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Kurzzusammenfassung

Das wesentliche Ziel dieser Arbeit war es, die Herausforderungen bei der Entwicklung
von Faserverstérkersystemen fiir die nachste Generation von Grawitationswellendetektoren
(engl.: gravitational wave detector, GWD) zu identifizieren und zu verstehen. Obwohl die
Laserparameter bis jetzt noch nicht endgiiltig festgelegt sind, lassen konzeptionelle Arbeiten
auf die Verwendung eines linear polarisierten, einfrequenten Signals bei einer Wellenlédnge
von 1064 nm mit ca. 1kW optischer Leistung in der TEMgp-Mode schlieen. Die grofite
Schwierigkeit, ein solches Signal mit faserbasierten Systemen bereit zu stellen, besteht darin,
dass einmodige Lichtfithrung und -verstérkung in konventionellen Stufenindexfasern nur bis
zu Modenfelddurchmessern (engl.: mode field diameter, MFD) von ca. 21 pm bei 1064 nm
moglich ist. Verstdrkung von einfrequenten Signalen in solchen Fasern ist jedoch durch
den Prozess der stimulierten Brillouin-Streuung (engl.: stimulated Brillouin scattering,
SBS) auf Leistungen bis zu 300 W begrenzt. Die vorliegende Arbeit konzentriert sich daher
auf die alternativen Faserkonzepte der photonischen Kristallfasern (engl.: photonic crystal
fiber, PCF) und der chiral Kern-gekoppelten (engl.: chirally coupled core, CCC) Fasern.
Diese waren und sind die vielversprechensten Kandidaten fiir den effektiv einmodigen
Betrieb von Fasern mit sehr grofen MFDn.

Durch Verwendung einer PCF mit einem MFD von 30 um wurde eine Rekordleistung von
203 W in der TEMgp-Mode in linearer Polarisation erzielt, nur limitiert durch parasitire
Laserprozesse. Der Uberlapp des Kernsignals mit der TEMgo-Mode betrug in diesem Fall
91 %. Ein exzellenter TEMgo-Modeniiberlapp von 95 % wurde fiir eine CCC-Faser mit einem
MFD von 30 um bei Verstarkerleistungen bis zu 103 W gemessen. Dies zeigt das generelle
Potential dieses Faserkonzepts, falls sich der Herstellungsprozess hinsichtlich Performance-
Reproduzierbarkeit und -Homogenitét entlang der gesamten Faser entsprechend optimieren
lasst. Das verwendete Faserstiick fithrte jedoch eine hoéhere Mode und die Leistung
mit linearer Polarisation in der TEMgy-Mode war durch den Effekt der transversalen
Modeninstabilitét (engl.: transverse modal instabilities, TMI) auf 182 W begrenzt.

Fin entscheidender Beitrag zur Identifikation verschiedener zu TMI fithrender physi-
kalischer Prozesse, die zur Zeit noch kontrovers diskutiert werden, wurde durch TMI-
Charakterisierung mit verschiedenen experimentellen Methoden geleistet. Unterhalb
der Schwellleistung fiir TMI wurde kein signifikanter Abfall des TEMgg-Modengehalts
mit steigender Verstarkerleistung festgestellt, sobald transiente Strahlprofilfluktuationen
abgeklungen waren. Des Weiteren wurden zum ersten Mal frequenzaufgeloste Intensitéts-
rauschspektren unterhalb und oberhalb der Schwellleistung direkt gemessen. Dabei wurde
ein ansteigendes, breitbandiges Rauschen beobachtet, das keine eindeutigen, ausgepréigten
Frequenzen enthielt. Mit steigender Verstarkerleistung wiesen die Rauschspektren immer
neue, hohere Frequenzanteile auf.

Obwohl die Eigenschaften der SBS im Vergleich zur TMI sehr gut verstanden sind,
erschwert SBS immer noch die Verstdrkung von einfrequenten Signalen. Deshalb wurde
der Einfluss von verstirkter spontaner Emission, der zuvor noch nicht untersucht worden
war, numerisch und experimentell evaluiert. Insgesamt stellen die in dieser Arbeit préisen-
tierten Experimente und Diskussionen einen entscheidenden Beitrag zur Entwicklung von
Faserverstéirkern fiir die néchste Generation von GWD Systemen dar.

