
Stimulated Raman Scattering
in High-Power Fiber Lasers

DISSERTATION
zur Erlangung des akademischen Grades

doctor rerum naturalium (Dr. rer. nat.)

vorgelegt dem Rat der Physikalisch-Astronomischen Fakultät
der Friedrich-Schiller-Universität Jena

von M.Sc. Victor Distler (geb. Bock)

geboren am 15.07.1993 in Amberg



Gutachter:

1. Prof. Dr. Jens Limpert, Friedrich-Schiller-Universität Jena

2. Prof. Dr. Liang Dong, Clemson University

3. Prof. Dr. Markus Schmidt, Friedrich-Schiller-Universität Jena

Tag der Disputation: 25.11.2021



Contents

1 Introduction 3

2 Fundamentals 6
2.1 Rare-earth doped fiber lasers . . . . . . . . . . . . . . . . . . . . . 6

2.1.1 Light guidance in optical fibers . . . . . . . . . . . . . . . . 7
2.1.2 High-power fiber lasers . . . . . . . . . . . . . . . . . . . . 11

2.2 Nonlinear propagation of light and SRS . . . . . . . . . . . . . . . 13
2.2.1 Nonlinear Schrödinger equation . . . . . . . . . . . . . . . 13
2.2.2 Stimulated Raman Scattering . . . . . . . . . . . . . . . . . 15
2.2.3 Additional nonlinear effects in optical fibers . . . . . . . . 19
2.2.4 Numerical illustration of the nonlinear effects . . . . . . . 22

2.3 Thermal effects and TMI . . . . . . . . . . . . . . . . . . . . . . . . 23
2.4 Raman fiber amplifiers . . . . . . . . . . . . . . . . . . . . . . . . . 30

3 Dependence of SRS content on spectral linewidth of broad-band
cw light 32
3.1 Recent research on the influence of spectral grating width of cw

lasers on the SRS content . . . . . . . . . . . . . . . . . . . . . . . . 33
3.2 Derivation of an analytical cw SRS model incorporating walk-off 34

3.2.1 Application domain of the analytical model . . . . . . . . 44
3.2.2 Temporal field characteristics of cw lasers . . . . . . . . . . 45

3.3 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

4 Nonlinear limitation of narrow-band cw Raman amplification 48
4.1 Experimental setup . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
4.2 Raman pump temporal structure as cause of nonlinear spectral

broadening . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
4.3 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

1



2

5 Observation and characterization of TMI in RFA 58
5.1 Recent research on SRS-induced TMI in active fibers . . . . . . . 59
5.2 Spectrally selective TMI detection . . . . . . . . . . . . . . . . . . . 61

5.2.1 Experimental setup . . . . . . . . . . . . . . . . . . . . . . . 61
5.2.2 Beam and setup characterization methods . . . . . . . . . 66

5.3 Examination of SRS-induced TMI in a passive fiber . . . . . . . . 68
5.3.1 Observation of SRS-induced TMI in a passive fiber . . . . 69
5.3.2 Considerations of the laser intensity noise . . . . . . . . . 78
5.3.3 Influence of the Stokes seed power . . . . . . . . . . . . . . 80
5.3.4 Influence of the fiber length . . . . . . . . . . . . . . . . . . 85

5.4 Discussion and influence of further parameters . . . . . . . . . . . 87
5.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

6 Conclusion and outlook 93

Bibliography 95

Acronyms I

Summary / Zusammenfassung II

Publications V

Acknowledgment VII

Curriculum vitae (Lebenslauf) VIII

Ehrenwörtliche Erklärung (Statement of authorship) IX

This thesis is based upon work performed at the Friedrich-Schiller University
Jena and at the Fraunhofer Institute for Applied Optics and Precision Engineer-
ing - some passages rely on information published previously in the sources
listed under Publications.

2



1 Introduction

During the last decades, high-power fiber lasers moved from research labora-
tories into an unforseen diversity of production processes and paved the way
into the so-called "photonic century". Pairing high brightness with excellent
beam quality, fiber lasers enable precise, quick and energy-efficient processing.
Furthermore, fiber lasers are cheap in construction and maintenance, have a
small footprint and are environmentally stable. Consequently, they have been
widely adopted in industrial applications, which has led to a global market
size of more than 2 billion USD per year (technavio.com, 2020). Besides this
sizeable market, many scientific applications, such as laser guide star or remote
sensing, also require fiber laser systems. The beam size emitted by a typical
high-power, cw fiber laser is in the order of O(300µm2) at the fiber output.
This combined with the average output powers of several kW, which these
systems can emit with a diffraction limited beam quality (Beier et al., 2017a),
results in very high intensities of more than O(10 GW

m2 ). This is a million times
brighter than the sun, as seen form earth on a perpendicular surface. However,
an even higher output power would be beneficial for many scientific, industrial
and security applications (Dong et al., 2017). Unfortunately, a further output
power scaling is limited by Stimulated Raman scattering (SRS), an effect that
transfers significant signal power to longer wavelengths (Zervas, 2019). This
effect is based on Raman scattering, a light-matter interaction that typically
annihilates an incident photon to create a photon of longer wavelengths and a
phonon (e.g. a molecular vibration). As this reduces the signal strength at the
original wavelength and the photon dissipates into heat, SRS is to be avoided
in those systems.

To this end, different approaches have been tested. Among them are spec-
trally selective fibers, that exhibit high propagation losses at the Stokes wave-
length (Fini et al., 2006; Kim et al., 2006), but these complex fiber designs
require substantial effort in production. Another possibility is to introduce
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spectrally selective filters into common fibers (Nodop et al., 2010), which is
briefly examined within this thesis. Additionally, before the beginning of this
study it was experimentally discovered that the spectral width of the output
coupler of a high-power fiber oscillator influences the Raman content by sev-
eral orders of magnitude (Schreiber et al., 2014). This was followed by intense
research, as discussed later. However, the discovery could not be theoretically
explained at the time, which is changed by this thesis, that presents a simple
analytic model for the observed behavior.

Besides the limits of further output power scaling, another important obsta-
cle of high-power fiber lasers is the limited working wavelength range of these
systems. Inherently, fiber lasers can only emit radiation at wavelengths within
the relatively small bounds given by the transitions of their active, rare-earth
ions, which leaves considerable spectral gaps. Unfortunately, the aforemen-
tioned scientific applications oftentimes require high average powers at wave-
lengths within these gaps. Here, SRS is one possible solution to address these
spectral gaps in the form of a Raman fiber amplifier (RFA) (Supradeepa et al.,
2017).

Different concepts of RFA have been presented to meet this demand: For
example, cladding pumped systems, that show brightness enhancement, but a
beam quality of M2 > 2.5 have recently reached output powers of several kW
(Glick et al., 2018; Chen et al., 2020a). Cladding pumped systems do not show
M2 ≤ 1.9 for output powers over 270 W (Chen et al., 2020b). For core pumped
systems, which yield better beam quality factors, the output powers of narrow-
linewidth systems are in the range of 100 W (Wei et al., 10.07.2018), while spec-
trally broader Yb-doped (hybrid) RFA show output powers in the kW range
(Ma et al., 2020). In recent years it has been discovered that SRS can reduce
the beam quality of Yb-doped, high-power fiber lasers (Hejaz et al., 2017; Liu
et al., 2018). Very recently it was shown that even RFA are limited by the onset
of transverse mode instability (TMI), a nonlinear effect that causes a tempo-
ral beam profile fluctuation and results in a beam quality degradation (Zhang
et al., 2020). However, the interplay between SRS and TMI required further
investigations as it remained unclear whether TMI are also limiting RFA based
on passive fiber and what the key influence parameters are. This thesis gives
an answer to these questions by an experimental realization and examination
of a passive fiber based, narrow-linewidth RFA delivering up to 500 W Stokes
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power.

This thesis is structured as follows. The fundamentals necessary to un-
derstand the presented investigations are given in chapter 2. This chapter
describes the working principle of rare-earth doped fiber amplifiers and high-
power fiber lasers. The physics of the main nonlinear effects (including SRS)
and their mathematical description is presented. Furthermore, thermal effects
(including TMI) occurring in high-power fiber laser systems are explained. A
brief discussion of the state of the art of RFAs concludes the chapter.

The following chapter 3 investigates SRS in broad-band cw sources in more
detail. Here an analytical model of SRS is developed, that explains the differ-
ent Raman content observed in high-power fiber oscillators depending on their
spectral width. The spectral width of the Stokes signal in a narrow-band cw
RFA is investigated in chapter 4. The role of XPM as a limitation of such a sys-
tem is clarified. Thereafter, chapter 5 is focused on the thermal effects in such
an RFA, mainly TMI. Here, the research on the interaction of SRS on TMI in
active fibers is reviewed. A new method to detect TMI in a spectrally resolved
manner is presented. The narrow-band, high-power RFA from chapter 4 is
improved, enhanced and thoroughly investigated. This leads to the first exper-
imental observation of SRS-induced TMI in a passive fiber. This observation
is followed by an analysis of the most influential parameters of SRS-induced
TMI. Finally, a conclusion is drawn in chapter 6.
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2 Fundamentals

This chapter provides the fundamentals necessary for the understanding of
this thesis. The working principle of fiber lasers is summarized in section 2.1.
Therein, the guiding principle of light in optical fibers is explained and the
concept of different transverse modes is introduced. This is followed by a
discussion of the special characteristics of high-power fiber lasers. As nonlinear
effects play a major role in these systems, the nonlinear propagation of light
is detailed in section 2.2. This section also explains SRS in detail, alongside
a brief discussion of several other nonlinear optical effects. Besides nonlinear
optical effects, thermal effects are also very important in high-power fiber laser
systems. These effects, and especially TMI, are explained in section 2.3. Finally,
section 2.4 presents the working principle of Raman fiber amplifiers (RFA) and
summarizes their properties and applications.

2.1 Rare-earth doped fiber lasers

An optical fiber is a thin glass cylinder that guides light. Section 2.1.1 explains
how this can be achieved. The basic idea of a fiber laser is to put the active ma-
terial, necessary for every laser process, inside an optical fiber. This has several
advantages: Optical fibers are usually flexible, which allows for easy handling.
On top of that, optical fibers have a high surface to volume ratio, which allows
for efficient cooling and an excellent, almost power-independent beam qual-
ity. The incorporation of the active material (rare-earth dopants) into the glass
forming the fiber is achieved during fiber production, usually by either mod-
ified chemical vapor deposition or a powder-sinter-technique (Langner et al.,
2011). To increase the solubility of the active ions in the glass matrix, several
co-dopants are introduced into the fiber as well (Kuhn et al., 2018). Since there
are many degrees of freedom in this process, optimizing the correct fiber ma-
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Section 2.1 7

terial system can be challenging (Möller et al., 2020b), but these investigations
are beyond the scope of this thesis. Here, it is assumed that by choosing a cor-
rect material system, any desired active material concentration can be achieved.
For the laser process, the active material alone is not sufficient but population
inversion, meaning there are more excited than de-excited active ions, has to
be achieved as well. Therefore, not only the signal light, but also a pump sig-
nal has to be guided by the fiber. This is achieved by a specific design that is
detailed in the following.

2.1.1 Light guidance in optical fibers

General operating principle

Optical fibers considered in this thesis consist of a cylindrical fiber core that
is surrounded by a cladding that, in turn, is surrounded by a coating. While
the fiber core and cladding are made from (doped) fused silica, the coating
is made from a polymer. This polymer coating provides protection against
mechanical stress, index-matching oils and or other parasitic environmental
influences. Between the fiber core and cladding there is a refractive index step,
with the core having a higher refractive index. Signal light travelling along
the core undergoes total internal refraction at its outer boundary to cladding,
following Snell’s law. The separation of the glass cylinder into a core and
cladding enables the creation of high-brightness signal light. Thereto, low-
brightness pump light is coupled into the fiber cladding. A refractive index
step between the cladding and surrounding polymer coating ensures guidance
of this pump light along the cladding. This pump light is then absorbed by
active ions in the core region of the fiber, resulting in a population inversion.
The population inversion is then exploited by light travelling along the fiber
core, resulting in an amplification of the latter. Thus, high-brightness signal
light is created in the fiber core. Introducing the active material only into
the core region of the fiber ensures that there is no signal light created in
the cladding, which would degrade the targeted brightness. In such a fiber
design, the propagation direction of the pump light and signal light can either
be aligned (co-pumping) or opposed (counter-pumping).

A photograph of a fiber taken from the side is shown in Figure 2.1. Com-
monly, the name of the fiber incorporates the core and cladding diameter:
a 20/400µm fiber has a core diameter of 20µm and a cladding diameter of
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8 Section 2.1

400µm.

Figure 2.1: A seamless splice between two pieces of fiber as well as a schematic
refractive index profile. The fiber depicted is the passive 20/400µm fiber used
throughout large parts of this thesis.

While the above described operating principle of total internal reflection
is a good model for a quick understanding of the fiber, it is too simplistic to
describe light propagation in detail. In the following, a more realistic model,
based on Maxwell’s equations is presented.

Core modes

Starting from Maxwell’s equations, it is possible to obtain the nonlinear wave
equation describing the propagation of the electrical field ~E in a dielectric
medium without charges (Mitschke, 2005) or electric currents:

∇2~E =
1
c2

∂2

∂t2
~E + µ0

∂2

∂t2
~P (2.1)

with time t, speed of light c, vacuum permeability µ0 and electric polariza-
tion ~P. In the derivation of this, the paraxial approximation was employed.
The assumption of a linear electric susceptibility and a weak absorption leads
to the linear wave equation

∇2~E =
n2

c2
∂2

∂t2
~E (2.2)
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Section 2.1 9

where n is the refractive index of the medium (i.e. the glass). Due to the cylin-
drical geometry of the fiber, expressing this equation in cylindrical coordinates
(r, φ, θ) is desirable. It is possible to use the following ansatz for the electric
field:

~E = ~E0eiωteiβzR(r)Φ(φ) (2.3)

with R denoting the field component normal to the fiber axis (z) in the ra-
dial direction, and Φ being the field component in the azimuthal direction.
Additionally, β is the part of the wave vector parallel to the propagation axis
(hereafter referred to as propagation constant) and ω is the central angular
frequency of the electric field.

At this point, a separation of variables can be applied to the linear wave
equation. This results in two equations, one for the azimuthal and one for the
radial components:

∂2

∂φ2 Φ + mΦ2 = 0 (2.4)

r2 ∂2

∂r2 R + r
∂

∂r
R + (κ2r2 −m2)R = 0 (2.5)

where m is a constant and κ is the transverse part of the field propagation
vector.

For continuous functions, Equation 2.4 has solutions with m ∈ Z, which
limits the number of solutions to the Bessel equation (2.5). The solutions to
these equation are called transverse modes, since they define the shape of the
allowed transverse distributions of the electric field in the fiber. The number
of solutions to the equations above depends on the V-number of the fiber with
core radius a and signal wavelength λ:

V =
2π

λ
aNA (2.6)

The NA of the fiber is given by the difference of the refractive indexes of the
core and cladding NA =

√
n2

core − n2
cladding. For V < 2.405 there is only one so-

lution, whereas for larger values more and more transverse modes are allowed.
Figure 2.2 shows some modes that appear in a fiber with V = 4.5.

These mostly linearly polarized (LPmn) modes are classified by two indexes
m and n. The intensity profile of a mode has 2m azimuthal roots and n − 1
radial roots. The mode(s) in which the light travels along the fiber determines
three important properties of the beam.

9



10 Section 2.1

Figure 2.2: Calculated normalized intensity profiles of the transverse modes
LP01, LP11, LP21, LP02 (from left to right) for a fiber with V = 4.5.

The first one is the effective mode-field area Aeff, which is different for
each mode. The fundamental mode FM LP01 has the smallest mode-field
area, meaning that the light is confined to the smallest space in the glass. All
other modes have a larger mode-field area due to larger transverse wavevectors
which in turn results in an enlarged overlap with the cladding region.

The second property is the phase velocity since the different modes have
slightly different effective refractive indexes, meaning that they travel through
the fiber at different speeds. Thus, if two modes are simultaneously present
within the fiber, a beating intensity pattern is created along the fiber, which
will be of importance later.

The third property that changes with the mode composition of the beam
is the beam quality, which is measured with the beam propagation factor M2

(Siegman, 1998). This factor is proportional to the product of the beam waist
size and divergence. Consequently, a beam with higher M2 value has a con-
siderable lower intensity (and larger cross section) after some free space prop-
agation than a beam with lower M2 value and the same beam waist size. For
V-numbers not close to the mode cut-off, the FM has a M2 = 1, whereas the
first higher order mode HOM, the LP11, has a M2 = 3 in one axis and M2 = 1
in the thereto perpendicular axis (Fu et al., 2010). It has to be noted that
for a mode mixture of these two modes, the M2 does not scale linearly with
the fraction of the HOM (Fu et al., 2010; Yoda et al., 2009). However, many
applications require a beam propagation factor of M2 ≈ 1, especially those
applications that require a long, free space transmission of the beam. Another
example are metal welding applications in which an excellent beam quality
enables a reduction of the laser head size, including the scanning mirror size
which allows higher scanning speeds. This not only reduces process time but
also thinner and deeper welds can be achieved (Beyer et al., 2012). Such a low

10



Section 2.1 11

beam propagation factor can only be achieved with low HOM content. This
thesis is limited to the discussion of lasers with (close to) diffraction-limited
beam quality.

Cladding modes

Similar to the fiber core, there are also distinct transverse modes in the
cladding. Most of the fibers used in this thesis, are so-called double-clad fibers,
that exhibit a large refractive index step from the cladding to the fiber coating.
This, together with the large diameter of the cladding results in a larger NA of
the fiber cladding. Consequently, a vast number of distinct transverse modes
is guided in the latter. If the cladding has a circular symmetry, most of these
modes have a vanishing overlap with the fiber core. The pump light that
propagates in these modes is therefore not absorbed and does not contribute
to the lasing process of a rare-earth doped fiber laser. Consequently, a circular
symmetry is avoided for fibers with active gain medium (Leproux et al.,
2001). The active fibers used throughout this thesis mostly have an octagonal
or hexagonal cladding shape. This enables a strong pump absorption,
which is necessary for high-power lasers that are discussed in the following
subsection 2.1.2.

There are situations in which not all cladding light is absorbed, for example
due to a short fiber length. Signal light in the cladding region can also be cre-
ated through spontaneous emission or high propagation losses of core modes
whose fields then leak into the cladding. This cladding light can be troubling
as it has a higher NA than the core light, resulting in a degradation of the
overall beam quality and can lead to unwanted heating of optical elements
after the fiber output. This cladding light can be eliminated by deploying a
cladding light stripper CLS. These devices rely either on geometrically enlarg-
ing the cladding via index matching (glue, silicon) or on scattering (etching,
shaping grooves into the cladding). Both methods are used in the experiments
presented within this thesis.

2.1.2 High-power fiber lasers

With the above described geometry of active fibers, it is possible to build
high-power laser systems. There are several rare-earths that can be used
as active dopants that all show different emission bands. Among them are

11



12 Section 2.1

Ytterbium (Yb) with an emission band at around 1.05µm, Erbium (Er) at
around 1.55µm and Thulium (Tm) at around 1.8 − 2.2µm. Throughout this
work, Ytterbium (Yb) is mainly considered as an active gain medium, since
the highest output powers have been achieved with this material (Zervas et al.,
2014). The reason for that and further details on this laser active material will
be explained in section 2.3.

There are two different kinds of Yb-doped fiber laser systems: High-power
oscillators and master-oscillator power-amplifier (MOPA) systems. Oscillators
are typically formed by writing a Fiber Bragg grating (FBG) into the fiber core
at each end of an active fiber (or a passive fiber, which is spliced to the active
fiber) forming a cavity (Krämer et al., 2019). These systems have shown average
output powers up to 5 kW (Möller et al., 2018; Ye et al., 2019). In particular
the system presented by (Möller et al., 2018) was limited by SRS, which is
explained in more detail in subsection 2.2.2. Unfortunately, these oscillators
have a broad spectral linewidth of several nm, which is disadvantageous in
many applications.

A narrower linewidth can be achieved by MOPA systems. There, a low-
power oscillator provides a seed signal that is amplified in one or more am-
plification stages to high output powers. This method provides high flexibility
as the seed laser can be easily modified. The benefit of such a system is that
the coherence properties of the seed laser are transferred to the amplified sig-
nal, enabling narrow linewidths. Unfortunately, these systems typically reach
lower output powers than the oscillators, due to the onset of transverse mode
instability (TMI) (Möller et al., 2018). The effect of TMI is explained in more
detail in the following section 2.3. MOPA systems have reached output powers
of 4.3 kW (Beier et al., 2017a).

Operating fiber lasers at such high powers leads to several features com-
pared to low-power operation. Naturally, if a large amount of pump energy is
converted, and the conversion efficiency is not 100 %, a large amount of heat
can be generated. Consequently, thermal effects are present in high-power fiber
laser systems, which is why they will be discussed in more detail in section 2.3.
Besides that, high powers lead to high intensities, which results in the onset
of several nonlinear effects. Their origin and consequences are discussed in the
following.

