konstruktion
eines durchstimmbaren Faserlasers um eine große spektrale Durchstimmbarkeit des
Gesamtsystems zu erreichen und eine vollständige Faserintegration zu ermöglichen.
Der sowohl einfache als auch robuste modengekoppelte Faseroszillator ist damit die
zweite Schlüsselkomponente dieser Arbeit. Die Kombination aus diesem Oszillator
und dem FWM-basierten OPO ermöglicht adressierbare Wellenlängenbereiche von
785 bis 960 nm und 1177 bis 1500 nm vom ersten Ausgang und 1015 bis 1065 nm
vom zweiten Ausgang. Die Energiedifferenz zwischen beiden Kanälen lässt sich
im Bereich von 900 bis über 3000 cm−1 einstellen bzw. zwischen 1800 und über
6000 cm−1, wenn nur der erste Ausgang verwendet wird. Das Potential dieser Quelle
wurde in verschiedenen CRS-Mikroskopieexperimenten unter Beweis gestellt und
bereits in Form eines automatisierten Prototypen realisiert, dessen Pump-, Signal-
und Idlerwellenlängen per Knopfdruck einstellbar sind. Dieses Lasersystem ist
damit das erste automatisch einstellbare, faserintegrierte und weit durchstimmbare
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Lasersystem der Welt, welches nun das Potenzial besitzt die nichtlineare Mikrosko-
pie als ein routinemäßiges Diagnoseverfahren zu etablieren und Kontrastmittel in
der Morphologie überflüssig zu machen.
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