Schlagworte: Ytterbium Faserverstirker, einfrequent, grofle Modenfelddurchmesser
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Abstract

The main subject of this thesis was the identification and comprehension of the challenges
arising from designing fiber amplifier systems for application in the 3' generation of
gravitational wave detectors (GWDs). Even though the actual requirements on the laser
systems for these future GWDs are not ascertained yet, conceptual design studies indicate
that a linearly-polarized single-frequency (SF) signal at 1064 nm with more than 500 W
in the TEMgp mode will most likely be required. The major challenge in achieving this
arises from the fact that conventional step-index fibers can only be operated effectively
single-mode up to mode field diameters (MFD) of about 21 pm at 1064 nm. SF-amplifiers
employing these fibers are in turn limited to output power levels of less than 300 W by the
nonlinear effect stimulated Brillouin scattering (SBS). The focus of the presented research
was therefore on the utilization of advanced fiber design concepts, bendable photonic
crystal fibers (PCF) and chirally coupled core (CCC) fibers, as they were and still are the
most promising candidates to obtain effective single-mode operation of large mode area
fibers.

A record TEMyy mode power in linear polarization was obtained with a PCF of about
30 um MFD, limited only by parasitic lasing processes. The overlap of the fiber core signal
with the TEMyg mode in this case was measured to be 91 %. An excellent overlap of the
fiber’s fundamental mode with the TEMyy mode (95 %) was demonstrated at power levels
up to 103 W for a 30um MFD CCC fiber, showing the general potential for this fiber
design, if the drawing process can be sufficiently optimized regarding the performance
reproducibility and homogeneity along the entire fiber length. The analyzed fiber sample,
however, guided one higher order mode, which could not be suppressed anymore at a
certain power level. TEMgy mode power scaling in linear polarization was thus limited
to 182 W by the onset of a nonlinear effect, commonly referred to as transverse modal
instabilities (TMI).

A major contribution to identify various physical processes leading to TMI, which are
currently still controversially discussed within the scientific community, was achieved
by characterizing TMI with different experimental methods. Below the TMI threshold,
no relevant decrease in the TEMyy mode content with increasing amplifier power was
observed, once initial beam profile fluctuations had decayed. Moreover, the frequency
resolved intensity noise spectra below and above the threshold were measured for the
first time directly. A rising broadband noise which contained no distinct frequencies was
observed with increasing amplifier power. Moreover, the measured noise spectra contained
more and more higher frequencies with increasing amplifier output power.

Even though the process of SBS is well understood compared to TMI, it still aggravates
power scaling of SF signals. Hence, a feature which has not been investigated before,
namely the impact of amplified spontaneous emission, was evaluated numerically and
experimentally. Altogether, the experiments and discussions presented in this thesis largely
contribute to the design of fiber amplifier systems for the 3" generation of gravitational
wave detectors.

Keywords: ytterbium fiber amplifier, single-frequency, large mode area
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1 Introduction

Gravitational waves are a consequence of Albert Einstein’s general theory of relativity
from 1916 [I]. Their direct detection would revolutionize the field of astronomy and the
understanding of the early universe. This arises from the fact that cosmological events
could be detected that are impossible to be observed with traditional astronomy. To date,
all astronomic measurement techniques are based on the detection of electromagnetic
waves, but the early universe was opaque to electromagnetic radiation [2]. Furthermore,
gravitational waves are the only way to directly observe black holes as they are the only
radiation emitted with sufficient strength [3]. Besides, gravitational waves do not get
scattered significantly by any kind of matter, unlike electromagnetic radiation [3] [4].

As gravitational waves are ripples in the curvature of space-time, tidal forces are
exerted on masses in the path of the wave [5]. These strain-forces manifest themselves as
periodic decrease and increase of the distance between two free objects with a frequency
corresponding to that of the wave. The major detection challenge arises from the fact that
the strength of the space-time distortion does not only depend on the mass of the source
object, but is inversely proportional to the distance between source and observer. When
detected on the earth, these strains are in the order of magnitude of less than 1 part in
102° [4]. This corresponds to a maximum relative length change in the order of 10~!"m, if
a detector baseline of 10*m is considered [4].

The frequency of the gravitational waves depends strongly on the source and can exist
at frequencies within several bands between 1071 Hz and 103 Hz [4]. To measure local
space-time distortions by colliding neutron stars or black holes, direct detectors such as
the “Laser Interferometer Gravitational-Wave Observatory” (LIGO) have been set up [2].
The current LIGO system, which is also referred to as advanced LIGO (aLIGO), belongs
to the second generation of gravitational wave detectors (GWDs). It reaches a strain
sensitivity between 10723 Hz='/2 and 102! Hz~ /2 in the frequency range of about 10 Hz
to 10kHz [6]. It is based on a Michelson type interferometer with arm lengths of 4 km [7],
and requires the injected signal to be single-frequency with low fluctuations of power as
well as frequency, low beam pointing fluctuations, one fixed polarization state and to
contain only the TEMyy mode [§]. To fulfill these requirements, a nonplanar ring oscillator
(NPRO) [9] would be the ideal laser source as it emits a pure TEMgy mode signal with a
linewidth of about 1kHz and the emitted elliptical polarization can be easily converted
into linear polarization. The laser medium of the NPRO is a Nd:YAG crystal and the
emitted wavelength is thus 1064 nm. Even though the intensity and frequency noise levels
of the free-running NPRO are well above the requirements for a GWD system, the desired
levels have been achieved with external stabilization methods [§].