12



Section 2.2 13

2.2 Nonlinear propagation of light and SRS

While the linear description presented in Equation 2.2 explains the different
transverse modes observed in optical fibers, it does not describe correctly the
propagation of fields with strong intensities. In fact, high-power fiber lasers
show strong intensities and are, therefore, prone to induce nonlinear effects.
This implies that the electric polarization ~P of the glass does not depend lin-
early on the electric field ~E. ~P incorporates higher orders of the electric sus-
ceptibility tensor χ, most importantly the third order:

~P = ε0
(
χ(1)~E + χ(3)~E~E~E

)
(2.7)

This is because the second order term vanishes as glass is a centro-symmetric
material (Boyd, 2008). The small fiber core sizes and/or high powers result
in a strong electric field intensity present in the fiber core. This causes strong
nonlinear effects, which degrade the optical output and can, even, cause the
destruction of the fiber. Nonlinear effects arise from different phenomena. An
important one is that the energy potential of the electrons moved by the electric
field of the laser beam does not behave as a harmonic oscillator. Additionally,
the glass medium forming the fiber does not always act instantaneously but
has some memory. This is, for example, caused by molecular vibrations which
lead to SRS. The nonlinear Schrödinger equation (NLSE) is used to adequately
describe the propagation of a light field in a nonlinear optical fiber.

2.2.1 Nonlinear Schrödinger equation

The nonlinear Schrödinger equation describes how the field amplitude A
changes in the fiber as a function of time t and longitudinal fiber position z.
The derivation of the NLSE from the nonlinear wave equation Equation 2.1 is
textbook knowledge (Agrawal, 2013). Here, only the result of this derivation
is presented:

∂A
∂z

= −α

2
A−

(
∑
n=1

in−1βn

n!
∂n

∂tn

)
A+ iγ

(
1+

i
ω0

∂

∂t

)(
A
∫ ∞

0
R(t′)

∣∣A(t− t′)
∣∣2dt′

)
(2.8)
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14 Section 2.2

For a better understanding of this equation, the individual terms of the right-
hand side (RHS) are discussed in the following.

The first term describes loss along the fiber. If the RHS would be composed
only of this term, a decaying exponential function would be the solution of the
equation. Thus, the pulse amplitude would decrease along the fiber, following
the Lambert-Beer’s law with absorption constant α.

The second term incorporates chromatic dispersion. The first order means
that the pulse amplitude (envelope) travels with a velocity of vg = 1

β1
. How-

ever, the pulse might consist of different frequencies. Thus, depending on
the medium, these frequencies can travel at different velocities. This group-
velocity dispersion is given by β2. Often (and in the following chapter), the

dispersion parameter D = − ω2
0

2πc β2 is used to express the group velocity dis-
persion. Within the scope of this thesis, orders higher than n = 2 are neglected
since the spectral width of the lasers investigated is rather narrow.

In the following chapter, dispersion is of high importance. Therefore, it is
key to understand its origin. Light of different frequencies travels with differ-
ent velocity inside the fiber because the refractive index of glass is frequency-
dependent. The refractive index profile can be calculated from the optical
absorption spectrum of the medium with the help of the Kramers-Krönig rela-
tions (Hutchings et al., 1992). A hypothetical absorption spectrum independent
of the optical frequency would lead to a frequency-independent refractive in-
dex, which would lead to a dispersion free medium. Silica glass, however, has
strong absorption bands both in the ultra-violet wavelength region and in the
mid infra-red. This is because in the ultra-violet, the photon energy is high
enough for direct electronic excitation and in the mid infra-red the photon en-
ergy is resonant with vibrational excitations. As the absorption spectrum is
frequency dependent, so is the refractive index, which causes significant dis-
persion in optical fibers.

The third term on the RHS of Equation 2.8 describes all non-linearities char-
acterized by the nonlinear parameter γ:

γ =
ω0n2

cAeff
(2.9)

with the effective mode area Aeff, the central frequency ω0 and the nonlinear
refractive index coefficient n2. These non-linearities are self-steepening, Ra-
man scattering and self-phase modulation (SPM) . Self-steepening is caused by

14



Section 2.2 15

the dependency of the group velocity of the electric field on the intensity. It
is incorporated into the NLSE Equation 2.8 by the term containing the partial
derivative with respect to time, within the nonlinear section proportional to
γ and the effect distorts an optical pulse travelling within an optical fiber in
that the trailing edge becomes steeper. Raman scattering is of capital impor-
tance for this thesis and, therefore, is described in more detail in the following
subsection 2.2.2. SPM is explained in subsection 2.2.3.

A further, instructive discussion of the (NLSE) (in a reduced form) is given
by (Felice, 2016). The numerical implementation and program used therefore
are discussed in more detail in subsection 2.2.4.

2.2.2 Stimulated Raman Scattering

The most important nonlinear effect in the context of this thesis is stimulated
Raman scattering (SRS). In the following, a short description of the physical
process is given and the mathematical description in the NLSE Equation 2.8
is explained. This description is then simplified to a mathematical model that
is commonly used in the calculations of Raman content of high-power fiber
lasers.

If an electric field interacts with a molecule, it can excite vibrations of that
molecule. As the excitation of the vibration needs some energy, the incident
(pump) photon is transferred into a Stokes photon of lower energy. This effect
is called spontaneous Raman scattering and was originally observed in liquids
and crystals. If a molecular vibration is de-excited and a photon of higher
energy is created, it is called anti-Stokes photon. The energy of the molecu-
lar vibration as well as the efficiency of the Raman scattering depend on the
molecular symmetry and orientation, the binding energy, interaction with the
surrounding material, etc. The Raman spectrum of fused silica (suprasil) and
quartz is shown in Figure 2.3.

The spectral features are much narrower for quartz, as the molecular lattice
is strictly regular and the molecules always show the same angles. In the
amorphous fused silica, on the other hand, a much broader range of molecular
angles exists, which is why the spectral features are much wider. From spectral
measurements of fused silica formed by heavy oxygen or silicon isotopes, it is
possible to identify the vibrations responsible for the different spectral features
(Galeener et al., 1981; Galeener et al., 1983). The lines denoted with R, D1, D2

15



16 Section 2.2

Figure 2.3: Measured Raman spectra of pure melt-quenched silica glass and
of a quartz crystal (adapted from (Kalampounias, 2011)). Anti-Stokes photons
are not depicted.

all stem mainly from motion of the oxygen, not the silicon. The lines D1/2 are
caused by breathing motions of 4- or 3-rings (Barrio et al., 1993). The broad
R-line is caused by a bending motion of the molecule, with the oxygen moving
along the bisector of the bridging angle between the two silicons (Galeener et
al., 1981; Mishchik, 2012). Figure 2.4 illustrates these different motions.

If SRS occurs, the pump photons excite these vibrational motions and a
Stokes photon is emitted. The vibrational motions can be transmitted to neigh-
boring molecules and spread in the material, before they finally dissipate into
heat. Therefore, the speed of this spread and the vibrational lifetime (i.e. the
phonon propagation length) determine where this heat is deposited in the ma-
terial. The phonon propagation length can be vastly different depending on
the material structure: In a crystal structure such as quartz or diamond, it will
be much higher than in an amorphous structure such as fused silica. (Ko-
repanov, 2020) calculated the Raman spectra of silica for different propagation
lengths and could reproduce the main features of the spectra of quartz and
fused silica by changing the phonon propagation length. They determined the
phonon propagation length of fused silica to be around 1 nm. As this length is
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Figure 2.4: Schematic of the molecular vibrations causing Raman scattering
in fused silica. The oxygen atoms are depicted in blue, the silicon atoms in
grey. (a): Motion responsible for the R-line. (b): Motions responsible for the
lines D1/2. Please note that in fused silica many angles θ occur and the rings
depicted in (b) are not planar.

short compared to the usual fiber geometry, it can be concluded that the heat
created by the SRS effect is deposited in the material at the location where the
pump photon is absorbed.

Mathematically, Raman scattering can be characterized by the Raman re-
sponse function R as used in the NLSE (Equation 2.8). Even though the Raman
gain profile depicted in Figure 2.3 is shown in frequency domain, it can also
be expressed in time domain (Stolen et al., 1989). The physical interpretation
is that the electrical field propagating in the fiber perturbs the polarizability of
the glass. This perturbation is caused by two effects. First, the electronic struc-
ture of the molecules is changed due to the electric field. This change happens
on short time scales so it can be assumed to be instantaneous. Second, the
electric field may cause molecular vibrations, which happen on a much longer
time scale. The two effects are included in the nonlinear response function,
that takes the form

R(τ) = (1− fR)δ(τ) + fRhR(τ) (2.10)

with time τ and Raman response hR, that represents the molecular vibrations.
The ratio fR characterizes the relative strength the of instantaneous electronic
and vibrational responses. The actual form of the vibrational response depends
on the dopants used within the glass which can be modeled (Blow et al., 1989;
Hollenbeck et al., 2002; Q. Lin et al., 2006). For this thesis, the simple descrip-
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tion, presented by (Blow et al., 1989), was used to reduce the computational
cost of the numerical calculations. Thus, hR took the form:

hR(τ) =
t2
1 + t2

2

t1t2
2

exp(τ/t2) sin(τ/t1) (2.11)

with time constants t1 = 12.2 fs and t2 = 32.0 fs. The factor fR was chosen to be
fR = 0.18, as in (Hollenbeck et al., 2002). It has to be noted that, even though
the time constants here are in the order of O(10 fs), this is not the lifetime of
the molecular vibrations. The lifetime of these vibrations is much longer, in
the order of O(1 ps) (Korepanov, 2020). In frequency domain these long time
constants give rise to features that are very narrow compared to the Raman
gain presented in Figure 2.3. However, in the glass structure of the optical
fiber, the molecular bonding angles cover a broad range. Thus, many such
narrow gain features combine to the broad Raman gain observed in Figure 2.3.
This broad gain can be approximated by the short time constants O(10 f s).

While the vibrational part of the nonlinear response R (proportional to
fR) describes Raman scattering, its electronic part describes the effects of self-
steepening, that has been explained above, and SPM, that is explained in more
detail in subsection 2.2.3.

At this point, all terms of the NLSE have been described. However, in the
case of a pronounced Raman effect along the optical fiber, the created Stokes
signal co-propagates with the Raman pump and their mutual interaction is de-
scribed by a set of coupled amplitude equations. In the cw-case, and neglecting
loss, dispersion and further nonlinear effects besides SRS, these equations can
be considerably simplified to describe the change in the pump and Stokes in-
tensity IP/S along the fiber (Agrawal, 2013):

dIP

dz
= −gR

ωP

ωS
IP IS (2.12)

dIS

dz
= gR IP IS (2.13)

with the Raman gain coefficient gR. This gain is a measure for how likely
it is that SRS occurs, if both pump and Stokes radiation are present. For fused
silica gR ≈ 1 · 10−13 m/W at a wavelength of λ = 1µm and scales inversely
with the pump wavelength. This can lead, in the case of a high (undepleted)
pump intensity, to an exponential increase of the Stokes intensity. For a beam
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with effective mode area Aeff, instead of using the intensity Ip/S, this growth
can be expressed in terms of power Pp/S, which leads to a evolution of the
Stokes power along the fiber following

PS(z) = PS0 exp
{

gRPpz
Aeff

}
(2.14)

with Ps0 being the initial Stokes seed.

The exponential behavior is especially problematic in high-power fiber
lasers as Pp is large and Aeff small. In those systems spontaneous Raman
scattering creates an initially small Stokes seed that can be strongly amplified.
Through this strong gain, large power fractions can be shifted to undesired
wavelengths and hence SRS is a limitation for high-power fiber lasers (Zervas,
2019). This is discussed in more detail in chapter 3.

On the other hand, the strong and spectrally broad Raman gain can be used
to access wavelengths unreachable by active ion doping, which is explained in
more detail in section 2.4.

2.2.3 Additional nonlinear effects in optical fibers

Subsequently, additional important nonlinear effects present in high-power
fiber lasers are briefly explained, following the descriptions found in standard
textbooks (Boyd, 2008; Agrawal, 2013).

Self-phase modulation

The third order electric susceptibility results in a correction term n2 to the total
refractive index n of the material:

n = n0 + n2 · I (2.15)

where I is the field intensity and n2 is connected to the third order electric
susceptibility by:

n2 =
3χ(3)

8n0
(2.16)

This dependency of the refractive index of the material on the intensity is
called the optical Kerr effect. For fused silica at a wavelength around 1µm,
n2 ≈ 2 · 1020 m2

W (Kabaciński et al., 2019). If we assume an area of the beam of
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A = π(10µm)2 ≈ 300 · 10−12 m2, the optical power necessary for the correction
to reach local values of 10−5 (non-negligible compared to the refractive index
step between fiber core and cladding) are in the order of O(150 kW). These
high values are far beyond the current capability of high-power cw fiber lasers.
However, the interaction length of the electric field with the medium is long in
fiber lasers. Thus, small refractive index differences can add up to significant
amounts, especially if the instantaneous phase of the electric field changes due
to refractive index differences. The nonlinear phase can be estimated by the
B-intergral for a fiber of length L:

B =
2πn2

λ

∫ L

0
I(z) dz (2.17)

This nonlinear phase manifests itself as self-phase modulation SPM. The peak
of an intensity modulation travelling through a fiber experiences a different
refractive index than its flanks (following Equation 2.15) and, consequently,
a different nonlinear phase. As the instantaneous frequency of the light is
the time derivative of the phase, new frequencies are created at the front and
rear flanks of the pulse. This symmetric spectral broadening can be observed
in many narrow-linewidth high-power fiber laser systems (even cw as there
are still resiudal power fluctuations on very short time-scales). SPM is the
main reason for the broadening of the spectral width with an increase of the
output power in a given system. To avoid SPM, the B-integral has to be kept
low, which is why short fiber lengths are preferred (this is valid for all optical
nonlinear effects). This is also the reason why counter-pumping is preferred
over co-pumping, as co-pumping leads to a rise of the intensity earlier along
the fiber.

Four-wave mixing

Four-wave mixing (FWM) is a process where two photons of frequency ω1 and
ω2 are annihilated and two new photons are created with frequencies ω3 and
ω4 in a way that fulfills energy conservation:

ω1 + ω2 = ω3 + ω4 , (2.18)

Momentum conservation has to be fulfilled as well, meaning that the wave-
vectors (or propagation constants, for the same propagation direction) have to
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match:
β1 + β2 = β3 + β4 (2.19)

This so-called phase matching condition is fulfilled thanks to the dispersion
of the given fiber. In fiber lasers degenerate four-wave mixing is often observed,
where ω1 = ω2 and two new spectral features occur symmetrically in fre-
quency around the central line. Such spectral features are observed in some of
the experiments presented in this thesis. However, the efficiency of this pro-
cess is often moderate, which is why the resulting loss in spectral purity can
be tolerated most of the times.

Stimulated Brillouin Scattering

While in the above described effects of SPM and FWM all the energy remains
in the form of (guided) photons, there are also inelastic scattering effects like
SRS. Here a photon scatters with a phonon and a photon of less energy is
emitted. Stimulated Brillouin scattering (SBS) is another inelastic scattering
effect. Its origin is electrostriction, i.e. the tendency of the glass to become com-
pressed in the presence of an electric field. Brillouin scattering can also happen
spontaneously in the form of sponteaneous Brillouin scattering. The latter is
the spontaneous scattering of a photon with a thermally excited acoustic wave
inside the material. The incident and scattered photons than beat with each
other, causing a density variation inside the material through electrostriction.
As density variations correspond to refractive index changes, a moving refrac-
tive index grating is formed within the fiber, with a periodicity corresponding
to the frequency difference between the incident (pump) and the scattered (sig-
nal) photons. This grating can reflect photons, which will reinforce the density
changes, which scatters more photons, etc. This process results in a large sig-
nal pulse travelling within the fiber in the backwards direction. In an active
fiber, this pulse can also be amplified to even higher pulse peak powers. Such
a pulse can cause the destruction of the glass in the fiber core, which not only
destroys the fiber, but can cause severe damage to the whole fiber laser system.

SBS can be detected through an increase of the backwards propagating
power and through the presence of short pulses in this backwards propagating
signal. These methods are used in many experiments presented within this
thesis. Different SBS suppression techniques have been developed (Kobyakov
et al., 2010). In general the SBS gain decreases for shorter fibers, larger core
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sizes and broader spectral pump linewidths.

2.2.4 Numerical illustration of the nonlinear effects

The numerical solutions of the NLSE presented within this thesis are per-
fromed with a commercial software (fiberdesk, 2021) that implements a
split-step Fourier method. For a clear understanding of the non-linear effects
present in an optical fiber, a simulation is presented in the following. Hereto,
the field amplitude of a single Gaussian-shaped pulse with a FWHM of 20 ps,
a peak power of Pp = 5 kW and a central wavelength of 1060 nm is propagated
along 10 m of a passive 20/400µm fiber.

Figure 2.5: Development of the optical spectrum (a) and corresponding pulse
(b) as the signal propagates along a fiber.

The initial optical pulse shape and spectrum are compared to the ones after
5 m and 10 m propagation length in Figure 2.5. There are several effects visi-
ble: First, the optical spectrum experiences significant broadening around the
signal wavelength. This is caused by SPM. In fact, SPM does not only broaden
the spectral peak, but also gives it a symmetric fine structure. This is caused by
the accumulated nonlinear phase shift reaching values higher than Φ = 1.5 π

(Stolen et al., 1978). Additionally, a Raman peak appears at around 1117 nm.
The noisy structure of this peak originates from the initial quantum noise seed,
which will be discussed in more detail later. Furthermore, after propagation,
the temporal pulse shape shows a structure on the leading pulse edge. This
effect and further details of the simulation will be of importance in chapter 3
and will be discussed there.
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2.3 Thermal effects and TMI

This section explains the origin of the heat load within the fiber and then
proceeds to detail the impact of this heat load on the fiber laser.

Heat sources

There are three main processes that lead to heat deposition in the fiber: back-
ground loss, quantum defect and photodarkening.1

Background loss, which is explained in great detail in (Kirchhof et al., 2005),
can be caused by impurities of the glass (mainly OH-content for Yb- and Tm-
doped systems) and all its dopants neccessary, for example, to increase the
solubility of the rare-earth ions (such as Al for Yb). Typical background loss
values in high-power active fibers are in the order of O(10 dB/km) (Kirchhof
et al., 2005). It can, therefore, be neglected for fiber lengths below 20 m.

The quantum defect QD is the energy difference between an absorbed
pump photon and an emitted Stokes photon and can be calculated by:

QD =
hc

λpump
·
(
1−

λpump

λsignal

)
(2.20)

This photon energy difference is deposited in the fiber in the form of heat.
Thus, the heat deposition is strong in places of the fiber where many pump
photons are converted to signal photons. The quantum defect is intrinsic to
the laser process and is a major heat source in fiber laser systems. In fact
it is one of the main reasons for Yb being able to emit the highest output
powers among all rare-earths, since the emission and absorption spectra of the
Yb3+-ion responsible for the laser process are very close together. While the
emission is strong at a wavelength around 1.05µm, the absorption is strong
around 915 nm and both are highly pronounced around 976 nm. This enables
pumping at 976 nm, a wavelength where high-power laser diodes are available,
and emitting around 1.06µm, which leads to a QD of only 8 %.

Photodarkening is an effect which leads to a decreasing output power emit-
ted by the fiber over laser operation time. Thereby, the fiber becomes darker, i.e.
less transparent for the signal light. This is caused by the formation of color

1In Thulium-doped fibers, the quantum efficiency, meaning how many active ions are
excited per pump photon absorption, is relevant as well.
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centers that absorb the light (Koponen et al., 2006). While this absorption is
much stronger in the visible wavelength range, it is still present at a wavelength
of 1µm. Here it is key to realize that the total energy of the absorbed photon
eventually dissipates into heat, which results in photodarkening becoming a
major contributor to the total heat load within the fiber (Jauregui et al., 2015;
Šušnjar et al., 2018). Since the effect is of such high importance, many ways of
mitigation have been studied, such as changing the active doping concentra-
tion or co-doping with other materials (Jetschke et al., 2012; Zhao et al., 2017),
photobleaching (meaning the irradiance with visible light (Cao et al., 2019)) or
loading with hydrogen (Engholm et al., 2008) or deuterium (Zhao et al., 2019).

Consequences of the thermal load

The high thermal loads in a fiber created by either absorption, quantum defect
or photodarkening have several effects on the laser performance. To reduce
the heat load through absorption, a clean environment is necessary during the
production of the high-power fiber and laser system. The same holds true
for all optical surfaces and coatings that the high-power beam encounters. A
temperature increase here leads to a thermal lens, since the refractive index of
fused silica is dependent on the temperature T via the thermo-optic coefficient dn

dT .
Such a thermal lens results, for example, in a power-dependent change of the
beam focusing, which is highly undesirable. However, a thermal lens can also
form inside of the fiber via the same thermo-optic coefficient, as the refractive
index profile determines the shape and number of the guided core modes,
as described in subsection 2.1.1. In that case, the heat deposited in the fiber
core increases its temperature, which raises the temperature of the other fiber
regions through heat transfer. The temperature distribution is time-dependent,
but since the optical fibers are long and thin, a thermal steady state is quickly
reached in single-mode operation (Davis et al., 1998). In the case of the heat
density Q being deposited only in the fiber core (e.g. neglecting any pump
background loss), and neglecting the fiber coating, an analytic formula for the
refractive index change of a fiber with core radius a and cladding radius b was
derived (Brown et al., 2001) as a function of the radial position r. For the fiber
core:

∆n(r) = Q
dn
dT

a2

4k

(
1 +

2k
bh

+ 2 ln
(b

a

)
− r2

a2

)
(2.21)
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where k denotes the thermal conductivity and h is the heat transfer coefficient
between the cladding and the outer region. For the fiber cladding on the other
hand:

∆n(r) = Q
dn
dT

a2

2k

(
k

bh
− ln

( r
b

))
(2.22)

In the derivation of these formulas, stress induced into the glass by a refractive
index change has been neglected. The equations show that the refractive index
change in the core acquires a parabolic profile with the radius, whereas it
decreases in a logarithmic way in the cladding. It also becomes clear that
extreme fiber cooling (increasing h) is of limited use, since it only effects the
refractive index offset but not its radial profile. This refractive index change
causes a shrinking of the modes - a thermal lens within the fiber (Jansen et al.,
2012).

For fused silica, the thermo-optic coefficient amounts to dn
dT ≈ 10−5 1/K

(Rocha et al., 2016), the heat conductivity is k = 1.38 W/(m ·K) and the heat
transfer coefficient for forced liquid flow cooling h = 10000 W/(m2 ·K) (Daw-
son et al., 2008). For the 20/400µm fiber used throughout this thesis, at a heat
load of 30 W/m, corresponding to a heat density of Q ≈ 9.6 · 1010 W/m3, this
leads at an exemplary distance of 5µm from the fiber axis to a refractive index
change of approximately:

∆n(r) = 1.4 · 10−4 (2.23)

This value is not negligible compared to the index step in this fiber, which was
measured to be ∆n ≈ 1 · 10−3. Thus, the heat load can increase the V-number
of the fiber and a single-mode fiber can become a fiber that allows for multi-
mode guidance, which is neatly explained in (Mafi, 2020) and in (Hansen et al.,
2011) 2. Besides the radially symmetric refractive index increase of the core
given by Equation 2.21, a non radially symmetric refractive index change can
occur. The change can give rise to an effect which will be examined in main
parts of this thesis: Transverse mode instability (TMI). This effect, introduced
in more detail in the following section, is usually more critical than thermal
lensing (Zervas, 2019), but thermal lensing can delay the onset of TMI (Dong,
2016).

2Even in a fiber that allows multi-mode guidance, a clear excitation of a single mode can
cause this mode to be dominant. In reality there is usually a non-negligible coupling between
different modes through fiber bending or impurities and shape irregularities.
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Transverse mode instabilities

The effect of Transverse mode instability (TMI) causes a sudden degradation
of the beam quality, once that an average power threshold has been reached.
After the onset of TMI, the emitted beam profile fluctuates between differ-
ent transverse modes on a millisecond time scale, usually in an unpredictable
manner. This effect has been known for about a decade (Eidam et al., 2011)
and has severely hampered the performance scaling of fiber lasers (Jauregui
et al., 2020a). The effect has been mainly studied in Yb-doped systems, but
has been theoretically predicted for Tm-doped amplifiers (A. V. Smith et al.,
2016) and was recently observed in such a system (Gaida et al., 2021). TMI
has been observed for continuous-wave and pulsed operations at high average
powers (Beier et al., 2018; Eidam et al., 2011). The most common technique to
determine the TMI threshold is to sample the output beam with a photodiode
(Otto et al., 2012). If the beam profile is stable, no temporal signal variation is
detected. In the case of TMI, strong intensity fluctuations are measured on the
photodiode signal. To rule out the possibility that output power fluctuations of
the laser system are responsible for the measured intensity variation, a second
photodiode that measures the whole beam can be deployed. In the following,
the current theoretical understanding of TMI is summarized.

For TMI to appear, there must be at least two modes in the fiber, e.g. the
fundamental mode (FM) and a higher order mode (HOM), that are for simplic-
ity hereafter identified with the previously shown LP01 and LP11, respectively.
An interference of these modes leads to regions with high intensity and re-
gions with low intensity in the transverse cross section of the fiber. Since these
modes have a different effective refractive index, they form a beating intensity
pattern along the fiber. In regions with high signal intensity, more pump pho-
tons are converted. Consequently, those regions experience a higher heat-load
via the quantum defect, which leads to an increase of the refractive index in
these regions. In that way, the original mode interference pattern (MIP) leads
to a refractive index grating (RIG) (Jauregui et al., 2012).

This RIG has the periodicity of the MIP, as it is caused by the latter. Thus it
acts as a long-period grating. Such a long-period grating can transfer energy
from one mode to the other, but only if a phase-shift exists between it and the
mode interference pattern (A. V. Smith et al., 2011). The sign of this phase
shift determines the direction of the energy transfer. For a positive phase shift
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between the RIG and the MIP (i.e. the MIP is located earlier along the fiber
than the RIG), the energy is transferred to the FM, while it is transferred to
the HOM for a negative phase shift (Ward et al., 2012; Stihler et al., 2018).
The modal coupling efficiency depends on both, the strength of the RIG and
the amount of the phase shift. It has to be noted that for a given refractive
index perturbation, the coupling efficiency from one mode to another decreases
with the signal wavelength (Dong, 2013; Hansen et al., 2013). Furthermore, it
is expected that an existing RIG does not only act upon the precise signal
wavelength, but that its effect has some spectral width. Unfortunately, to date,
no experimental study into the spectral width of the formed RIG has been
presented.

In summary, the process of TMI happens as follows: Below the threshold
power both MIP and RIG are present, but the RIG is too weak and/or the
phase shift is too small to enable energy transfer between the modes. Once
the power reaches the TMI threshold and the RIG is strong enough for a given
initial phase shift, there is an initial energy transfer from FM to HOM. This
changes the MIP present in the fiber, which causes the local heat load to
change, which causes the RIG to adapt. The adaptation takes some time in
the order of O(0.1 ms). This adaptation leads to a weaker phase shift resulting
in less energy being transferred from the FM to the HOM. As the MIP adapts,
in turn, to the new RIG, even a positive phase shift is possible resulting in an
energy transfer from HOM to FM. As a result of this continuous movement
of the two gratings, a fluctuating mode composition can be seen at the fiber
output. The thermal adaption time determines the fluctuation frequency in the
kHz-region.

For this dynamic to happen, there has to be an initial phase shift. The ori-
gin of this initial phase shift is still debated (Jauregui et al., 2020a), but the
most plausible one is intensity noise in either the signal or the pump. The TMI
threshold could be significantly decreased in an experimental system with a
modest increase of the pump intensity noise (Stihler et al., 2020). Figure 2.6,
adapted from (Stihler, 2020) shows the formation of the RIG along a counter-
pumped fiber core. Due to the counter-pumping, the signal intensity increases
towards the fiber end and, thus, the MIP (a) is strongest there. This MIP re-
sults in a periodic pattern of the active ion inversion profile (b). In regions with
strong signal intensity (maximum of MIP) many pump photons are converted
to signal photons, leading to a low active ion inversion. Consequently, those re-
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gions experience a high heat load resulting in a strong temperature grating (c)
along the fiber. In the steady state presented here, the RIG directly mimics the
temperature grating. To enhance the visibility of the RIG, the parabolic profile
from Equation 2.21 was subtracted.

Figure 2.6: Exemplary modal interference pattern (intensity) created by the
beating of the LP01 and the LP11 modes (a), corresponding inversion profile
(b) and the resulting temperature/ refractive index grating (c) for a counter-
pumped fiber. All profiles are normalized. Figure reproduced with kind per-
mission from (Stihler, 2020).

Having understood the physical origin of TMI enables understanding the
different experimental mitigation strategies proposed. They either act upon
the MIP, the RIG or the phase shift.

A reduction of the phase shift is possible through noise reduction as de-
scribed above. The phase shift can also be actively controlled for example by
driving the laser in burst mode (Jauregui et al., 2020a). During the burst, the
temperature of the fiber rises, a positive phase shift is achieved. Between two
bursts, the fiber cools down, a negative phase shift occurs, but is not critical as
there is no emission between the bursts. The temporal burst length however, is
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not freely variable. Further techniques to control the phase shift are currently
being developed (Jauregui et al., 2020b).

Another approach to mitigate TMI is to minimize the RIG by reducing the
heat load. This can be achieved by reducing the quantum defect through tan-
dem pumping (Zervas, 2019) or by minimizing the photodarkening (Johansen
et al., 2013; Jauregui et al., 2015). Additionally, the refractive index also de-
pends on the longitudinal absorption of the pump. Consequently, the ratio
of co- and counter-pumping can also become important (T. Li et al., 2018).
Decreasing the local heat load is also possible by decreasing the local pump
absorption. This can be achieved for example by a lower active dopant concen-
tration or a pump wavelength detuning. The dependency of the TMI thresh-
old on the pump wavelength was shown both experimentally and theoretically
(Tao et al., 2015c; Tao et al., 2015b; Jauregui et al., 2016). However, to achieve a
similar amplifier efficiency, a lower local pump absorption has to be accompa-
nied by an increased fiber length. In that way, the longer the fiber length, the
higher the TMI threshold. The TMI threshold of a fiber could be significantly
increased by increasing the fiber length (Beier et al., 2018).

The RIG can also be actively washed out, for example by pump power
modulation which significantly increases the beam quality above the usual TMI
threshold (Jauregui et al., 2018). However, the phase shift is only positive in one
half of the modulation cycle, and FM operation is not continously achieved.

The third possibility is to reduce the MIP. A relatively new possibility to
achieve this, is using polarization maintaining fibers, in which linear polarized
light is coupled with an angle of 45 to the fiber polarization axes (Lai et al.,
2020; Jauregui et al., 05.03.2021). Since the beat length of the FM and HOM is
different in the two axes of the fiber, the MIP is periodically washed out. An-
other way to reduce the MIP is to reduce the HOM content. An increase of the
TMI threshold was achieved through HOM content reduction by either directly
lowering the V-number of the fiber or by bending of the fiber (Tao et al., 2015a;
Beier et al., 2017a; Beier et al., 2018). A reduction of the V-number is possible
through a lower NA or a smaller core size as seen in Equation 2.6. Lowering
the fiber NA decreases the guiding strength, which increases the fibers suscep-
tibility to bend losses and, therefore, requires larger bending diameters. This
can be undesirable as it increases the packaging size of the laser system. A
smaller core size, on the other hand, enhances nonlinear effects as discussed in
the previous section.
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Despite this large set of TMI mitigation strategies, to date, the effect of TMI
remains a challenge and further scaling the output power of fiber lasers still
requires carefully balancing TMI and nonlinear effects, notably SRS. Indeed,
the two effects are not independent of each other and the interplay between
TMI and SRS is studied in detail in chapter 5. This interaction is especially
important in cases where a strong SRS effect is present. This is the case in
Raman fiber amplifiers that are described in the next section.

2.4 Raman fiber amplifiers

As mentioned in section 2.1, the wavelengths accessible by usual fiber lasers are
limited to the emission regions of the active dopants used. These are mainly
the comparatively small bands around 1.05µm (Yb), 1.55µm (Er) and 1.8 −
2.2µm (Tm). The output power of Yb-doped fibers is much larger than for
other rare-earth ions (Zervas et al., 2014). One reason for that is the relatively
small quantum defect in Yb, which leads to a high efficiency and low thermal
load as explained in section 2.3. However, the wavelength band of Yb-doped
lasers has a severe drawback: the damage caused by light to the human retina
is much more critical at 1µm than at wavelengths beyond 1.4µm. Eye safety
is crucial for many applications that require laser transmission through open
air such as laser radar, remote sensing and rangefinding (Hecht, 2008). SRS
offers a possibility to overcome these obstacles as it enables an energy transfer
to longer wavelengths, albeit with some energy loss through the additional
quantum defect. This technique is used in a Raman fiber amplifier (RFA). It is
worth noting that the Raman shift can also be used multiple times and systems
using this are called cascaded Raman lasers.

RFA operate in a similar way as rare-earth doped fiber amplifiers: a low-
power seed signal (for example generated by an external cavity diode laser)
and the signal of a high-power pump are fed into an optical fiber. Here, the
seed is amplified following Equation 2.13 to high output powers. The broad
R-line of the Raman gain gR (see Figure 2.3) is benefitial for this, as it enables
tuneability of the Stokes wavelength with the same pump wavelength. A stan-
dard application is generating a Stokes wavelength of 1176 nm, which can then
be frequency-doubled to interact with the sodium-line, which is useful to cre-
ate a laser guide star for adaptive optics in astronomical observatories (Feng
et al., 2009; Enderlein, 2020). Another import application of Raman lasers is
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in-band, high-brightness pumping of other fiber lasers, especially Er-doped
ones (Nicholson et al., 2010; Zhou et al., 2017). Here the QD in the last am-
plifier stage can be reduced from 40 % (laser diode pumping) to 4 % (in band
pumping). These applications demand high-power Raman lasers, which is
why they attracted substantial research interest, which has resulted in several
kW-level RFAs with beam quality M2 > 2.5 having been reported recently
(Glick et al., 2018; Chen et al., 2020a). A better beam quality of M2 ≈ 1.5
was achieved by a hybrid Yb-Raman system with a record output power of
3.9 kW, albeit with a very large 3 dB-linewidth of 7.6 nm due to the long total
active fiber length of 50 m. Very recently another hybrid Raman fiber amplifier
with smaller linewidth showing kW level output powers was reported, limited
by the onset of TMI (Zhang et al., 2020). Chapter 4 includes investigations
on a narrow-linewidth RFA with excellent beam quality, before a high-power
RFA is implemented and the interplay between SRS and TMI is investigated in
chapter 5.
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3 Dependence of SRS content on
spectral linewidth of broad-band
cw light

High-power, few-mode fiber laser systems are inherently prone to nonlinear
optical effects due to the high field amplitudes propagating in the fiber and
the long interaction length with the fiber as described in section 2.2. Among
these nonlinear effects, SRS plays an important role, since it is a performance
limitation of fiber lasers with good beam quality (M2 < 1.5) as shown by
(Zervas, 2019).

The SRS process is especially relevant for continuous wave multi-
longitudinal mode fiber laser sources and in particular for high-power fiber
oscillators. These oscillators have shown record output powers of more than
5 kW in the Yb-gain region and are currently limited by SRS (Möller et al.,
2018; Liu et al., 2016). Consequently, the main goal in these systems is to
reduce the SRS content.

An approach to achieve this goal is to introduce long period gratings into
the fiber. These gratings act as a spectral filter for the Stokes signal (Jansen
et al., 2009). However, they have some insertion losses at the signal wavelength
and may reach critical temperature levels. During the course of this thesis,
improved long period gratings were tested in a high-power fiber laser system
(Heck et al., 2018). The grating was written into a passive fiber, that was spliced
to the output end of the laser system. It was found that the grating experienced
a thermal load of about 21 K/kW, and suppressed up to 98 % of the signal at
resonance. Unfortunately, the resonance of these gratings is rather narrow and,
therefore, the overall reduction of Stokes content was approximately 50 %. A
further filtering would require additional gratings, as the filtering effect scales
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linearly. The filters work more effectively when placed along the amplifica-
tion fiber (Jansen et al., 2010), however, up to date, the gratings can only be
directly written into the passive fiber if high heat-loads or insertion losses are
to be avoided. Consequently, this spectral filtering technique is not likely to
be widely adopted as long as writing the filters in the active fiber -preferable
through the fiber coating- is deficient.

Another way to reduce the SRS content of high-power fiber oscillators is
to change their spectral width. Prior to this thesis, it was experimentally ob-
served that the spectral width of the output grating of such a fiber oscillator
influences the Raman content by several orders of magnitude (Schreiber et al.,
2014). However, there has not been an explanation for this behavior until now.
In this section, such an explanation will be given. Thereto, the influence of
the spectral width of cw lasers on the SRS content is reviewed in section 3.1.
It will then be explained and quantified with a simple analytical model and
an enhanced walk-off model is presented in section 3.2. The application do-
main and boundary conditions of the model are detailed in subsection 3.2.1.
Furthermore, the influence of the temporal field characteristics on the Raman
content is investigated in more detail in subsection 3.2.2. Several aspects that
have to be followed for the correct simulation of SRS are also discussed.

Finally, a conclusion is drawn in section 3.3 that gives guidelines for future
fiber laser systems.

3.1 Recent research on the influence of spectral grat-

ing width of cw lasers on the SRS content

It has been experimentally discovered that the Raman content of high-power
fiber oscillators depends on the spectral width of their grating (Schreiber et
al., 2014). In the experiment, a 20 m long, 20/400µm Yb-doped fiber with
an FBG on each side formed an oscillator. One grating had a reflectivity of
99 % and a spectral width of 3.5 nm. The second grating had a reflectivity
of 10 % and a spectral width of 1.5 nm, 0.5 nm or 0.04 nm. Additionally, the
oscillator was tested without an output grating, with the broad-band Fresnel
reflection serving as the oscillator feedback. The observed SRS content at an
output power of 760 W ranged approximately from 3 % (narrowest grating) to
2 × 10−5 % (Fresnel relfection).
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The observation of the bandwidth-dependence of the Raman content was
experimentally confirmed by (Liu et al., 2016). The observation was extended
to different spectral shapes (Brochu et al., 2017; Wang et al., 2017; Xu et al.,
2017) and chirp-moiré fiber Bragg gratings (W. Lin et al., 2018). In master os-
cillator power amplifier systems, the influence of different seed sources was
also studied (Liu et al., 2017). In the above-cited works, the temporal charac-
teristics of the Raman pump field have attracted more and more attention and
promising attempts to directly control the temporal characteristics to suppress
SRS have been made (T. Li et al., 2019). There, different seed oscillators were
amplified to output powers in the kW-level. It was specifically noted that the
length of the temporal features of the field amplitude is important. A field
with fewer, longer features will result in a higher SRS content than a field with
more frequent but shorter features. This thesis shows that walk-off between
the Raman pump and the Stokes signal can explain the observed behavior.

3.2 Derivation of an analytical cw SRS model incor-

porating walk-off

A closer look at the simulation shown in Figure 2.5 suggests that walk-off
plays an important role in the Raman process. This is because the depicted
pulse develops a structure on its leading edge as it propagates through the
fiber. Crucially, if the Raman effect is switched off in the numerical calculation,
this structure does not appear. Therefore, it stems from a superposition of
the Raman pump and the Stokes signal. Qualitatively this behavior can be
described in the following way: As the Stokes signal travels faster along the
fiber, it overlaps with the leading edge of the pump pulse. There, the Raman
pump intensity is significantly lower, which results in a lower Raman gain of
the Stokes signal.

Describing this effect quantitatively is more difficult since the NLSE (Equa-
tion 2.8) incorporating the effect of Raman scattering and walk-off does not
have an analytical solution for arbitrary input fields. Therefore, describing the
influence of walk-off in a fiber on SRS usually requires numerically solving
Equation 2.8, which is very time consuming. For example, the numerical illus-
tration presented earlier in Figure 2.5 took several hours to complete. However,
(Christodoulides et al., 1989) derived an analytical formula in the case of a sin-
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gle pulse propagating along a fiber, causing SRS and undergoing walk-off, in
a loss-less case without pump depletion. Equation (38) in (Christodoulides et
al., 1989) describes the intensity profile of a resulting Stokes pulse. Integrating
over this pulse would give the total Stokes power, but this is not possible in
an analytically simple form. However, in equation (40), (Christodoulides et al.,
1989) the peak intensity IS,max of the Stokes pulse is given, which is linked to
the Raman pump pulse duration τ and given by equation:

IS,max(z) = s0 · exp
(

a · τ · tanh
b(z)

τ

)
(3.1)

where
a =

2 gR PP

Aeff D ∆λPS
(3.2)

and
b(z) =

D ∆λPS z
2

(3.3)

with Raman gain coefficient gR, effective mode area Aeff, fiber dispersion D,
Raman pump peak power PP, wavelength difference between Raman pump
and Stokes ∆λPS, fiber position z and initial Stokes intensity s0. The Stokes
peak power follows from this equation through an integration over the mode
area, replacing the initial Stokes intensity with the initial Stokes power. The
total Stokes power Ps can then be approximated by introducing a parameter
k that takes into account that the Stokes pulse has an average intensity below
Is,max:

Ps = P0 · k · exp
(

a · τ · tanh
b
τ

)
(3.4)

Here, P0 is the initial total Stokes power. In the limit case of no walk-off, mean-
ing D · ∆λPS → 0, the hyperbolic tangent can be approximated by a linear
function, leading to the common formula for the Stokes power, Equation 2.14.
Equation 3.4 was used to calculate the Stokes power for single pulses of dif-
ferent duration τ propagating through 10 m of fiber. The fiber parameters can
be found in Table 3.1. The central wavelength was 1060 nm and the pulse peak
power was PP = 5 kW.