Besides these advantageous properties of the NPRO as seed oscillator, it has a major
drawback. Power levels of only up to 2W can be directly extracted. Unfortunately,
the sensitivity of the Michelson interferometer is limited by shot-noise, which decreases
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proportional to the square-root of the laser power [5]. Thus, the emitted signal needs to be
amplified before being injected into the interferometer to achieve the required measurement
sensitivity. The TEMyg mode power level required for the current generation of GWDs
such as the advanced LIGO system was about 165 W in front of the interferometer [10].
It was achieved by preamplification of the NPRO signal to about 35W in a master-
oscillator power-amplifier (MOPA) based on Nd:YVOQOy crystals. Finally, the signal was
injection-locked to a Nd:YAG high-power oscillator [I1].

For the 3" generation of gravitational wave detectors, the actual requirements on
the laser systems are not ascertained yet, but conceptual design studies have been laid
out. Targeted major improvements are the reduction of thermal noise compared to the
aLLIGO system and the decrease of the lower observation frequency limit to 1 Hz. To meet
these objectives, the European project “Einstein Telescope” (ET) considers a xylophone
configuration, simultaneously deploying a high- and a low-frequency detector [6]. As the
ET would still be an interferometer-based detector, the demanded laser signal would as
for the second generation GWDs have to be single-frequency with very low power- and
frequency-noise, as well as low beam pointing fluctuations. The low-frequency system would
operate at 1550 nm and cover observation frequencies between 1 Hz and 50 Hz. Thermal
noise reduction in this frequency range would be achieved by deploying cryogenically
cooled silicon mirror substrates. To achieve the targeted detector sensitivity, about 3 W of
TEM(y mode power in linear polarization would be required behind the interferometer
input mode cleaner [12]. The high-frequency laser system would operate as the second
generation GWDs at 1064 nm and cover the GW frequency band between 50 Hz and 10 kHz.
Significant thermal noise reduction for this detector would be achieved by changing the
transverse beam shape to the Lagss mode [6]. Additionally, a power level of at least
500 W in front of the interferometer is desired to reduce the photon shot noise level [12].
Given the current state of the art, the most likely concept to fulfill these requirements is
mode-conversion from a high power TEMgy mode signal. As conversion efficiencies of no
more than 70 % have been achieved up to day [13], 14], about 1 kW of SF signal TEMyg
mode power at 1064 nm would be required from a potential laser source.

Amplification of a kHz-linewidth-signal to several 100 W with such an excellent beam
quality that a high fractional TEMyg mode content is obtained is still a challenge. Further
power scaling of the alLIGO laser system is undesirable, as high fractional TEMgy mode
power operation was already difficult to achieve [I1]. To reduce the system complexity,
a MOPA system would be desirable. Especially in the 1um wavelength range, fiber-
based MOPA systems are a very promising alternative to crystal-based laser systems.
Several kilowatt of continuous-wave (CW) output power have been demonstrated with
ytterbium (Yb) -doped fiber amplifier systems [I5]. However, when amplifying kHz-
linewidth signals, one of the major obstacles is the onset of stimulated Brillouin scattering
(SBS). To increase the threshold of this nonlinear power-limiting effect, different approaches
have been proposed. As the effect depends on the laser intensity in the fiber core, the
simplest attempt to increase the SBS threshold power would be to scale up the fiber core
diameter and consequently the mode field diameter (MFD) of the fundamental fiber mode.



Unfortunately, conventional step-index fibers can only be operated effectively single-mode
up to MEDs of about 21 um at 1064 nm [16, [I7]. Single-frequency (SF) amplifiers employing
these fibers are in turn SBS-limited to output power levels of less than 300 W, even if
external mitigation techniques are applied [1§].

To overcome these limitations, a lot of effort has been put into developing specialty fibers
which can be operated effectively single-mode besides their large fundamental mode area.
Current power records for different polarization-maintaining (PM) fiber design concepts
employed in SF MOPA systems are 402 W for a step-index large mode area (LMA) PM
fiber [19], 511 W for a chirally coupled core (CCC) fiber [20], and 494 W for an acoustically
segmented photonic crystal fiber (PCF) [2I]. All these fiber designs were customized, and
are not yet commercially available. They were primarily tested for their SBS threshold,
while the beam quality has been investigated in terms of M?-measurements. Even though
the output beams were found to be near diffraction limited, with M?-values between 1.1
[19] and 1.3 [21], a conclusion about the TEMyy mode content cannot be drawn. In fact,
M?2-values of <1.1 still allow for the fraction of higher order mode beam content to be as
high as 30 % [22].