This problem was also calculated numerically by solving the NLSE with the
help of a commercial software (fiberdesk, 2021), that implements a split-step
Fourier method. In the numerical model the power in the spectral region of
the first Stokes between 1099 nm and 1124 nm was integrated after propagation

35



36 Section 3.2

Table 3.1: Parameters used for the analytical model

Parameter Value

Fiber length 4 m, 6 m, 8 m, 10 m

Fiber dispersion D = −27.5 ps/nm/km @ 1060 nm

Aeff 227 µm2

∆λPS 51.5 nm

gR 0.8 · 10−13 m/W

to obtain the Stokes power PS. This spectral region corresponds to a Stokes
shift between 10 THz and 16 THz, so it covers the first peak of the Raman
gain curve, shown previously in Figure 2.3. These boundaries are somewhat
arbitrary, and others could be chosen, as long as they are broad enough to
include most of the Raman scattered signal. Additionally, it is necessary to
consider that a broader spectral range is more robust against noise. The noise
(also visible in the spectrum shown in Figure 2.5) stems from two effects: there
is the numerical noise (which is negligible) and there is the initial quantum
noise, which has to be especially considered.

In the simulation tool quantum noise is modeled by adding one photon of
random phase to each numerical bin. This method is widely used since the
early days of optical fiber technology (R. G. Smith, 1972). It takes into account,
that stimulated Raman scattering is not the only Raman process happening
along the fiber, but that there is also spontaneous Raman scattering. However,
the net result of the amplification of all this spontaneous Raman scattering
along the fiber is equivalent to the injection of a single (fictional) photon at
the fiber input (R. G. Smith, 1972). It has to be mentioned that, in the deriva-
tion of this result, the approximation of a long enough fiber (compared to the
Raman pump absorption) is used. Hereby it can be demonstrated that this
quantum noise model is not valid and over-estimates the Stokes content in the
first part of the fiber. However, for the cases studied within this thesis, this
approximation is fulfilled.

The initial noise disturbs the calculation of the Stokes content: While the
spectral integration takes every Stokes photon into account, only those that
have a temporal overlap with the initial Raman pump pulse act as seed for
the SRS process. If T is the total time window length, only a fraction of τ/T

36



Section 3.2 37

Stokes photons act as the Stokes seed. Therefore, the Stokes power calculation
Equation 3.4 becomes:

PS = P0
τ

T
· k · exp

(
a · τ · tanh

b
τ

)
+ P0 · (1−

τ

T
) (3.5)

The added term proportional to P0 takes into account that in the numerical
model, all noise Stokes photons will be accounted for in the spectral integra-
tion, for example even in the case without any fiber propagation in which no
SRS occurred.

To compare the numerical simulations and the analytical formula, the
Stokes power was calculated with both methods for different fiber lengths at a
Raman pump peak power of PP = 5 kW. The fixed peak power (incorporated
in parameter a of Equation 3.5) leads to different average powers, if the
pulse duration is varied. Therefore, the resulting Stokes power increases
linearly with pulse duration in the cw limit case of very long pulses where
walk-off does not play a role. Which pulse durations belong to this limit case
is discussed in more detail in subsection 3.2.1. The pump power and fiber
lengths were chosen in such a way, that no pump depletion was observed in
the numerical simulation, i.e. the Stokes power stayed below 1 % of the pump
power.

The resulting Stokes Power as a function of the pulse duration is shown in
Figure 3.1 alongside the results of Equation 3.5.

The numerical simulations are in agreement with the analytical formula.
The fitting parameter was found to be k = 0.016 for 10 m propagation length.
The agreement indicates that the walk-off between the Raman pump and the
Stokes signal plays an important role in determining the SRS content at the
fiber output. This is because the Stokes light travels faster along the fiber
than the pump light, which means that for short pump pulse durations, it will
quickly walk-off the pump pulse. Therefore, the pump pulse does not serve as
seed for further SRS. This result is analogous to using gratings that filter out
the Stokes signal along the amplification fiber, since a lower Stokes seed signal
leads to a nonlinear decrease of the Stokes output signal. Thus, the SRS content
is strongly dependent on the pump pulse duration and can vary by several
orders of magnitude. While this holds true for single pulse propagation, it is
also applicable to the cw case, as demonstrated in the following.

The propagation of a cw-field through a passive fiber was simulated with
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Figure 3.1: The Stokes power PS is shown over the pulse duration (FWHM) of
transform limited Raman pump pulses with a center wavelength of 1060 nm
and a peak power of 5 kW, after propagation through a fiber with parameters
as listed in Table 3.1.

the parameters of Table Table 3.2.

The pump field consisted of an average power of Pavg = 2.0 kW with a
gaussian spectrum centered at 1060 nm. Its phase was defined using a phase
diffusion model following (Frosz, 2010). The phase Φ at each time t is given
by:

Φ(t) =
∫ t

∞
νR(x) dx (3.6)

where νR is Gaussian white noise. The variance of this white noise is related
to the spectral linewidth of the field. This phase diffusion model (which is a
random-walk model) results in fields with distinct temporal features, which is
a good approximation to multi-longitudinal mode sources. The influence of
different models will be discussed later in subsection 3.2.2. Figure 3.2 (a,b)
shows exemplary excerpts of those temporal fields for two different band-
widths of the pump field. While they have the same average power, the spec-
trally narrower one has clearly longer temporal features.

Such fields are then propagated along a passive fiber with the parameters
given in Table 3.2. The corresponding spectra after propagation are shown
in Figure 3.2 (c,d). These spectra contain two main differences. First, the
one corresponding to the short temporal features exhibits significantly more
spectral broadening due to self-phase modulation, as expected (Turitsyn et al.,
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Figure 3.2: Two exemplary sections of temporal Raman pump field distribu-
tions before propagation with spectral width of a) 551 pm and b) 165 pm and
the corresponding spectra after propagation (c,d). The field with shorter peaks
(i.e. the one with the broader bandwith) leads to significantly more self-phase
modulation and lower SRS, which also results in a lower four-wave mixing
(anti-Stokes) spectral feature. The gray area marks the region from which the
SRS content is calculated. Excerpts of the fields (a,b) are shown in (e,f) together
with the temporal Stokes signal fields after 5 m and 10 m of propagation. It
has to be noted, that the Stokes signal fields are not plotted to the scale of the
pump fields, as the Stokes content is much lower (no pump depletion). Walk-
off causes the Stokes to leave the Raman pump peak, which occurs earlier for
the spectrally broader case.
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Table 3.2: Parameters used for the numerical model

Parameter Value

Center wavelength 1060.0 nm

λmin, λmax 897.5 nm, 1294.3 nm

Time window length 1280 ps (217 points)

gmax
R

simple Lorentz model (Blow et al., 1989)
τ1 = 12.2 fs , τ2 = 32.0 fs
corresponding to 0.8 · 10−13 m/W

fR 0.18

Quantum noise 1 photon with random phase per bin

Fiber parameters equal to the analytical model, see Table 3.1

2011). Second, it contains a significantly lower SRS content. This is due to
walk-off, which becomes clear from Figure 3.2 (e,f) that shows details of the
temporal fields at the fiber input (a,b) together with the Stokes signal after 5 m
and 10 m of propagation. It can be seen that the Stokes signal is on the leading
(left) edge of the pump peaks and leaves the Raman pump peaks with further
propagation. In the spectrally narrow case, this is less pronounced, since the
temporal peaks are longer. Here, after 10 m propagation, the Stokes signal is
on the leading edge of the Raman pump. In the spectrally broad case on the
other hand, it has completely walked-off the Raman pump pulse after 10 m of
propagation. It has to be noted that the peak position in the total temporal
field does not change with propagation as the time frame is moving with the
group velocity of the central wavelength.

To quantify the effect of walk-off, the Stokes power PS is calculated nu-
merically as the fraction of power in the spectral region of the first Stokes as
explained above. The results are shown as dots in Figure 3.3.

In order to apply the analytical equation of the single pulse propagation to
the cw case, the rigorous way would be to calculate the Stokes power for every
pulse i in the cw-field with equation (3.5) and then perform the sum:

PS,tot = ∑
i

PS,i (3.7)

However, this would require to identify and separate all different pulses in
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the cw-field, which would be impractical. Instead, a characteristic peak power
and duration is chosen for each field. The statistics of the temporal field is
left unchanged for now, but it will be manipulated in subsection 3.2.2. Here,
the characteristic peak duration τchar is connected to the spectral width ∆λ,
that describes the different temporal fields. This is done with a parameter k′,
according to:

∆λ = k′/τchar . (3.8)

This parameter follows from the phase diffusion model Equation 3.6 and, in
this case, k′ = 1655 ps · pm. The characteristic power Pchar is the average power
of a pulse in the cw-field Pavg, to be consistent with the the conventional model
Equation 2.14, in the limit case without walk-off (e.g. for short fiber lengths).
To describe the cw case, Equation 3.4 then becomes:

PS = fp · exp

2 gR Pchar k′ ·
(

tanh D ∆λPS z
2 k′ · ∆λ

)
Aeff D ∆λPS · ∆λ

 (3.9)

with a free parameter fp that can be fitted by a first experiment or simu-
lation of the laser setup of interest at any given spectral width. Here, 15 nu-
merical points have been used to fit the parameter fp of the analytical model,
independently for each fiber lengths.

With this, one can calculate the Stokes power as a function of the spectral
width, which is shown in Figure 3.3 in comparison to the numerical values for
different fiber lengths. While the analytical formula and the numerical values
describe the same general behavior, there are some discrepancies, especially
for broad spectra and long fiber lengths, which will be discussed in subsec-
tion 3.2.1. For shorter fiber lengths, less power is transferred from the Raman
pump to Stokes. Furthermore, the effect of walk-off is smaller for shorter fiber
lengths, as expected. After 10 m fiber length, both approaches describe a reduc-
tion of the Stokes power by several orders of magnitude for broader spectral
widths.

It becomes clear that walk-off between the Raman pump and the Stokes
signal is of crucial importance for the amount of Stokes signal created in a
high-power continuous wave Yb-doped fiber laser.

This model was compared with the data presented in the previously men-
tioned experiment by (Schreiber et al., 2014). The experimental parameters and

41



42 Section 3.2

Figure 3.3: The mean Stokes power after propagation over the spectral width
(FWHM) in the cw case for both the analytical and numerical models. For the
propagation, the parameters of Table 3.1 (analytical) and Table 3.2 (numerical)
have been used. For each numerical point, at least 20 field initializations have
been performed, which mean value is plotted. The error bars are the standard
deviation of the mean values.

analytical parameters can be found in Table 3.3.

It has to be noted, that the experiment compares different high-power fiber
oscillators, which does not precisely match the theoretical model, as the av-
erage power is not uniform but increasing along the fiber. The parameters of
Table 3.3 are used to calculate the Stokes content with the enhanced walk-off
model following Equation 3.9. Since the enhanced walk-off model has one free
parameter fp, this parameter was fitted to ≈ 5 · 10−7 · Pavg to best match the
experimental data.

The resulting Stokes content in comparison to the experimental data is de-
picted in Figure 3.4. There, the conventional model following Equation 2.14 is
also drawn with a Stokes content matching to the enhanced walk-off model for
narrow spectral width.

The conventional model does not incorporate a dependency of the Stokes
content on the spectral width and therefore fails to describe the experimental
situation. The enhanced walk-off model fits significantly better. There is still
some discrepancy between this model and the experimental data, possibly due
to the longitudinal power increase in the experiment. Furthermore, the analyt-
ical model neglects experimental details like slightly different output powers
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Table 3.3: Parameters of the experimental source (Schreiber et al., 2014) and
the analytical model.

Parameter Value

Fiber length 20 m

Fiber dispersion D = −27.5 ps/nm/km

Mode area Aeff 227 µm2

∆λPS 51.5 nm

gR 0.8 · 10−13 m/W

Average power Pavg 760 W

k′ 1655 ps · pm

Figure 3.4: The Stokes content over the spectral width (FWHM) for the exper-
imental data of (Schreiber et al., 2014) in comparison to the calculated Stokes
content form the conventional model and the enhanced model developed in
this thesis.
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(and effective lengths) of oscillators with different spectral grating width and
differences in reflectivity. However, it becomes clear that accounting for walk-
off with the analytical model developed here is a substantial improvement and
largely explains the experimental observation. This underlines the importance
of walk-off between the Raman pump and the Stokes signal in high-power
continuous wave Yb-doped fiber lasers.

3.2.1 Application domain of the analytical model

As the derivation of Equation 3.1 presented in (Christodoulides et al., 1989)
requires a case without pump depletion this model is restricted to low Stokes
contents. As Stokes contents of 1 % of the total output power are already trou-
blesome for many applications, this assumption is often fulfilled. Therefore,
the above described model is applicable in the case where a low SRS content
is intended and SRS is the main factor limiting a further power scaling of the
Raman pump signal. Crucially, this includes high-power fiber oscillators, as
mentioned above. MOPA systems comprising a fiber oscillator as seed source
followed by several meters of active fiber are also prone to the walk-off effect.
In both cases, the typical active fiber length is in the order of O(10 m) and the
transport fiber length in the order of a few meters (oscillators: (Möller et al.,
2019; Yang et al., 2018a; Yang et al., 2018b), MOPA setups: (Hejaz et al., 2017;
Fang et al., 2017; T. Li et al., 2018)). As mentioned above, in these systems the
walk-off effect is relevant and the above described analytical model is applica-
ble. However, this is not the case for very long fibers. In order to understand
this, it is worth examining the two limit cases of a very short and very long
fiber. In a very short fiber no walk-off takes place. In a very long fiber on
the other hand, the walk-off is so large that it will cover several temporal fea-
tures. A suited parameter to describe the application regime of the model is
the walk-off time tw. It is calculated by the fiber length L, the dispersion D and
the wavelength separation of Raman pump and Stokes ∆λPS:

tw = L · D · ∆λPS (3.10)

This time should be smaller than the average separation time between two
Raman pump peaks tsep to prevent that the Stokes signal generated by a first
Raman pump peak seeds a subsequent Raman pump peak. This time separa-
tion is inversely proportional to the spectral width: tsep ∝ 1

∆λ . The temporal
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fields of Figure 3.2 illustrate that as well.

For fused silica, the dispersion at a wavelength of approximately 1µm is
about D = −27.5 ps

nm·km . For a propagation of 5 m, this leads to tw ≈ 7.6 ps. The
temporal fields depicted in Figure 3.2 (e,f) show the Raman pump peak sepa-
rations and the walked-off Stokes signal. After 5 m of propagation, the Stokes
peak has not yet reached a second Raman pump peak. The relation between
walk-off time and pulse separation time explains why the analytical model is
less accurate for long fiber lengths and broad spectra: These conditions enable
reaching a second pump peak.

If, on the other hand, tw is much shorter than the characteristic peak du-
ration τavg, walk-off will only have a minor effect. This is the case for a very
short fiber. This can be seen in the saturation of the Raman content in Fig-
ure 3.1 for long peak durations. There, the Stokes content approaches the
single-longitudinal mode cw limit of Equation 2.14.

Another limit of the model is that it does not easily allow comparing laser
sources with different temporal field characteristics, which will be discussed
in the following.

3.2.2 Temporal field characteristics of cw lasers

In the derivation of Equation 3.9 the description of the temporal field statis-
tics was reduced to a single parameter, the average pulse duration τavg. In
reality, the probability distribution of pulse durations and peak powers can
be quite complex. The simplification is only justified if the field statistics is
left unchanged. While this is true for the oscillator model where the phase
varies following a random walk (as described in (Frosz, 2010) as phase diffu-
sion model), Equation 3.9 does not correctly describe, for instance, a field with
a uniformly distributed random phase with unchanged fitting parameters.

This becomes clear when comparing two temporal field statistics: one with
the phase diffusion and one with the uniformly distributed random phase.
Temporal fields were created for both models with the same characteristic peak
duration. The fields were searched for peaks, and a pulse duration and pulse
energy was attributed to each peak. This peak-finding is a non-trivial task
and there are several ways to accomplish this goal. Here, a simple method
was used that defined a pulse as the region in a temporal field between two
neighboring minimums of its amplitude. The second moment (the variance)
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of this pulse was calculated and the pulse length was chosen to be twice that
variance (which is, depending on the pulse form, not necessarily the same as
the full width at half maximum). The pulse energy was then defined as the
sum of the energy within this pulse length around the pulse center.

Figure 3.5: Pulse parameter distribution in the temporal field created with a
phase diffusion model (a) and a random phase (b), showing significantly more
peaks with high peak power and long peak duration in the random phase
model (highlighted by the red ellipse).

Figure 3.5 shows the result of this pulse decomposition analysis for the
phase diffusion model and for the random phase model. The random phase
variation allows for a significantly higher fraction of peaks with long duration
and high energy. Since walk-off has a lower effect for those peaks, the SRS
content will be significantly higher for this model and Equation 3.9 needs to
be adapted accordingly by its fitting parameters. Thus, the temporal field
statistics is of high importance for the Stokes power due to the effect of walk-
off. Different temporal field characteristics explain not only the variation of the
Stokes power with the oscillator spectral width, but also other SRS suppression
techniques, such as the introduction of transmission fibers to the seed lasers, as
shown in (T. Li et al., 2019). There, the characteristic peak durations are tavg =

100 ps > tw and thus walk-off does not play a dominant role, as it has been
pointed out. Instead, the second characteristic property of the peaks becomes
important: the peak power. (T. Li et al., 2019) showed a simulation in which
a reduction of the peak power was reached by dispersion caused within an
additional 500 m of transmission fiber introduced into the seed laser. As tavg >

tw, the corresponding increase of pulse duration does not lead to a stronger
Raman scattering. However, this technique of SRS reduction only works for
systems where a broad signal linewidth can be tolerated. For narrow-linewidth
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signals tavg < tw, the walk-off effect becomes dominant again.

3.3 Conclusion

In this chapter it was shown that walk-off between the Raman pump and the
Stokes signal is of crucial importance for the amount of Stokes signal present at
the fiber output. An existing walk-off model describing the pulsed case could
be expanded to describe the cw case and explain the influence of the spectral
width of a fiber laser on the Raman content.

These investigations directly lead to guidelines for the construction of high-
power fiber laser systems with low Raman scattering.

For high-power fiber laser systems where a low Raman content is desirable,
the spectral width should be carefully considered. This is especially helpful
since other parameters that reduce nonlinearities, such as fiber length and core
size, are often set. A short calculation of the walk-off time with Equation 3.10
enables the identification of whether walk-off is important in the system of in-
terest or not. In the case where walk-off is important, this thesis provides, with
Equation 3.9, a simple, analytical formula that allows calculating the Raman
content for different spectral widths, with only one free parameter (that can be
estimated by an initial experiment or simulation). This formula shows that the
Stokes power strongly decreases over several orders of magnitude with an in-
creasing spectral width. For even broader spectral widths, this dependency is
much weaker. These results are especially interesting for high-power fiber os-
cillators that are currently limited by SRS, especially, since the spectral width
of the emission of these systems can be controlled with the output coupler.
With the easing of SRS as limitation, the output power of these oscillators can
be expected to rise in the near future, up until TMI become the limiting factor.
The onset of this limit is currently unclear as TMI in high-power fiber oscilla-
tors has been covered by just a few publications (Möller et al., 2018; Scarnera
et al., 2019). Very recently an output power of 6 kW was demonstrated (Ye et
al., 2021) without any sign of TMI in a fiber with a larger core size, compared
to the 20/400µm fiber used by (Möller et al., 2018) to extract an output power
of 5 kW. Consequently a stable operation at an output power of 6 kW with a
20/400µm fiber seems within reach.
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4 Nonlinear limitation of narrow-
band cw Raman amplification

As explained in section 2.4, Raman fiber amplifiers are used to access wave-
lengths otherwise unreachable by rare-earth doped fiber laser systems. How-
ever, it has to be taken into account, that for many applications, the linewidth
of the laser is of importance, for example to reach high output powers in the
visible spectrum range via second harmonic generation of RFA (Runcorn et
al., 2015). Here, the efficiency of the second harmonic generation decreases
with broader linewidths of the pump RFA (Surin et al., 2016). Consequently, a
narrow linewidth of the Stokes signal is desirable.

To investigate these RFA, an experimental setup of a narrow-band Raman
fiber amplifier was built. This setup is described in the following section 4.1.
An important aspect of this setup is the preservation of a narrow spectral
width. The spectral properties of the Stokes signal are investigated in sec-
tion 4.2. Finally, a conclusion is drawn in section 4.3. The knowledge gained
here also serves as a basis for a high-power RFA and the examination of the
interplay between thermal effects and Raman amplification presented in chap-
ter 5.

4.1 Experimental setup

The setup comprised three main structural elements: a Raman pump seed
laser, a Stokes seed laser and a high-power amplification system which ampli-
fies the Raman pump to kW-level output powers. Please note that throughout
this thesis, Raman pump refers to the signal acting as pump in the Raman pro-
cess, usually at a wavelength near 1060 nm. Light at a wavelength of approx-
imately 976 nm, used for energizing the amplification process inside the YDF,
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is specifically denoted by its wavelength to avoid confusion. The schematic of
the system is shown in Figure 4.1. Each of the structural elements itself con-
sisted of several components which are detailed hereafter. Subsequently their
combined performance is described.

Figure 4.1: The simplified experimental laser setup, see text for detailed dis-
cription.

Raman pump laser

The Raman pump system consisted of two different external cavity diode lasers
ECDL delivering approximately 10 mW of linear polarized light each. The
wavelength of these two lasers was located around 1060 nm, but they had a
slight, controllable separation. This arrangement is used to achieve significant
spectral broadening during propagation via SPM (Plötner et al., 2017). This
spectral broadening is necessary to avoid SBS along the fiber. A subsequent
electro-optic phase modulator had the same purpose of mitigating SBS (Harish
et al., 2018). This modulator was driven by a signal that was a combination of
white noise and a sinusodial wave. This phase modulation technique enabled
output powers of an YDF of up to 4.3 kW without limiting SBS (Beier et al.,
2017a).

The signal was then amplified to an output power of about 3 W in a
10/125µm Yb-doped fiber, that was cladding-pumped by a single 976 nm laser
diode coupled via a pump combiner. The length of the active fiber was 2.8 m,
which corresponds to a total cladding absorption of approximately 14 dB
at a wavelength of 976 nm. The signal emitted from this first amplification
stage then went through a set of fiber-coupled optical isolators to avoid any
back-reflection from the high-power amplification element that might disturb
the Raman pump seed laser. A fiber-coupled spectral filter, which removes

49



50 Section 4.1

amplified spontaneous emission signals, was included as well. Hereafter, a
99/1 fiber tap coupler allowed monitoring both the seed laser stability and the
backwards travelling light. The latter was characterized with a power meter
and a photodiode. Stimulated Brillouin scattering would lead to a strong
increase in the backward propagating power as well as to short pulses in the
photodiode signal as explained in subsection 2.2.3. Furthermore, TMI also
manifests itself on this backward photodiode as a power fluctuation (Möller
et al., 2021). This investigation also showed that the power fluctuation in
the backward direction is temporally correlated to the power fluctuations
measured at the fiber output in the forward direction, most likely caused by
back-reflections within the fiber near the fiber output. For all measurements
presented within this chapter, no such fluctuations have been detected.

Stokes seed laser

The Stokes seed laser consisted of an external cavity laser diode, delivering
about 10 mW of linearly polarized light at a wavelength of 1110 nm. While the
simulation shown in Figure 2.5 suggests a peak of the optical Raman gain near
1117 nm, a laser providing this wavelength was unfortunately not available.
However, the Raman gain is spectrally broad enough to allow for significant
amplification at 1110 nm as well, which also becomes clear in Figure 2.5. As
done for the Raman pump seed laser, the signal phase was modulated by an
electro-optical phase modulator. A 99/1 fiber tap coupler was used to monitor
the power level and stability of the Stokes seed laser. The Stokes seed laser was
then combined with the Raman pump seed laser with a wavelength division
multiplexer.

Thus, the Raman pump and Stokes signal propagated in the same direc-
tion (co-pumping), which enhances nonlinear effects, as explained in subsec-
tion 2.2.3. Furthermore, this co-propagation is important for the subsequent
high-power amplification as the seed lasers of the Raman pump and the Stokes
signal do not have to be protected against kW-level signal powers of the other
wavelength, which increases the stability of the system.

High-power amplification element

The combined signals of Raman pump and Stokes seed were then fed into
a mode-field adapter that connected the 10/125µm fiber used so far to the
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20/400µm fibers used from now on. A fused coupler combined the 20/400µm
fiber together with six 200/220µm multi-mode fibers to a single 20/400µm
fiber. This device was used to couple 976 nm light to excite the Yb-ions in the
following active fiber. There were five laser diodes used, each emitting up to
500 W. The active fiber was a double-cladding Yb-doped 20/400µm fiber. This
fiber, with core NA = 0.065, had a peak cladding absorption of approximately
α = 1.9 dB/m at a wavelength of 976 nm. The active fiber had a length of 10 m
and was coiled on a metal, water-cooled spool of 12 cm diameter. This spool
was additionally put inside a swirling water basin for further cooling. A 1 m
long Germanium-doped 20/400µm fiber with a water-cooled, angled end cap
with anti-reflective coating was spliced to the active fiber at the output end.
This fiber piece was loosely coiled.

The beam emitted from the fiber end cap was characterized with an optical
spectrum analyzer, photodiodes, a beam quality measurement instrument and
power meters. To this end, the spectral regions of Raman pump and Stokes
setup were separated from each other by specifically designed dichroic mirrors.

Amplifier performance

The experimental setup, in which the 976 nm-signal co-propagated with the
Raman pump and Stokes, allowed for an amplification of the Raman pump
seed to the kW-level. The beam quality of the pump was measured to be
M2 = 1.2 at the highest output power and no temporal instabilities of the
mode profile were observed. The total output power was stable with a standard
deviation of < 1 %. Due to the relatively short fiber length and low Raman
pump intensities over a long section of the active fiber, the Stokes seed was
not amplified beyond a power of 10 W. This also manifests itself in the power
slope of the amplifier, depicted in Figure 4.2 a). Even at high output powers,
the Raman conversion remains low and the power slope remains linear.

While the Stokes amplification is not strong enough to reach high output
powers and significantly deplete the Raman pump, it is still strong enough for
the Stokes signal to be seen as a distinct Stokes peak in the optical spectrum.
Exemplary spectra are depicted in Figure 4.2 b), corresponding to an output
power of 137 W (red) and 1074 W (blue). Significant spectral broadening of
both the Raman pump and Stokes signal is visible. There are two additional
spectral features appearing in a symmetrical fashion around the Raman pump
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Figure 4.2: Total output power of the experimental setup (a) and optical spec-
trum at the fiber output at powers of 137 W and 1074 W (b).

signal at a distance of approximately 18 nm. These two signals stem from FWM
and are not of special interest at this point, but are discussed further in sub-
section 5.3.1. Additionally, some light originating from amplified spontaneous
emission is visible around 1080 nm. There is no amplified spontaneous emis-
sion visible at lower wavelengths due to the spectral filter used in the seed
laser, the co-pumping with 976 nm light of the active fiber and the long active
fiber length, which favors re-absorption of low wavelength signals.

Spectral measurements of the Raman pump and Stokes signal with high
resolution enabled to precisely determine the spectral width of these signals.
These spectral investigations are presented in the following.

4.2 Raman pump temporal structure as cause of

nonlinear spectral broadening

For many applications it is desirable to have a Stokes signal with a narrow
linewidth, as explained above. In contrast to that, a significant broadening of
the Stokes signal linewidth was observed in the experiment presented here,
which depended on the linewidth of the Raman pump. At approximately
1 kW of output power, the 10 dB linewidth of the Raman pump could be tuned
between 500 pm and 3000 pm, by changing the wavelength separation of the
two ECDLs. The Stokes signal seed linewidth, determined by a single ECDL,
was not changed. Nevertheless, the linewidth of the Stokes signal at the output
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was influenced by the Raman pump linewidth, despite the Raman gain being
much broader than the width of the Raman pump signal. Figure 4.3 shows
the measured linewidth of both signals as a function of the output power. It
becomes clear that the broader the Raman pump linewidth, the broader the
Stokes signal linewidth.

Figure 4.3: The measured 10 dB-linewidth of the Raman pump (a) and the
Stokes signal (b) at the output of the system over the output power. Two
single-longitudinal mode laser sources were used as the Raman pump seed
source, which was then amplified in the YDF.

This behavior can be explained by the effect of Cross-phase modulation
(XPM). In the derivation of the NLSE (Equation 2.8) a main field propagates
along the fiber. However, there might be two fields instead, for example when
two different polarization states propagate in the fiber. While the two fields
would not directly interfere, the refractive index changes in the fiber caused
by one field would still affect the other. The same is true for two fields at
different wavelengths as it is the case with the Raman pump and Stokes signal
in this experiment. Therefore, instead of using a single NLSE, a set of two
coupled equations is more suitable. Assuming the signals are co-polarized
and neglecting SRS and self-steepening, the equations become:

∂AP
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for the Raman pump and Stokes field amplitudes (AP and AS, respec-
tively), with γS/P being given by Equation 2.9 (Agrawal, 2013). The nonlin-
ear term proportional to γ now contains an SPM related term as before, but
also contains the field amplitude of the co-propagating field at the different
wavelength. This is the XPM related term.

In the experiment presented here the Raman pump seed consisted of two
single-longitudinal mode lasers, whose wavelengths differed slightly. These
two lasers interfered with each other resulting in a beating. Consequently, AP

took a sinusoidal form in time (as well as along the fiber at any specific point
in time). A spectral separation in the order of O(0.1 nm) corresponds to a beat
frequency of O(8 GHz). Consequently, there were temporal peaks with pulse
durations of O(100 ps) . Through the SPM related term in Equation 4.1, these
temporal peaks undergo SPM as the field propagated along the fiber. Accord-
ingly, the spectrum got broader. This SPM-induced broadening prevents SBS
as shown in (Beier et al., 2017a). Moreover, (Plötner et al., 2017) presents some
additional numerical simulations about this.

As AP takes a sinusoidal shape in the time domain, this leads to spectral
broadening of the Stokes signal through two processes: First, the temporal
shape of AP leads to a time-dependent variation of the efficiency of the Ra-
man process as it depends on both the Raman pump and Stokes intensity
as described by Equation 2.13. This nonlinear gain causes a pulsed shape of
AS, which leads to SPM of the Stokes signal. However, as the Stokes power
is low (< 10 W), the SPM-induced spectral broadening of the Stokes signal
should be considerably less than the SPM-induced broadening of the pump
that has a kW-level output power. A numerical simulation of a cw Stokes sig-
nal with an average power of 10 W and an initial spectral 10-dB linewidth of
345 pm travelling through a 20/400µm fiber was performed. After a prop-
agation length of 10 m, the increase of the 10-dB linewidth was below 2 %.
This means, that SPM-induced spectral broadening of the Stokes signal does
not play an important role in the above presented experiment. The second ef-
fect responsible for Stokes broadening is the nonlinear term related to XPM in
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Equation 4.2. Through this XPM-term, the refractive index modulation caused
by the temporally sinusoidal Raman pump leads to a spectral broadening of
the Stokes signal. This explains why, in the above presented experiment, the
Stokes linewidth increased with the Raman pump linewidth, despite the fact
that only one narrow-band Stokes seed was used.

As the wavelength separation of the two Raman pump seed lasers was
increased, the beating of AP got faster and the SPM-induced broadening of
the Raman pump got stronger and so did the XPM-induced broadening of the
Stokes signal. This is clearly visible in Figure 4.3. The strength of XPM-induced
broadening and SPM-induced broadening depends on the Stokes and Raman
pump intensities. For a higher Raman pump intensity than Stokes intensity (as
it is the case here), the XPM-induced broadening of the Stokes in Equation 4.2
is more important than the SPM-induced broadening of the Raman pump.
The measured linewidths depicted in Figure 4.3 are in accordance with that,
as they show a significantly broader Stokes than Raman pump linewidth. It
has to be noted, that for higher Stokes powers, the Raman pump will not only
experience SPM-induced broadening but also XPM-induced broadening and
the linewidth difference will not be as pronounced.

To test this behavior, the power ratio of the two Raman pump seed lasers
was varied, while the wavelength separation was kept constant. This does not
change the frequency of their beating but its modulation amplitude. Accord-
ing to the reasoning above, lower modulation amplitudes correspond to lower
spectral broadening. Table 4.1 exhibits the measured Stokes 10 dB-linewidth at
an output power of approximately 600 W, that shows the predicted behavior.

Table 4.1: The measured 10 dB-linewidth of the Stokes signal at an output
power of approximately 600 W for different Raman pump wavelength separa-
tions.

Raman pump seed power ratio 1 : 1 1 : 2 1 : 3

Stokes 10 dB-linewidth (pm) 1740 1380 1270

To prevent the XPM-induced spectral broadening of the Stokes signal, the
sinusoidal shape of AP must be avoided. This can be achieved in several ways:
First it would be possible to choose an orthogonal polarization between the
two Raman pump lasers, which would prevent their beating. However, this
would forbid the use of any polarizing elements, including polarizing optical
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isolators. As these isolators are crucial to ensure the stability of the seed laser,
this solution is impractical. Another possibility is to abandon the use of two
different single-longitudinal mode seed lasers for the Raman pump. In fact, a
multi-longitudinal mode seed laser can be used instead, if it is spectrally broad
enough to prevent SBS in the Raman pump.

This approach was tested by deploying a laser diode, wavelength-stabilized
with a Fiber Bragg grating (FBG), emitting polarized light at a center wave-
length of 1060 nm. This Raman pump seed laser was phase modulated by an
electro-optical modulator. The strength of this modulation allowed varying the
spectral width of the Raman pump seed. Three different initial Raman pump
linewidths were tested (10 dB-linewidth of 468 pm, 372 pm and 296 pm). The
Stokes seed linewidth was kept constant. The resulting linewidths of the Ra-
man pump and Stokes signal after high-power amplification are depicted in
Figure 4.4.

Figure 4.4: The measured 10 dB-linewidth of the Raman pump (a) and Stokes
signal (b) at the output of the system over the output power. A multi-
longitudinal source was used as the Raman pump seed source, which was
then amplified in the YDF.

While the linewidth of the Raman pump was significantly different, the
Stokes linewidth remained unchanged. There was no XPM-induced spectral
broadening of the Stokes signal observed. Thus, the multi-longitudinal mode
Raman pump seed source enables narrow-band Raman amplification. For
high-power RFA, co-pumped by high-power fiber lasers, it is therefore nec-
essary to adapt the Raman pump seed source. Instead of the commonly used
combination of two single-longitudinal mode laser diodes, a multi-longitudinal
mode source should be used to avoid XPM-induced spectral broadening of the
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Stokes signal. These insights are used for all experimental setups in chapter 5,
where the output power of an RFA is further increased.

4.3 Conclusion

In this chapter, optical effects influencing SRS in high-power fiber laser systems
have been investigated. The spectral broadening of the Stokes signal in a Ra-
man fiber amplifier could be explained by XPM. These investigations directly
lead to guidelines for the construction of high-power RFAs.

In such systems it is necessary to avoid cross-phase modulation between
the Raman pump and Stokes signal. Since a co-propagation of Raman pump
and Stokes signal is beneficial for the system stability, XPM cannot be avoided
completely. Furthermore, the nonlinear parameter γ will -in most fibers- be
very similar for the Raman pump and the Stokes signal (and it has to be large
for a high Raman conversion efficiency). Instead, using a spectrally broad
Raman pump source ensures low nonlinear effects of the Raman pump source
and, consequently, low XPM. This was experimentally verified in this chapter.
However, high-power RFAs, are furthermore limited by Raman-induced TMI,
which will be discussed in the next chapter.
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5 Observation and characterization
of TMI in RFA

High-power, few-mode laser systems are inherently prone to thermal effects
due to the large amount of converted energy, as described in section 2.3. Since
SRS causes a heat load in the fiber core, it impacts these thermal effects.

The heat load caused by SRS creates a thermal lens in the fiber, analog to
the thermal lens caused by rare-earth amplification explained in section 2.3.
Since this thermal lens is dependent on the converted power, the mode-field
diameter changes with the output power of the laser system which is unde-
sirable. However, in fiber lasers with good beam quality (M2 < 1.5) thermal
lensing is usually not as critical as the effect of TMI, which is currently limiting
their performance (Zervas, 2019).

From section 2.3, it is known that a heat load in a fiber core, which is
radially non-symmetric can result in TMI. This radially non-symmetric heat
load can originate from a beam that incorporates some HOM content. In the
fiber, the Raman pump as well as the Stokes beam can -in principle- have such
a HOM content and, thus, an impact of SRS on TMI is reasonable. Indeed, SRS
influences TMI and vice versa. It is important to note that small amounts of
Stokes light can be tolerated in many systems, but an unstable output beam
can not. Consequently, TMI has to be avoided and the impact of SRS on TMI
is crucial, while the impact of TMI on SRS is of minor importance.

This chapter investigates the impact of Raman amplification on TMI. First,
section 5.1 describes the state of the art prior to this work about the influence
of SRS on the beam quality of active fibers. Thereafter, the experimental setup
and methods used to investigate TMI are discussed in section 5.2. Section 5.3
then presents new experimental evidence of SRS-induced TMI in passive fibers.
The influence of several key laser parameters (especially Stokes seed power
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and fiber length) are investigated there as well. The insights and experimental
results of SRS-induced TMI in active and passive fibers are then discussed in
section 5.4. There, the influence of other laser parameters will be considered
and mitigation strategies of SRS-induced TMI will be discussed. Finally a
conclusion is drawn in section 5.5.

5.1 Recent research on SRS-induced TMI in active

fibers

As described in section 2.3, the effect of transverse mode instability is caused
by the interaction of three components: a mode beating pattern, a refractive
index grating and a phase shift between the two. In active fiber lasers, SRS acts
on all three elements, as explained in the following.

Through the additional quantum defect of the Raman process, additional
heat is introduced into the fiber. Via the thermo-optic coefficient ( dn

dT ), this
leads to a refractive index increase at the location where the scattered Raman
phonon dissipates into heat. As described in subsection 2.2.2, this region is
approximately identical to the region where the Raman pump photon is ab-
sorbed. For core- and cladding-pumped RFA, this is the region within the
fiber core where the mode pattern has an intensity maximum. Therefore, the
SRS process heats the same fiber regions as the rare-earth amplification pro-
cess and, thus, increases the strength of the thermally-induced refractive index
grating.

As this temperature change diffuses within the fiber, the overall refractive
index profile also changes, which leads to an even stronger increase of the
refractive index of the fiber core as opposed to the fiber cladding. This, in
turn, favors the HOM guidance, as it increases the core NA, which leads to a
higher V-number through Equation 2.6. An increased HOM guidance, in turn,
can lead to a higher HOM content along the fiber. If, for example, the mode
excitation at the beginning of the fiber creates some HOM content (e.g. through
an imperfect fiber splice), light in this HOM usually experiences some bend
loss as it propagates along the fiber. However, an increased HOM guidance
can compensate this bend loss and, thus, increase the HOM content in the rear
parts of the fiber.

The higher HOM content results in a more pronounced mode beating pat-
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tern.

Finally, the Raman process can be seen as a perturbation to the system with
a temporally unstable Stokes signal acting similar to an intensity noise. This
could cause a phase shift between the mode pattern and the refractive index
grating.

Since SRS acts upon all three components responsible for TMI, it is un-
surprising, that it also influences the TMI threshold of rare-earth doped fiber
lasers. Recently, it was experimentally shown that SRS can induce TMI in an
Yb-doped fiber amplifier (Hejaz et al., 2017). There, a fiber laser operating at
1080 nm showed a decrease of modal purity at approximately 1.3 kW output
power, simultaneously with the an appearance of Stokes light at the output
and in the backward direction, together with a strong increase of backward
propagating power. A reduction of the active and passive fiber length led to a
stable operation at 1.6 kW output power. An increase of the seed laser power
of the Raman pump from 100 W to 500 W allowed for even higher output pow-
ers and a threshold was observed at approximately 1.8 kW output power. At
this threshold the same behavior of reduced modal purity and appearance of
Stokes light both in the forward and the backward directions was observed.
Unfortunately, this work did not show any data acquired with high temporal
resolution to resolve the modal instability. However, since the overall back-
wards power below the threshold was relatively small (less than 1 W), and the
forward Stokes content was small as well, the additional heat load through the
Raman process was negligible. Therefore, the TMI are here probably caused
by the action of SRS on TMI via a perturbation of the phase shift between the
RIG and MIP in the fiber.

A similar behavior was observed by (Z. Li et al., 2018), who claimed a
TMI threshold at an output power of 1.9 kW with a Raman content of 6.0 %.
Unfortunately, the contribution does not present time-resolved measurements
indicating TMI, but rather uses “beam profiler measurement results” that are
not presented, to calculate a threshold. Additionally, the Stokes content is cal-
culated from a measured spectrum. This is not accurate in the case of TMI due
to a fluctuating beam profile, which results in a fluctuating coupling into the
spectrum analyzer. However, the theoretical work presented in this contribu-
tion predicts a dependence of the TMI threshold on the fiber length, in that
a longer fiber length leads to a higher SRS content which decreases the total
output power at the TMI threshold.
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The concept of SRS-induced mode distortions was studied further theoret-
ically (Liu et al., 2018). The work examines a co-pumped Yb-doped fiber laser
operating at 1070 nm that is amplified to about 1.7 kW output power in 20 m
active fiber length. As a result, it was shown, that the SRS content increases
first and the HOM content increases shortly thereafter. It was concluded that
SRS enables a coupling of FM to HOM, which might be responsible for TMI.

The above cited works showed that in active Yb-doped fiber lasers even
small SRS contents might disturb the laser process in the active fiber, resulting
in TMI. High-power Raman fiber amplifiers do not rely on active fibers so a
disturbance of the active fiber laser process is not straightforward, but this
thesis shows that there can still be TMI in passive fiber Raman amplifiers. The
evidence for this was acquired by a spectrally selective TMI detection method.
This method and its experimental realization are explained in the following
section.

5.2 Spectrally selective TMI detection

To investigate SRS-induced TMI in passive fibers, a high-power RFA was con-
structed, based on the work presented in chapter 4. The components and op-
erating principle of this setup are explained in the following subsection 5.2.1.
The beam stability of this RFA was then analyzed independently for the Ra-
man pump and the Stokes signal. The methods for this beam characterization
and further setup characterization methods are detailed in subsection 5.2.2.

5.2.1 Experimental setup

The experimental setup consisted of four main structural elements: a Raman
pump and a Stokes seed laser, a high-power amplification element (which am-
plified the Raman pump to kW-level output powers) and a Raman enhance-
ment element to achieve a pronounced Raman effect. Please note that through-
out this thesis Raman pump refers to the signal acting as pump in the Raman
process, usually at a wavelength near 1060 nm. Light at a wavelength of ap-
proximately 976 nm, used for amplification inside the YDF is specifically de-
noted by its wavelength. The schematic of the system is shown in Figure 5.1.
This setup differs in several key aspects from the one presented in chapter 4,
as the insights gained there led to certain modifications. Consequently, each
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of the four structural elements is detailed hereafter, followed by a description
of their combined performance. Subsequently, the observation of TMI at the
fiber output is detailed and evidence for it being caused by Raman scattering
is given.

Figure 5.1: The simplified experimental laser setup, consisting of four main
structural elements, that are described in detail in the text.

Raman pump laser

The seed laser of the Raman pump consisted of a laser diode stabilized with
a fiber Bragg grating, delivering about 50 mW of linearly polarized light at
a wavelength of 1060 nm. This laser diode was spliced to an electro-optic
phase modulator to suppress any stimulated Brillouin scattering as described
in (Zeringue et al., 2012; Harish et al., 2018). A combination of white noise and
a sinusoidal was chosen as modulation signal, resulting in a 10 dB-linewidth
of 428 pm. This seed laser was chosen because it was shown to induce little
spectral broadening of the Stokes signal in chapter 4. The optical signal was
then amplified to an output power of about 3 W in a 10/125µm Yb-doped fiber,
that received its energy from a single 976 nm laser diode coupled via a pump
combiner. The length of the active fiber was 2.5 m, which corresponds to a
total cladding absorption of approximately 13 dB at a wavelength of 976 nm.
The signal emitted by this first amplification stage passed through an optical
isolator, a spectral filter to reject amplified spontaneous emission and another
optical isolator. The optical isolators had a combined isolation of more than
55 dB, which exceeded the gain in the following stage by more than 20 dB.
This prevented any back-reflection from the high-power amplification element
from disturbing the Raman pump seed laser. After the last optical isolator, a
99/1 fiber tap coupler allowed monitoring both the stability of the seed laser
and the backwards travelling light. The latter was characterized with a power
meter and a photodiode. This allowed monitoring the onset of stimulated Bril-
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louin scattering as explained in chapter 4. Additionally, the effect of TMI in the
high-power amplification element would also manifest itself in the backwards
photodiode signal, as shown in (Möller et al., 2021). After the tap coupler, a
wavelength division multiplexer was used to combine the Raman pump signal
with the Stokes seed laser signal.

Stokes seed laser

For the first experiments presented in the following, the Stokes seed laser con-
sisted of an external cavity laser diode delivering about 10 mW of linearly po-
larized light at a wavelength of 1110 nm1. The seed signals passed through
a fiber coupled variable optical attenuator. This attenuator allowed changing
the Stokes seed power without changing the driving current of the laser diode,
which would require long warm-up times after each manipulation. A 99/1
fiber tap coupler was spliced to the output of the attenuator to monitor the
power level and stability of the Stokes seed laser. The output power stabil-
ity was ensured during all subsequently presented experiments, with a typical
standard deviation of the power < 2 % acquired over the course of an hour
long measurement. As in the case of the Raman pump seed laser, the Stokes
signal phase was modulated by an electro-optical phase modulator. After the
modulator followed a set of optical isolators. The Stokes seed laser signal was
then combined with the Raman pump seed laser signal by means of a wave-
length division multiplexer.

High-power amplification element

The combined signals of Raman pump and Stokes seed were then fed into
another wavelength division multiplexer that allowed coupling a signal at a
wavelength of 1300 nm. This enabled the precise measurement of the fiber
length of the high-power amplification element and the Raman enhancement
element with an optical frequency domain reflectometer (OFDR), as demon-
strated in (Soller et al., 2005; Beier et al., 2017a).

This device relies on a frequency-tuneable narrow-linewidth laser source
that is split into two signals. One of them is coupled into the fiber under test,
causing Rayleigh scattering. The backwards propagating parts of this Rayleigh

1In subsection 5.3.2 the Stokes seed laser is changed, and will remain that way thereafter,
for more details see subsection 5.3.2.
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scattering light are interfered with the second part of the signal. A Fourier-
transform of the frequency-dependent interference signal allows to calculate a
time-dependent intensity signal, which can be identified as a length-dependent
signal since the speed of light in the fiber is known. As the reflective properties
of the fiber change with the refractive index, longitudinal changes of the latter
can be detected. This allows to access the precise localization of fiber splices,
for example, as they are typically accompanied by small refractive index steps.
Additionally, the longitudinal temperature change within the fiber core can
be measured with this OFDR since this temperature change corresponds to a
elongation of the fiber in space. This elongation in space results in a shift of the
detected frequency of the intensity signal. To measure the temperature change,
a reference measurement of the back-scattered signal in the cold state has to
be acquired. The frequency-dependent signal of the cold state is then cross-
correlated to the frequency-dependent signal of the warm state. The resulting
frequency shift corresponds to a temperature change that is initially calibrated
for example by a controlled temperature change of the environment. How-
ever, if the correlation is too weak, no temperature change can be calculated.
This is the case, for example, for very long fibers, i.e. fibers with too much
propagation loss, as the back-scatted signals are too weak. This correlation is
also impossible if there are significant Stokes signals (approximately > 10 W
in our case) present in the fiber. The reason for this behavior is not entirely
clear, but it is presumably backwards propagating higher order Stokes signals
preventing the correlation.

The second wavelength division multiplexer was followed by a mode-field
adapter that connected the polarization maintaining 10/125µm fibers used so
far to the 20/400µm fibers used from now on. It has to be noted that these
large mode area fibers were not polarization maintaining. This is because high-
power PM fibers were not available during the time of this work, which is likely
to change in the near future. Therefore, the polarization state at the input of
the large fiber is not clear, because the non-PM fiber has a rotation symmetry
which precludes a precise orientation during fiber splicing.

A fused coupler combined the 20/400µm fiber together with six
200/220µm multi-mode fibers into a single 20/400µm fiber. This
1 : 6 + 1 combiner was used to couple 976 nm light to excite the Yb-ions
in the following active fiber. There were five laser diodes used, emitting up
to 500 W each. The active fiber was a double-cladding Yb-doped 20/400µm
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fiber. This fiber, with core NA = 0.065, had a peak cladding absorption of
approximately α = 1.9 dB/m at a wavelength of 976 nm. The active fiber
had a length of 12 m2. The fiber was coiled on a metal, water-cooled
spool of 12 cm diameter. This diameter was chosen based on fiber bend
loss measurements performed with the method described in the appendix
of (Möller et al., 2020b). These measurements revealed that the fiber is
single-mode for 12 cm coiling diameter for both the Raman pump and the
Stokes wavelength, which is desirable to suppress TMI and to reduce the heat
at the 1 : 6 + 1 combiner. The fiber was additionally put inside a swirling
water basin for further cooling.

The active fiber was followed by another 1 : 6 + 1 combiner. The light
of one of the coupler arms was directed onto a dichroic mirror, enabling the
measurement of the power (averaged over several seconds) of 976 nm and Ra-
man pump light in that arm. Additionally, the Raman pump light emitted
from the coupler arm was measured using a photodiode, which allowed for a
temporal resolution in the kHz-region which is characteristic for TMI. These
measurement parameters are used to verify that TMI did not occur in the high-
power amplification element. This enables to locate the place of origin of TMI
occurring in this setup to places before or after the 1 : 6 + 1 combiner. The
high-power amplification element ends with the second 1 : 6 + 1 combiner,
marking the beginning of the Raman enhancement element.

Without this Raman enhancement element and without Stokes seed, the
output power stability of the standard deviation of the Raman pump power
was < 0.8 % acquired over the course of a 50 min long measurement at an
output power of 1 kW.

Raman enhancement element

The Raman enhancement element consists of a passive, Germanium-doped
20/400µm fiber, which structure was shown previously in Figure 2.1. The
length of this passive fiber could be varied through several cut-backs. For
the following subsection 5.3.1 it was chosen to be 16 m3. The passive fiber
was coiled with a bending diameter of 20 cm to keep the bend losses of the
Stokes modes low, which was verified by numerical simulations. The fiber was

2In subsection 5.3.3 and subsection 5.3.4, the length was 11.2 m.
3In subsection 5.3.4 the passive fiber length is changed, which is discussed in detail in that

section.
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put into the same water basin as the active fiber. There was still a significant
amount of cladding light at the fiber output, which led to the application of
three different cladding light strippers (CLS) towards the fiber end: First a
CLS, etched with hydrofluoric acid (Ulfalux SG 500, 20 min etching time). This
was followed by a straight CLS based on index matched silicone (NuSil LS-
3354). Finally a bent CLS based on the same silicone was used. Each of the
CLS removes cladding light of different numerical aperture and their order
ensures a minimal temperature on the last CLS, that unfortunately remained a
thermal limitation of the system. The last 2 meters of fiber were loosely coiled
in a water flooded tube. An angled end cap with anti-reflective coating, with
a reflectance of R < 0.3 % for wavelengths between 900 nm and 1120 nm was
spliced to the fiber output. This end cap provided suppression of the reflection
back into the core by more than 60 dB.

5.2.2 Beam and setup characterization methods

The experimental setup was thoroughly characterized and Table 5.1 lists all the
parameters measured and the measurement devices.

The separation of the Raman pump and Stokes signal was achieved by
using specially designed dichroic mirrors with up to 19.8 dB difference in re-
flectivity at those two wavelengths. The beam was sampled with several fused
silica (Corning 7979) wedges placed under a small angle. Air circulation of
cooling fans and vibrations of the water cooling was reduced. The photodiode
measurements were done similar to (Otto et al., 2012), with the slight improve-
ment, that a single-mode fiber was used as the pinhole and it was placed at the
center of the beam near field image. Overframing was ensured by choosing a
suited focal lens. The output of that single-mode fiber was then shone onto
the photodiode. This technique enables to always measure the same spatial
beam sample, which allows direct correlation between different signals. To
this end, the fiber position is tuned to the center of the beam in the focal plane
(i.e. maximizing the transmitted signal power during stable laser operation).
With the photodiodes at the 1 : 6 + 1 combiner, mentioned in subsection 5.2.1,
it is possible to identify the place of origin of the TMI to either be within the
high-power amplification element or within the Raman enhancement element.

This experimentally realized RFA transfers the signal from a wavelength

66



Section 5.2 67

Table 5.1: Overview of the experimental parameters observed and devices used
thereto.

Parameter Measurement device

Total output power Coherent PM3K

Raman pump and Stokes fraction Thorlabs S120C

Unabsorbed 976 nm light at the 1 : 6 + 1 combiner Thorlabs S350C

Raman pump light at the 1 : 6 + 1 combiner Thorlabs S350C

Stokes seed laser power Thorlabs S120C

Raman pump backwards power Thorlabs S302C

Raman pump output stability Thorlabs PDA015

Stokes output stability Thorlabs PDA015

Pump backwards stability stability Thorlabs PDA015

Pump 1 : 6 + 1 combiner stability Thorlabs PDA015

Optical spectrum Yokogawa OSA

Raman pump beam quality Cinogy CinSquare CS200

Raman pump and Stokes beam profile Optronis CamRecord 5000

Temperature along the fiber/ fiber length Luna OBR-4613
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of 1060 nm to a Stokes wavelength of 1110 nm. The quantum defect of such a
wavelength shift amounts to about 5 %, which is comparable to the 8 % usually
reached for Yb fiber lasers. Thus, the heat load caused by SRS in this system
is comparable to the quantum defect heat load of conventional fiber laser sys-
tems. Therefore, prior to this work, it was presumed that TMI might occur
in Raman fiber amplifiers (Naderi et al., 2016), which is experimentally veri-
fied in the following section 5.3. The realized RFA allows for a Stokes output
power of several hundred Watts, which is considerable higher than the Stokes
powers presented in the investigations on the interaction of SRS and TMI for
active fibers explained in section 5.1. While there, TMI was most likely caused
by a perturbation of the laser process in the active fiber, the setup presented
here is suitable to examine SRS-induced TMI in a passive fiber, as shown in the
following section.

5.3 Examination of SRS-induced TMI in a passive

fiber

TMI in a passive fiber RFA was numerically investigated by (Naderi et al.,
2016). Several predictions are made in that work: First, it is stated that SRS-
induced TMI in passive fibers exist. For the used fiber parameters (15µm core
size, 0.05 NA) the Raman induced TMI threshold is expected to be approxi-
mately 550 W. Second, it is predicted that the TMI threshold does not depend
on the fiber length for cladding-pumped RFA (Naderi et al., 2016). For core-
pumped RFA, it is stated that a dependence of the threshold on the fiber length
is possible due to a wavelength-dependent difference of the propagation con-
stant of the fundamental (FM) and higher order modes (HOM). However, the
influence of this effect was predicted to be small (O(1 %), depending on the
fiber parameters). Specifically, they numerically calculated a reduction of the
Stokes power at the TMI threshold of 7 % when reducing the fiber length from
50 m to 10 m.

With the experimental method explained in the previous section, these pre-
dictions could be tested. Indeed SRS-induced TMI were experimentally ob-
served. The localization of the origin of TMI to inside the passive fiber is
presented in subsection 5.3.1. Thereafter, the influence of some key parameters
of the laser setup is experimentally investigated: the seed laser noise charac-
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teristics in subsection 5.3.2, the Stokes seed power in subsection 5.3.3 and the
fiber length in subsection 5.3.4. The results of these investigations are discussed
in section 5.4 which also widens the analysis to other parameters and future
perspectives.

5.3.1 Observation of SRS-induced TMI in a passive fiber

Without the Stokes seed laser, and without the Raman enhancement element,
the system emits a stable beam quality and power up to an output power of
1.9 kW. The onset of TMI was observed at an output power of 1.95 kW with
a drastic increase in M2 and photodiode fluctuations. The measured output
power in the case of TMI actually drops slightly since the higher order mode is
partially leaking into the cladding and is removed at the CLS at the fiber end.
To use common TMI plotting and evaluation techniques from free-space and
monolithic CLS free setups, the power slope of the stable region of the laser
is extrapolated to the region showing TMI. This power is then referred to as
corrected output power. In the stable region the beam quality of the setup was
measured to be M2 = 1.3, which is comparable to other values reported (Y. Li
et al., 2017; Lee et al., 2019; Möller et al., 2018).

With the Raman enhancement element the laser power performance was
similar, as shown in Figure 5.2 a). This figure displays the measured total
power at the fiber output in both cases (with and without Stokes seed) as a
function of 976 nm power. Additionally, for the case when the Raman enhance-
ment element was used, the individual power in the Raman pump and in the
Stokes signal at the fiber output is shown. Once the Stokes seed signal is in-
troduced in the system, the total output power slope shows a slightly reduced
efficiency towards high values, since a significant fraction of light is transferred
from the Raman pump to the Stokes signal, undergoing an additional quantum
defect.

For this thesis it is important to be aware of the location along the fiber
where the power is transferred from the Raman pump to the Stokes signal.
From subsection 2.2.2 and Equation 2.14 it is expected that in a co-pumped sys-
tem without pump-depletion, like the one presented here, most of the power
is converted by the Raman process towards the end of the fiber, i.e. in the
Raman enhancement element and not in the active fiber. This implies that the
temperature profile of the active fiber remains nearly unchanged. Thus, in

69



70 Section 5.3

Figure 5.2: The power performance of the laser system with and without the
Raman enhancement element (REE) (a) and the numerical simulation of the
Stokes and Raman pump power along the fiber (b). The dashed lines in the
numerical simulation represent the case without Stokes seed.

this setup SRS would only influence the TMI threshold of the active fiber via
a disturbance of the phase shift, as in the experiment by (Hejaz et al., 2017),
discussed in section 5.1, but not through an additional heat load. To strengthen
this argument, a numerical calculation of the power evolution along the fiber
was performed for which the steady-state rate-equations and power propaga-
tion including the Raman term were solved. The simulation parameters can be
found in Table 5.2.

Table 5.2: Parameters used for the numerical calculation of the Stokes power
along the fiber.

Parameter Value

Input field 3 W at 1060 nm and 1 mW at 1110 nm

976 nm power 1.4 kW

Mode-field diameter 18µm

Cladding diameter 400µm

Active fiber length 11.5 m

The results of this calculation are depicted in Figure 5.2 b) and show that,
while the Stokes power increases throughout the fiber, most of the energy is
converted from Raman pump to Stokes towards the end of the Raman en-
hancement element. As a consequence the heat load caused by SRS is mainly
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concentrated at the last few meters of this element.

This behavior was experimentally tested by measurements with the OFDR.
Unfortunately the device is unable to measure the temperature in regions with
significant Raman content as explained in subsection 5.2.1. Thus, the temper-
ature of the Raman enhancement element cannot be directly measured. How-
ever, since the temperature in the total active fiber remains unchanged with
and without the Stokes seed, as shown in Figure 5.3 a), this is evidence for the
Raman process mainly happening after the active fiber.

Figure 5.3: The temperature of the active fiber at an output power of 1.2 kW in
the case with and without Stokes seed laser (a). Spectral performance of the
laser system with and without Stokes seed at 1.1 kW (b).

The output spectrum of the system is shown in Figure 5.3 b). Here, the
performance with and without Stokes seed laser is shown at an output power
of 1.1 kW. Two strong lines are visible in the spectrum: The Raman pump and
the Stokes signal. It has to be noted that the optical spectrum measurement is
not suited to extract conclusions about the relative power content in the Raman
pump and the Stokes signal since the fiber attached to the optical spectrum an-
alyzer acts as a single-mode filter, which leads to a varying coupling efficiency
in the case of TMI, for example. As described in Table 5.1, the power ratio is,
therefore, directly measured with powermeters.

Besides the Raman pump and the Stokes signal, there are other features
visible in the optical spectrum: the second Stokes order around 1165 nm and
some FWM peaks, which were already observed in chapter 4. The strength of
these FWM peaks could be influenced by changing the orientation of the fiber
bending. This is due to the polarized input state, as shown by (Haarlammert et
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al., 2013). While the fiber is a non-PM fiber, a weak birefringence is introduced
into the fiber through bending. This birefringence has two consequences.

First, the Raman gain is maximum if the polarization is preserved along the
fiber and reduced by a factor of two if the polarization is scrambled, as shown
by (Stolen, 1979). If the input polarization state is not aligned with the principal
polarization axis of the fiber, the polarization will change periodically along the
fiber. The beat-length of this change is slightly different for the Raman pump
and for the Stokes wavelength. Therefore, the amount of Raman scattering
will depend on the orientation of the input splice with respect to the fiber
bending axis. Changing the first splice can, therefore, change the performance
of the system. Consequently, for systematic investigations of the influence of
different parameters, this first splice must not be changed or PM fibers must be
used for all components. In the time frame of this thesis, kW-level, Yb-doped,
single-mode PM fibers were not easily available, which will hopefully change
with further research in the near future.

The second consequence of the weak fiber birefringence is an FWM gain
that is dependent on the input polarization. For different bending diameters
and orientations the phase matching condition is fulfilled at different wave-
lengths, as the input polarization changes. The different position and strengths
of the FWM peaks in the presented spectra in comparison to those presented
in chapter 4 can be explained that way. This argument strengthens the above-
described need for high-power, Yb-doped PM fibers as well as the need for
fixed splicing conditions. The latter were ensured in all systematic investiga-
tions presented later in subsection 5.3.3 and subsection 5.3.4.

TMI at the fiber output

Up to a corrected output power of approximately 900 W, the above described
setup showed a Raman pump beam quality of M2 = 1.3. The Raman pump
and the Stokes signal were spatially separated by dichroic mirrors and guided
towards a high-speed CCD camera. Figure 5.4 a) shows the measured near-
field beam profiles at an output power of 650 W.

For higher output powers the Raman pump beam quality deteriorated to
M2 = 1.8 at 976 W corrected output power, but the beam profile remained tem-
porally stable. The Raman pump beam profile, depicted in Figure 5.4 b), clearly
shows a high HOM (LP11) content. To understand this behavior the different
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Figure 5.4: Measured beam profiles at an output power of 650 W (a) and 974 W
(b).

transverse modes present in the fiber have to be considered: Raman pump FM
and HOM as well as Stokes FM and HOM. Because the Stokes seed was mainly
in FM, a beam cleanup to the Stokes radiation is present. Consequently, the
Stokes beam profile remained Gaussian-like at this output power level. The
Raman pump beam quality degradation can be understood as follows: the re-
sulting Stokes mode profile has a higher overlap with the Raman pump FM,
causing the latter to have a much higher Raman conversion efficiency than the
Raman pump HOM (Christensen et al., 2016). This higher efficiency caused
the ratio of Raman pump FM/HOM to decrease with increasing output power.
Thus, the output beam profile changed from what seemed to be a pure FM
profile to a clear mixture of FM and HOM.

While the ratio of the mode mixture changed with an increasing output
power, the beam profile remained temporally stable up to a total output power
of 1.1 kW. Beyond this power, the onset of TMI was observed. The Raman
pump beam profile became unstable. A dynamic variation of relative mode
content was observed, which manifested itself as a changing mode interference
pattern of the FM and HOM on the camera and as can be seen in Figure 5.5.

Figure 5.5: Measured beam profiles at a total output power of 1176 W at three
different times.
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The spectral discrimination between Raman pump and Stokes signals is
necessary to fully understand the process. To illustrate this, Figure 5.6 shows
the individual measured beam profiles next to a reconstructed combined beam
profile at 1176 W total output power at an exemplary point in time. From the
combined signal alone, the modal composition of pump and Stokes cannot be
deduced.

Figure 5.6: Exemplary measured beam profiles of Stokes and pump beam next
to a reconstructed combined beam at a total output power of 1176 W.

A modal decomposition algorithm, which is explained in more detail in
subsection 5.3.3, was programmed, similar to (Stutzki et al., 2011). A com-
bination of FM and HOM was fitted to the beam profile images with their
respective amplitudes and phases as fit parameters. A clear fluctuation of the
mode composition of the Raman pump with kHz-frequency was observed that
way, as depicted in Figure 5.7.

Figure 5.7: Mode amplitude of the measured Raman pump beam profile over
time (top) and measured Stokes beam intensity over time (bottom) for an ex-
emplary time period.

While the Raman pump beam showed strong modal fluctuations (TMI), the
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Stokes beam exhibited a more stable beam profile with a fluctuating intensity.
Figure 5.7 shows the Stokes intensity over time for the same time period as the
Raman pump beam profile.

This intensity fluctuation was synchronized to the mode fluctuations of
the Raman pump and can be explained by the latter. The two Raman pump
modes have a different Raman conversion efficiency, as mentioned before. The
higher the Raman pump FM fraction is, the higher is the Raman conversion
and the higher is the Stokes intensity. However, the synchronization between
the Raman pump mode fluctuation and the Stokes intensity was not perfect,
which becomes clear at the maximum positions indicated by the dotted lines
in Figure 5.7. The reason for that is probably electronic and other noise of the
camera disturbing the numerical fit. At even higher output powers, the Stokes
beam profile was seen to fluctuate in shape as well. This Stokes beam behavior
will be discussed further in subsection 5.3.3.

SRS as cause of the TMI

To verify whether the observed TMI were caused by SRS, experiments with and
without the Raman enhancement element and with and without the Stokes
seed signal were conducted. In the different cases, photodiode signals of the
Raman pump output were acquired as explained before. These photodiode
signals were evaluated as described by (Otto et al., 2012; Beier et al., 2018):
Each photodiode signal was split into equal-sized traces which were each nor-
malized to their average value. For each slice the standard deviation was cal-
culated, along the mean standard deviation of the total photodiode signal. The
results of this analysis, shown in Figure 5.8 clearly indicate that the TMI thresh-
old at approximately 1.2 kW is only present in the case with Stokes seed and
the Raman enhancement element.

This threshold is far below the threshold of the high-power amplification
system alone, which is 1.95 kW. This proofs that the observed TMI were, in-
deed, SRS-induced. However, since there is no optical isolation between the
Raman enhancement element and the high-power amplification element, their
origin is still unclear at this point. They could either be formed by a perturba-
tion of the active fiber or originate in the passive fiber. This will be investigated
in the following section.
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Figure 5.8: Standard deviation of the photodiode traces with and without
Stokes seed as a function of the total output power in comparison to the active
fiber alone (without Raman enhancement element, REE).

Localization of TMI origin

The localization of the origin of the observed SRS-induced TMI was made
possible by the different measurement ports listed in Table 5.1. Mainly the
power and stability at the 1 : 6 + 1 combiner with respect to the stability at
the fiber output enabled that localization. Bend loss measurements and simu-
lations revealed that with the bending diameter of the active fiber used here,
a significant amount of HOM content should couple out of the fiber core into
the fiber cladding. This light will then be partially guided towards the multi-
mode ports of the 1 : 6 + 1 combiner. Due to the long fiber lengths and large
number of transverse modes in the fiber cladding, all multi-mode ports of the
1 : 6 + 1 combiner are receiving approximately the same amount of this light.
Thus, if TMI is present in the active fiber, the overall power at a multi-mode
1 : 6 + 1 combiner port will increase. Additionally, this power will also fluctu-
ate with the characteristic kHz-frequency of the TMI. The standard deviation
and power measured at this port over the total output power is depicted in
Figure 5.9, in comparison to the same analysis at the fiber output.

It becomes clear that the signal at the fiber output already showed TMI at
a power of 1060 W while the the 1 : 6 + 1 combiner only showed TMI at a
power of 1160 W. Only at this output power level does the power at the multi-
mode 1 : 6 + 1 combiner port drastically increase, as shown in Figure 5.9. This
demonstrates that the observed TMI at 1060 W originate in the passive fiber. At
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Figure 5.9: Measured standard deviations at the fiber output and the multi-
mode 1 : 6 + 1 combiner port (a) and the signal power at the the multi-mode
1 : 6 + 1 combiner port (b) over total output power.

output powers above 1160 W TMI are present in the active fiber, as seen from
the last value with increased power at the multi-mode 1 : 6 + 1 combiner port.
The TMI threshold of the active fiber with Raman enhancement element and
Stokes seed is considerably lower than the threshold of the active fiber alone,
shown previously in Figure 5.8. Therefore, the strong Stokes signal and/or
TMI in the passive fiber disturb the stability of the active fiber, possibly through
back-reflected signals acting similar to an intensity noise.

The background colors of Figure 5.9 correspond to the different overall
beam stability behavior regimes with increasing output power (first a stable
operation, then TMI in the passive fiber and then TMI in the active fiber). This
behavior also manifests itself in the Fourier-transformations of the photodiode
signals. As the observed beam fluctuations occur with frequencies in the low
kHz-region, as expected for TMI (Johansen et al., 2013; Otto et al., 2012), this
region is of special interest. A comparison of the Fourier-transformed photo-
diode signals at the fiber output and at the multi-mode 1 : 6 + 1 combiner port
is shown in Figure 5.10.

Low-kHz components appear when the systems changes from stable oper-
ation below the TMI-threshold at 636 W to the unstable operation at 1144 W.
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Figure 5.10: Fourier-transform of the photodiode signals at the Raman pump
wavelength at the fiber output (a) and at the multi-mode 1 : 6 + 1 combiner
port (b) for different output powers. The colors correspond to the different
regimes indicated in Figure 5.9.

However, they do only appear at the fiber output (Figure 5.10 a), not at the
multi-mode 1 : 6 + 1 combiner port monitoring the active fiber (Figure 5.10 b).
This confirms the localization of the origin of the initial TMI to be within the
passive fiber. This finding is of high importance as it implies that SRS-induced
TMI potentially limits beam delivery fibers used in many different applica-
tions. Only at 1160 W does the active fiber become unstable, visible in the
increase of low-kHz components at the multi-mode 1 : 6 + 1 combiner port
depicted in Figure 5.10 b). These components are then also visible at the fiber
output.

In the following, key parameters influencing SRS-induced TMI in passive
fibers are investigated. The above presented technique of monitoring the active
fiber through the 1 : 6 + 1 combiner was applied to all subsequently presented
experimental investigations. This ensured that only SRS-induced TMI origi-
nating in the passive fiber was observed and that common TMI of the active
fiber are excluded.

5.3.2 Considerations of the laser intensity noise

As described in section 2.3 the noise characteristics of the laser system have a
significant impact on the TMI threshold (Stihler et al., 2020). In a Raman fiber
amplifier, intensity noise can either originate from the Raman pump laser or
the seed laser.
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On the Raman pump laser noise

For Yb-doped fiber laser systems, an analysis of the noise transfer function
showed that the 976 nm noise of the last amplification stage has the biggest in-
fluence (Gierschke et al., 2019). Such an Yb-doped fiber laser system is utilized
here as pump source. Thus the high-power 976 nm laser diodes are responsible
for most of the Raman pump noise in the system. Due to the short response
time of the stimulated Raman scattering, there can be a strong intensity noise
transfer from Raman pump to signal (Fludger et al., 2001). Therefore, through-
out the experiments presented in the following, the same 976 nm laser diodes
were used. While this is no optimization of the noise characteristics, it at least
ensured constant Raman pump noise conditions. An improvement of this Ra-
man pump intensity noise will be discussed later.

On the Stokes seed laser noise

The external cavity diode laser used so far as Stokes seed source has satisfac-
tory noise characteristics. Unfortunately, this source had the disadvantage of
being limited to output powers below 10 mW. This power was attenuated even
more by the insertion losses of the elements composing the Stokes seed laser,
especially the necessary optical isolators. FBG-stabilized laser diodes enable
much higher output powers, but they usually have worse noise characteris-
tics. To test the influence of the choice of seed laser on the SRS-induced TMI
threshold, the same system was used with two different sources: An external
cavity diode laser and a PM FBG-stabilized laser diode, both operating at a
wavelength of 1110 nm. To ensure equal conditions the same seed power levels
were fed into the system, by the use of the variable optical attenuator. A suffi-
cient warm-up period was given to each seed laser. The results are depicted in
Figure 5.11.

The SRS-induced TMI threshold behavior of the system was observed to
be the same for the two seed lasers within the measurement uncertainty. The
same performance of the two seed lasers allowed using the laser diode with
higher output power. This enabled to vary the power of the Stokes seed laser.
The influence of this parameter on the SRS-induced TMI threshold is described
in the following subsection 5.3.3.
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Figure 5.11: Standard deviation of the photodiode signals over output power
of the system with two different seed sources: an external cavity diode laser
(red) and an FBG-stabilized laser diode (blue).

5.3.3 Influence of the Stokes seed power

To examine the influence of the Stokes seed power on the SRS-induced TMI
threshold, this parameter was systematically varied. Here, the Stokes seed
power was changed between 4 mW and 21 mW. This was done with an opti-
cal variable attenuator, so that the seed driving current and, thereby, the seed
noise characteristics were unchanged. The variation range was limited by the
available output power of the seed laser on one hand and by the strong pump
powers required for amplification of weak Stokes seed signals to high output
power levels for a given fiber length on the other hand. A numerical simu-
lation of the Raman amplification was performed for which the steady-state
rate-equations and power propagation including the Raman term were solved.
Figure 5.12 shows the development of the Stokes output power along the pas-
sive fiber (where the Raman amplification mostly takes place) for different
Stokes seed powers at a 976 nm power of 1.1 kW and the fiber parameters as in
Table 5.2. The Stokes power increases with passive fiber length. Consequently,
the total Raman conversion efficiency, defined as the ratio of the Stokes power
to the total output power, also increases with passive fiber length. This is simi-
lar for the Stokes seed power: The higher the Stokes seed power, the higher the
efficiency. Figure 5.12 also depicts the corresponding local heat load along the
fiber. It becomes clear that changing the Stokes seed power shifts the position
of the maximum of the local heat load. However, the integrated heat load for
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a specific extracted Stokes power is the same, as the Raman process is the only
heat source in the passive fiber. This means that for the same extracted Stokes
power, the total heat load in the fiber will also be the same.

Figure 5.12: Numerical simulation of the Stokes power along the passive fiber
for different Stokes seed powers together with the corresponding local heat
load.

In the experiment, for each Stokes seed power, the 976 nm power was in-
crementally increased and the beam profile was measured with the high-speed
camera. The qualitative behavior was as described above: With increasing
output power the Raman pump shows first stable FM operation, then a more
dominant HOM, and finally a fluctuating beam profile.

To compare the quantitative behavior a mode fitting algorithm was applied
to the beam profile. The main part of this algorithm consists of fitting a com-
bination of FM (LP01) and HOM (even and odd LP11) to the measured profile
at each frame acquired by the high-speed camera. This fitting has four free
parameters: Two phases and two amplitudes. The third modal amplitude is
given by the assumption that the squared sum of them should equal unity,
which neglects all other higher order modes. Unfortunately, there are more
free parameters of the measurement such as the overall beam size and the
central beam position. Adding these free parameters to the fitting procedure
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would preclude conversion of the fit. However, the overall beam size is given
by the fiber core size, the used optical lenses and the CCD-pixel size and can
be calibrated initially. The central beam position is, ideally, also fixed by the
used optical path. However, there are small fluctuations between the differ-
ent acquisitions due to technical reasons such as different optical attenuation
for different output powers, resulting in slightly different optical paths of the
beams. The optimal central beam position is found by automatically perform-
ing a fit for many initial values and choosing the result with the lowest total fit
residuals.

Thereby, the FM and HOM mode amplitudes are retrieved over time for
each measured output power. Calculating the standard deviation of the FM
mode content from these traces enables to easily access the TMI threshold.
Note that for fibers and systems where the HOM content is completely filtered
out before the fiber output (for example through very tight bending), the beam
fluctuation is not visible on the camera and, thus, cannot be used for analysis.
The mode fitting method was benchmarked against the traditional theory of
measuring TMI with a photodiode (Otto et al., 2012). The two methods showed
similar results and the resulting standard deviations were highly correlated
with a Pearson correlation coefficient of r > 0.8.

Figure 5.13: Standard deviation of the Raman pump FM mode content over
the total output power (a) and the Stokes output power (b) for three different
Stokes seed powers at a fixed passive fiber length of 17.5 m. For comparison,
the corresponding photodiode values are shown for the total output power but
omitted for the Stokes power for better visibility.

Figure 5.13 shows the result of both techniques for three different seed
powers at a fiber length of 17.5 m over the total output power (a) and the
Stokes power (b) for different Stokes seed powers. The total output power
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shows a clear trend: The higher the Stokes seed power, the lower the total
output power (the sum of Raman pump and Stokes signal) at the SRS-induced
TMI threshold. However, the Stokes output power of the TMI threshold does
not show a clear trend. Thus, while the efficiency of the RFA changed with
different Stokes seed power, the threshold occurred at the same Stokes power
within the measurement uncertainty. These observations largely validate the
theoretical work of (Naderi et al., 2016).

The above presented modal analysis of the Raman pump signal was addi-
tionally applied to the Stokes signal measured during the same experiments.
Again, TMI is manifested as an increase of the standard deviation of the FM
content.

Figure 5.14: Standard deviation of the Stokes signal FM mode content over
the total output power (a) and the Stokes output power (b) for three different
Stokes seed powers at a fixed passive fiber length of 17.5 m.

The results are depicted in Figure 5.14. The behavior of the Stokes signal
is similar to that of the Raman pump: The higher the Stokes seed power, the
lower the total output power at the SRS-induced TMI threshold. The com-
parison to the results of the Raman pump beam analysis (Figure 5.13) shows
significant differences between the Raman pump beam and the Stokes beam.
For quantification, an increase of the initial standard deviation by a factor of 5
can be chosen as threshold definition4, which leads to the values given in Ta-
ble 5.3. This threshold is indicated by the horizontal black line in Figure 5.14.

The Raman pump reaches the TMI threshold at lower output powers than
the Stokes signal. As the measurements of the Raman pump and Stokes beam

4There are several different TMI threshold definitions in use, such as using the derivative
of an exponential fit (Otto et al., 2012). The fivefold increase was proposed by (Johansen et al.,
2013) and used here as it was successfully applied to similar fibers in (Beier et al., 2018).
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Table 5.3: Total output powers at the TMI threshold of the Raman pump and
Stokes signal for three different Stokes seed powers.

Stokes seed power 21.3 mW 7.8 mW 4.1 mW

Raman pump threshold 800 W 911 W 971 W

Stokes threshold 829 W 930 W 988 W

profile were taken simultaneously, these differences are beyond the measure-
ment uncertainty. It has to be noted that such a behavior is not contradictory
to measurements that showed a lower TMI threshold for longer wavelengths
(Beier et al., 2017b) as in those cases the signal wavelength was changed each
time and no additional signal was present. In the experiment present here
on the other hand, there were two signals present in the fiber at the same
time. There are several possible mechanisms that might explain the higher
TMI threshold of the Stokes signal.

The first explanation is the refractive index grating responsible for TMI of
the Raman pump which might act upon the Stokes signal. However, while the
spectral width of the RIG causing TMI has unfortunately not been measured to
date, it is expected to be smaller than the wavelength difference between pump
and Stokes. The reason for that is the long fiber length (several meters) over
which the RIG is formed, resulting in many grating periods experienced by the
Stokes signal. The spectral width of the RIG, probably reduces with length, as
does the spectral width of long-period gratings (Ramachandran et al., 2002).
Nevertheless, energy converted to the HOM after a small number of grating
periods is not converted back, so the strength of the direct coupling between
the Stokes modes caused by the Raman pump RIG is unclear.

The second effect is the conversion of Raman pump HOM to Stokes HOM,
that is nonzero, albeit being weaker than the FM conversion efficiency. Conse-
quently, the Stokes signal is composed of FM and HOM, possibly undergoing
the same dynamic as the Raman pump signal. Because the conversion effi-
ciency is higher for the FM, a beam cleanup takes place which stabilizes the
Stokes signal, resulting in a higher TMI threshold of the Stokes signal com-
pared to the Raman pump.

The third effect is the wavelength-dependency of the coupling efficiency
between the FM and HOM for a RIG. It is known that the coupling efficiency
between these modes decreases with wavelength (Dong, 2013; Hansen et al.,
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2013). As the Stokes signal has a longer wavelength, it experiences a lower
coupling between FM and HOM resulting in a higher TMI threshold.

To identify which of the above explanations is most important for the ob-
served behavior remains a challenge for future research. To this end, a mea-
surement of the spectral width of the RIG causing TMI should be conducted.

Coming back to the experimental data, it is noteworthy that the analysis of
the Stokes signal beam stability, depicted in Figure 5.14 enables a clear thresh-
old determination. The Stokes power at the TMI threshold is the same within
a margin of 398 W± 12 W for all three Stokes seed powers, with the thresh-
old definition as before. Since the total output power at the SRS-induced TMI
threshold decreased with increasing Stokes seed power, the total efficiency of
the RFA was changed. In summary, while the efficiency of the RFA changed
with different Stokes seed power, the threshold occurred at the same Stokes
power within the measurement uncertainty. As for the analysis of the Raman
pump, these observations largely validate the theoretical work of (Naderi et al.,
2016), commented in the introduction of section 5.3.

Another way to test the behavior of SRS-induced TMI and the theoretical
prediction made by (Naderi et al., 2016) is to vary the overall conversion effi-
ciency of the RFA, that is to change the passive fiber length, which was done
in the following subsection 5.3.4.

5.3.4 Influence of the fiber length

To examine the influence of the fiber length on the SRS-induced TMI threshold,
the passive fiber length was changed between 17.5 m and 14 m. This was done
by opening an existing fiber splice after the 1 : 6 + 1 combiner, cutting out a
specified fiber length and re-splicing the fiber. A conventional cut-back from
the fiber end was not possible due to the need for a water-cooled fiber end
cap. However, the technique used here also prevents additional fiber splices.
Due to the symmetry of the fiber, the redone splice was not necessarily in the
same rotation direction as the previous one. This might have led to a slightly
different fiber torsion changing the birefringence of the fiber. Additionally, the
total birefringence of the fiber, which is induced by the fiber coiling, changes
with the coiled fiber length. However, the passive fiber was coiled on a large
diameter of 20 cm which induces little birefringence and, thus, these effects
can be neglected here. For all investigates presented here, all other splices
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were kept untouched and the length of the tightly coiled active fiber remained
constant.

For every fiber length the 976 nm power was incrementally increased and
the beam profile was measured with the high-speed camera. The qualitative
behavior was as described above: with increasing output power, the Raman
pump shows first a stable operation, then a more dominant, static HOM con-
tent and finally a fluctuating beam profile. The measurement data was ana-
lyzed as described in subsection 5.3.3.

Figure 5.15: Standard deviation of the Raman pump FM mode content over
the total output power (a) and the Stokes output power (b) for three different
fiber lengths at a fixed seed power of 21 mW.

Figure 5.15 shows the resulting standard deviation of the Raman pump FM
mode content at a seed power of 21 mW over the total output power (a) and the
Stokes power (b) for different fiber lengths. The total output power shows a
clear trend: the longer the fiber length, the lower the total output power at the
SRS-induced TMI threshold. If an increase of the initial standard deviation by
a factor of 5 is chosen as the TMI threshold definition, the total output powers
at the TMI threshold with increasing fiber length are 997 W, 908 W and 804 W.
On the other hand, the Stokes power shows a different behavior: Here, the
threshold is the same , i.e. within a range of 301 ± 10 W Stokes power for all
fiber lengths.

This fiber length variation measurements were not only done with a Stokes
seed power of 21 mW, but the two other Stokes seed powers shown in the
previous section were also tested. At a Stokes seed power of 8 mW the TMI
threshold behavior was the same: The total output power at the TMI thresh-
old decreases with increasing fiber length and the Stokes power at the TMI
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threshold is the same.

At an even lower Stokes seed power of 4 mW, the trend was observed to
be the same for the two longer fiber lengths. Unfortunately, at the shortest
fiber length and at the lowest seed power thermal limitations (at the last CLS)
occurred before the Stokes power was strong enough to reach the SRS-induced
TMI threshold. This is because the Raman conversion efficiency decreases with
fiber length as well as with Stokes seed power which requires a larger pump
power and, thus, larger heat load at the CLS, to reach the same Stokes power.

In summary, while the total Raman conversion efficiency at the TMI thresh-
old of the RFA with a Stokes seed power of 21 mW changed with increasing
fiber lengths from 30 % to 37 % , the threshold occurred at the same Stokes
power. These observations largely validate the theoretical work of (Naderi et
al., 2016). This finding implies that the total heat load is important for the
SRS-induced TMI threshold as will be discussed in the following section 5.4.

5.4 Discussion and influence of further parameters

The fiber length variation showed that the Stokes power at the TMI threshold
is nearly independent of the total Raman conversion efficiency of the RFA and,
likewise, the variation of the Stokes seed power showed a similar result: while
the total TMI threshold power (i.e. considering both the Raman pump and
the Stokes signal) showed a clear trend, the Stokes power at the TMI thresh-
old did not. Therefore, the results of both experiments, i.e. the fiber length
variation and the Stokes seed power variation, imply that the total heat load
along the fiber is the key parameter for SRS-induced TMI. This suggests that
the Raman gain distribution longitudinally along the fiber is not of great im-
portance. Consequently, a bi-directional pumping optimization as done for
Yb-doped amplifiers (T. Li et al., 2018) is not expected to be fruitful for RFA.
While walk-off between the Raman pump and the Stokes signal may lead to
a small threshold variation for core-pumped RFA and very long fiber lengths,
for practical fiber configurations and cladding-pumped RFA TMI cannot be
overcome by gain re-distribution along the fiber.

This leaves only few other optimization strategies to further increase the
output power of RFAs. They will be discussed in the following to identify the
more and less rewarding TMI mitigation strategies.
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Input state

As the effect of TMI is induced by the presence of a higher order mode, both the
Raman pump and Stokes signal should be in the fundamental mode. Conse-
quently, perfect mode excitation should be achieved. Likewise, the fiber should
have high losses for any HOM,which implies a reduction of the fiber V-number
to as close to single-mode behavior as possible. This requires a careful fiber
design with precise control over the index step for step-index fibers. In the ex-
periment presented here the excitation was already nearly fundamental mode,
as indicated by the good beam quality at low output powers. Thus, mode
excitation alone will not greatly increase the SRS-induced TMI threshold.

However, the polarization of the input state is a property that can still be
optimized. Unfortunately, the polarization of the input state relative to the
fiber coiling axis could not be controlled in this thesis, due to the lack of high-
power PM fibers, as explained in subsection 5.2.1. As these fibers are expected
to be available in the near future, the influence of polarization control on the
SRS-induced TMI threshold will then be examinable. A very recent theoretical
investigation showed that the TMI threshold of a PM fiber can be increased by
up to 50 % by using a linearly polarized input state whose polarization axes
is oriented with an angle of 45 with respect to the main polarization axes of
the fiber (Jauregui et al., 05.03.2021). This is caused by the dependency of the
effective refractive index difference between FM and HOM on the polarization
axes. This causes the MIP written in both fiber axes to have a different pe-
riodicity. As the two MIP are incoherently overlapping, the overall MIP will
be locally washed out, resulting in a weaker RIG, resulting in a higher TMI
threshold. This theoretical investigation agrees with recent experimental data
(Lai et al., 2020) and gives a noteworthy strategy to increase the SRS-induced
TMI threshold in applications that do not require a linear polarized output
state.

Noise characteristics

In active fibers, an intensity noise improvement of the pump laser in the low
kHz frequency region could lead to a significantly higher TMI threshold (Stih-
ler et al., 2020). A similar behavior can be expected for Raman lasers.

During the course of this thesis, the intensity noise of the Raman pump
lasers was measured relative to the fundamental quantum noise level (Popp
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et al., 2020). To this end, an ECDL source operating at a Raman pump wave-
length of 1064 nm was amplified in a Yb-doped, pm fiber to an output power of
1.89 W. This system is comparable to the Raman pump laser used in the above
descried experiments. The system was characterized with a self-homodyne
measurement setup, whose key component is a beam splitter and two iden-
tical, low-noise photodiodes, as well as electronics to add and subtract the
detector signals. Since all classical noise is canceled out in the difference sig-
nal, only detector electronic noise and quantum noise remains in this signal.
The added signal, on the other hand, contains classical as well as quantum
noise. In that way, the classical noise could be calibrated to the quantum noise
level. At a frequency of 10 kHz, the noise level of the amplifier was measured
to be 59.9 dB above the quantum level, whereas the noise level of the ECDL at
an output power of 5 mW was 14.9 dB above the quantum limit. This shows
that there is a vast optimization potential of the noise level of the Raman pump
laser used in the above described experiments investigating TMI.

To reduce the noise of the Raman pump laser it is desirable to improve the
component which has the strongest contribution to the overall noise. Deter-
mining the noise transfer function of the system reveals that the final 976 nm
laser diodes are the strongest noise contributor (Gierschke et al., 2019). A solu-
tion that compensates this noise with an additional low power 976 nm source
and a fast electronic feed-back loop might be practical. A systematic study on
that should be done in future work.

Fiber core size

The fiber core size has direct influence on the Raman amplification efficiency
of the RFA (Equation 2.14). Consequently, for a larger core size, a longer fiber
length is needed to achieve the same Stokes power. However, this does not
change the total heat load and will, therefore, have only a minor influence
on the SRS-induced TMI-threshold as described above. However, there is an
influence of the core size on the beat length of the mode interference pattern,
as was proposed for rare-earth doped fiber laser systems. The influence of the
fiber core size on the TMI threshold in such systems is not entirely clear. On
the one hand, an inverse dependency of the threshold on the square of the core
diameter was theoretically derived (Zervas, 2019) and a similar behavior was
found in (Tao et al., 2018). On the other hand, it was proposed that the core
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size does not influence the TMI threshold if the V-number of a step-index fiber
is left unchanged (Hansen et al., 2012).

In any case, keeping the V-number low is beneficial, as it decreases the
HOM content. However, this requires very small refractive index steps be-
tween fiber core and cladding for step-index fibers with very large core diam-
eters. This does not only require precise control during fiber production but
also makes the fibers very sensitive to bend losses. As these bend losses are
wavelength dependent, it will be challenging to keep them low for the Stokes
wavelength while maintaining a small fiber NA. Alternatively, more complex
fiber designs have to be used.

Quantum defect control

Since the refractive index grating responsible for TMI is caused by a depen-
dence of the refractive index of the glass on the temperature, a solution would
be to lower the heat load. This can be achieved by reducing the quantum
defect by choosing wavelengths of Raman pump and Stokes that are close to
each other, which is possible due to the broad gain region of Raman scatter-
ing. Unfortunately, this restricts the ability of the RFA to reach wavelengths
outside the gain spectra of active doped fibers. However, it reduces the total
heat load introduced into the fiber and, thereby, it is expected to increase the
TMI threshold.

Thermal refractive index response

Instead of lowering the heat load, it is also possible to lower the sensitivity
of the refractive index to temperature changes, i.e. to lower the thermo-optic
coefficient in Equation 2.21. Following (Dragic et al., 2018), it is possible to re-
duce the factor of dn

dT to zero and, thereby, create an athermal fiber. This would
require co-doping the fiber with Boron or Phosphor at every region that ex-
periences a temperature increase. Due to thermal conduction within the fiber,
this region is larger than the fiber core. Producing such a large region can be
impractical. An alternative would be not to aim for dn

dT = 0, but to choose a
slightly higher factor, that is still lower than the dn

dT of the surrounding silica.
That way, the refractive index in the core would increase similar to the refrac-
tive index in the surrounding cladding, albeit experiencing a much higher heat
load. Consequently, the refractive index difference between core and cladding
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would not (strongly) increase and, thus, the fiber would show stable guid-
ing conditions, i.e. a fiber that is single-mode in its cold state would remain
single-mode under heat load. While the technique of tailoring the thermal re-
fractive index response would require substantial fiber material research, it has
a vast potential to improve the performance of high-power, single-mode fiber
lasers. This also holds true for Raman fiber lasers, but it has to be noted that
strong co-doping influences the Raman gain as the dopants vibrate differently
(El Hamzaoui et al., 2015). Consequently, a fine tuning of the fiber parameters
might be necessary to adapt to a gain curve different from the one depicted in
Figure 2.3.

Active TMI mitigation

Lastly, one could consider active strategies to either mitigate the TMI within
the fiber or to work with an unstable beam.

The latter would be done by deploying adaptive optics. Low power experi-
ments show that such a technique is able to significantly increase the power in
the bucket of a beam profile (Xie et al., 2019). However, due to the necessary
computation time, this correction is currently too slow for TMI compensation.
The reaction times would need to be shortened by 2 orders of magnitude,
which seems unlikely in the near future.

Another option is given by an active TMI mitigation within the fiber, as
proposed by (Stihler et al., 2018). These methods rely on the control of the
phase shift between the refractive index grating and the mode interference
pattern that are responsible for TMI. There are several methods to achieve
this such as a pump modulation (Jauregui et al., 2018) or a dual-tone seeding
(Möller et al., 2020a). While the last is not feasible in RFA, a pump modulation
is. Since the phase shift between refractive index grating and mode interference
pattern accumulates along the fiber length and since the fiber lengths required
for RFA are much longer than the one studied in (Jauregui et al., 2018), a much
smaller variation than the one presented in (Jauregui et al., 2018) might achieve
a TMI suppression.
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5.5 Conclusion

This chapter gave a review of the research on SRS causing TMI in active
fibers. Beyond that, experimental evidence was given of the occurrence of
SRS-induced TMI in passive fibers. To this end a high-power, core-pumped
RFA was constructed and the emitted beam was analyzed in a spectrally selec-
tive manner with high temporal resolution, which led to the detection of TMI.
Measurements with and without Stokes seed proofed that the instability was
caused by SRS. Stability analysis of the system at two different points along
the fiber allowed to identify the passive fiber as place of origin of the TMI.
This effect observed here for the first time, is likely to become a strong per-
formance limitation of high-power, single-mode RFAs in the near future. TMI
already is a major limiting factor of high-power active fibers, as explained in
(Zervas, 2019). The results presented in this chapter showed that it poses a
similar threat to high-power RFA and, potentially, even to beam delivery fibers
if SRS comes into play.

Therefore, a complete understanding of the process is necessary. A first
step towards this goal was made by experimentally investigating the influence
of the Stokes seed power and fiber length on the TMI threshold. The latter was
determined by performing a modal decomposition of the output beam profile.
These investigations validate previous theoretical predictions and imply that
the total heat load along the fiber is the key parameter for SRS-induced TMI.
This led to the discussion of several other influential parameters and strategies
to mitigate SRS-induced TMI. Implementing these strategies will allow for kW-
level RFA with excellent beam quality in the spectral region beyond 1.1µm in
the near future.
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6 Conclusion and outlook

This thesis presented analytic, numerical and experimental investigations of
SRS in high-power fiber laser systems. There are two major fields of applica-
tions where the insights gained from this thesis are helpful: High-power fiber
laser systems where SRS is sought to be avoided and high-power Raman fiber
amplifiers.

In solid-core fibers the Raman pump and the Stokes signal experience different
group velocities and this thesis showed that the resulting walk-off has a strong
influence on the SRS process even in continuous wave systems. An existing
analytical walk-off model describing the single-pulse case could be expanded
to describe the continuous case. Walk-off was found to explain the previously
observed, but not understood relation of a lower Stokes content for a broader
spectral width of the output coupler grating in high-power fiber oscillators.
A broader spectrum corresponds to shorter temporal features which results
in walk-off reducing the simultaneous presence of the Raman pump and the
Stokes signal more effectively. Numerical simulations verify the influence of
walk-off and the analytical model. The application domain of the latter was
clarified. The analytical walk-off model was found to be in agreement with
previously published experimental data showing a Stokes power decrease over
several orders of magnitude with an increasing spectral width.

These insights are especially important for high-power cw fiber oscillators,
that currently show an SRS-limited record output power of 5 kW at a wave-
length of around 1µm. As further improvement of the thermal properties of
the FBGs in such oscillators can be expected, the precise knowledge of the
influence of their spectral width will allow significantly reducing the Stokes
content of these systems. As a consequence even higher output powers are
within reach with monolithic fiber oscillators up to where transverse mode in-
stability limits further scaling. A stable single-mode operation with mode-field
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area of approximately 300µm2 at an output power of 6 kW and beyond should
be possible in the near future.

The performance of high-power, single-mode RFAs has been studied as well.
Experimental investigations showed that a multi-longitudinal mode Raman
pump seed source is best suited for narrow-linewidth operation, because it
prohibits spectral broadening of the Stokes signal induced by cross-phase mod-
ulation. The Stokes output power of the RFA could be increased up to 500 W.

Furthermore, experimental evidence of TMI caused by SRS was presented.
Monitoring the stability of the system at several locations along the fiber en-
abled to locate the origin of the TMI within the passive fiber. To the best of my
knowledge, this is the first time that the effect of TMI has been reported in a
passive fiber. The TMI threshold was determined by carrying out a spectrally
selective modal decomposition of the beam profiles measured with a high-
speed camera. A systematic variation of the fiber length and Stokes seed power
allowed to verify and expand previous theoretical predictions. A main result
of these investigations is, that the TMI threshold occurs at the same extracted
Stokes power, independently of the Stokes seed power and fiber length. This
indicates that for a given passive fiber and launch condition, the Stokes power
is the parameter to monitor when tailoring pump power and fiber length to
remain below the TMI threshold. It became clear, that SRS-induced TMI poses
a severe threat to the performance scaling of high-power RFAs.

However, there are several mitigation techniques of TMI viable, that are
discussed in this thesis, such as single-mode guidance and an athermal fiber.
Testing these strategies should be in the center of future research. While the
fabrication of an athermal fiber promises a strong power scaling, it requires
substantial research effort. Investigating the influence of fiber bending and
the possibility to compensate pump intensity noise are simpler steps towards
an improved performance of high-power RFAs. In the mid-term, the outlined
TMI-mitigation strategies will allow kW-level (cascaded) RFA with excellent
beam quality in the wavelength region between the emission bands of Yb and
Er. These sources will allow for high-brightness in-band pumping of Er-doped
fiber lasers, reducing the quantum defect in those systems and thereby scaling
their attainable output power. High-power RFAs and Er-doped fiber lasers
emitting in the "eye-safe" region beyond 1.4µm will likely have a huge impact
on many applications requiring open air transmission such as remote sensing,
rangefinding and free-space optical communications.
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Acronyms

CLS Cladding light stripper.
ECDL External cavity diode laser.
FBG Fiber Bragg grating.
FM Fundamental mode.
FWM Four-wave mixing.
HOM Higher order mode.
MOPA Master oscillator power amplifier.
NA Numerical aperture.
NLSE Nonlinear Schrödinger equation.
OFDR Optical frequency domain reflectometer.
PM Polarization maintaining.
RFA Raman fiber amplifier.
SBS Stimulated Brillouin scattering.
SPM Self-phase modulation.
SRS Stimulated Raman scattering.
TMI Transverse mode instability.
XPM Cross-phase modulation.
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Summary

Fiber lasers with kW-level average output power are a key tool in many mod-
ern production processes. However, further output power scaling is limited by
stimulated Raman scattering (SRS) and transverse mode instability (TMI). TMI
cause the emitted beam profile to fluctuate between different transverse modes
of the fiber and SRS is an effect that transfers significant signal power to longer
wavelengths. Besides the limits of further output power scaling, another im-
portant obstacle of high-power fiber lasers is the limited working wavelength
of these systems. SRS can be used to overcome this obstacle, in the form of a
Raman fiber amplifier (RFA). There, a strong SRS effect enables operation at
otherwise inaccessible wavelengths and SRS needs to be enhanced, whereas
for wavelengths within the amplifying band of the active ions it needs to be
suppressed. Within this thesis, both of these cases are under study.
Prior to this thesis, an influence of the spectral width of the output coupler in
high-power fiber oscillators on the Stokes content created by SRS has been ob-
served but could not be explained. This is changed by this thesis that develops
an enhanced, analytic walk-off model. These examinations show that walk-off
between Raman pump and Stokes signal has a large effect on SRS in cw laser
systems. The model and the influence of walk-off is verified by numerical sim-
ulations. These investigates pave the way for monolithic fiber oscillators with
output powers beyond 6 kW and excellent beam quality.
Additionally, a narrow-linewidth RFA system is realized and its spectral prop-
erties are analyzed. Significant spectral broadening of the Stokes signal is ob-
served. Cross-phase modulation of Raman pump and Stokes signal is identi-
fied as cause of this behavior. The Stokes output power of the RFA could be
increased up to 500 W. Experimental evidence for TMI caused by SRS is given
and, for the first time, it is shown that SRS-induced TMI can even occur within
a passive fiber. Spectral separation of the Raman pump and Stokes signals
allows determination of the TMI threshold by analyzing the individual beam
profiles on a millisecond timescale. This enables experimental investigations
of the TMI threshold in dependence of fiber length and Stokes seed power.
The results are then used to test and advance theoretical predictions on their
influence regarding the threshold. These findings can be used to select the
most rewarding TMI mitigation strategy for further power scaling of RFA and,
thereby, enable high-brightness sources at wavelengths otherwise unreachable.
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Zusammenfassung

Faserlaser mit mittleren Ausgangsleistungen im kW-Bereich sind ein wichtiges
Werkzeug in vielen modernen Produktionsprozessen. Die weitere Skalierung
der Ausgangsleistung wird jedoch durch stimulierte Raman-Streuung (SRS)
und transversale Modeninstabilitäten (TMI) begrenzt. TMI verursachen eine
Fluktuation des emittierten Strahlprofils zwischen verschiedenen transver-
salen Moden der Faser und SRS ist ein Effekt, der signifikante Signalleistung
zu längeren Wellenlängen (Stokes-Signalen) überträgt. Neben den Begren-
zungen der weiteren Ausgangsleistungsskalierung ist ein weiteres wichtiges
Hindernis von Hochleistungsfaserlasern der begrenzte Spektralbereich dieser
Systeme. Um dieses Hindernis zu überwinden, kann SRS in Form eines
Raman-Faserverstärkers (RFA) eingesetzt werden. Dort ermöglicht ein starker
SRS-Effekt den Betrieb bei sonst unzugänglichen Wellenlängen und seine
Verstärkung ist erwünscht, während er für Wellenlängen innerhalb des
Verstärkerbandes der aktiven Ionen unerwünscht ist. In der vorliegenden
Arbeit werden beiden Fälle untersucht.

Vor Beginn dieser Arbeit wurde ein Einfluss der spektralen Breite des
Auskoppelreflektors in Hochleistungsfaseroszillatoren auf den Stokesgehalt
beobachtet, konnte aber nicht erklärt werden. Dies wird durch die vorliegende
Arbeit geändert, die ein erweitertes, analytisches Walk-off-Modell entwickelt.
Die Untersuchungen zeigen, dass der Walk-off (das räumliche Auseinander-
laufen) zwischen Raman-Pumpe und Stokes-Signal einen großen Einfluss auf
die SRS in cw-Lasersystemen hat. Das Modell und der Einfluss des Walk-offs
wird durch numerische Simulationen verifiziert. Diese Untersuchungen ebnen
den Weg für monolithische Faseroszillatoren mit Ausgangsleistungen jenseits
von 6 kW und ausgezeichneter Strahlqualität.

Darüber hinaus wird in der vorliegendne Arbeit ein schmalbandiges RFA-
System realisiert und dessen spektrale Eigenschaften analysiert. Es wird
eine signifikante spektrale Verbreiterung des Stokes-Signals beobachtet.
Eine Kreuzphasenmodulation von Raman-Pumpe und Stokes-Signal wird
als Ursache für dieses Verhalten identifiziert. Die Stokes-Ausgangsleistung
des RFA-Systems konnte auf bis zu 500 W gesteigert werden. Es wird der
experimentelle Nachweis für eine durch SRS verursachte TMI erbracht und
erstmals gezeigt, dass eine SRS-induzierte TMI sogar innerhalb einer pas-
siven Faser auftreten kann. Die spektrale Trennung der Raman-Pump- und
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Stokes-Signale erlaubt die Bestimmung der TMI-Schwelle durch Analyse der
einzelnen Strahlprofile auf einer Millisekunden-Zeitskala. Dies ermöglicht
experimentelle Untersuchungen der TMI-Schwelle in Abhängigkeit von der
Faserlänge und der Stokes-Seed-Leistung. Die dabei gewonnenen Ergebnisse
werden verwendet, um theoretische Vorhersagen über deren Einfluss auf
die Schwelle zu testen und weiterzuentwickeln. Diese Erkenntnisse können
genutzt werden, um die lohnendste TMI-Vermeidungsstrategie für die weitere
Leistungsskalierung von RFA auszuwählen und zukünftig Quellen mit hoher
Helligkeit bei sonst unerreichbaren Wellenlängen zu ermöglichen.
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