By the time the research for this thesis was started, there had been two high power 1 um
master-oscillator fiber-amplifier systems, for which the fractional TEMyg mode content had
been measured [23], 24]. The amplifier fiber in Ref. [23] was a non-polarization-maintaining
PCF by NKT photonics with a MFD of 22 um. This system consisted of only a single
amplification stage, and was pump- as well as seed-power limited. At a maximum output
power of 148 W, the TEMgy mode content was measured to be 92.6 %. The second amplifier
system [24] employed a PM standard step-index fiber with a MFD of approximately 21 um
by Nufern. The TEMgo mode overlap was found to be power independent and around 95 %,
but the maximum output power was limited by the onset of SBS to 100 W. Discussing
the suitability of Yb-doped SF fiber MOPAs as laser sources for the 3'4 generation of
GWDs, the modal decomposition with respect to the free-space TEM,,,, modes of amplifier
configurations and fibers, capable of further power scaling, needs to be investigated. This
is the main subject of the presented thesis. As bendable PCFs and CCC fibers with MFDs
of at least 30 um were and still are the most promising candidates to obtain effective single
mode operation of large mode area fiber cores, the research was focused on these advanced
fiber designs. Passive and active fiber versions were tested likewise.

During the last 3 years, a new major power scaling limitation of fiber amplifier systems
was discovered. A threshold-like onset of transverse modal power transfer occurs at a
certain power level, even in fibers that can be operated effectively single mode below this
threshold power [25] 26]. In the literature, this effect is now often referred to as modal
instabilities [27, 28] or sometimes transverse modal instabilities (TMI) [29] and it is not
fully understood, yet. Therefore, experiments investigating some essential fundamentals of
this effect were integrated into the work presented here.

These experiments basically focus on exploiting the suitability of two different mea-
surement techniques to characterize the TMI threshold and the dynamics of the process
beyond it. In particular it was tested which TMI characteristics could be detected by the
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utilization of the nonconfocal scanning ring cavity that is otherwise deployed to decompose
beams into the TEM,,,, mode set. Moreover, the frequency resolved intensity noise spectra
below and above the threshold were measured directly for the first time. Finally, in
order to prove some aspects of numerical and phenomenological models developed by
several research groups within the last two years, additional pump- and seed-amplitude
modulation was applied to an amplifier system, exhibiting TMI.

Eventually, threshold power improvement with respect to this effect might counteract
provisions to suppress SBS. Hence, SBS is still an issue, at least if a SF signal is supposed
to be amplified. Interestingly, the impact of amplified spontaneous emission (ASE) on the
threshold power level of a SF amplifier had not been investigated before. Potentially, ASE
photons within the Brillouin gain bandwidth (BGBW) and co-propagating to the Brillouin
scattered signal can seed the SBS process. If a SF signal is amplified from a few Watts to
several 100 W in a fiber amplifier, the ASE power level can be quite high and the proposed
process might affect the SBS threshold significantly. The ASE power level can be lowered
by reducing the gain factor in the amplifier, i.e. by increasing the seed power. In case of
fiber laser systems for a potential application in the ET-GW detector, the utilization of a
preamplification stage is then required. This in turn leads to the injection of ASE photons
within the BGBW into the high-power amplifier. The Rayleigh-backscattered fraction of
these photons can then potentially seed the SBS process in the high-power amplifier stage.
Experiments, investigating the explained issues, were also carried out.

This thesis is organized as follows. Chapter [2] gives a brief overview about the essential
fundamentals in order to understand the basics of the Rayleigh- and Brillouin scattering
processes as well as fiber modal guiding. Special attention is drawn to the working
principles of PCFs and CCC fibers. In Chapter [3] the impact of ASE on the Brillouin
scattering of a SF signal is analyzed. Chapter [4] comprises of two parts. First, the
measurement setup to analyze the TEMyy mode overlap of the beams emitted from the
fibers under test is briefly described (Section . Section comprises of the results
from applying this measurement technique to passive versions of step-index, photonic
crystal and CCC fibers. The second part of Chapter [4] deals with the issue of TMI. It
starts with an overview about the essential experimental and numerical results as they
are today, but also emphasizes the state of the art by the time the experimental work for
this thesis, regarding the TMI phenomenon, was started. After the description of these
experiments, a detailed discussion of their outcome and relation to other experimental
and theoretical works is given. The main subject of this thesis is contained in Chapter
Experimental results regarding the TEMgy mode power extraction from SF amplifiers,
employing bendable LMA PCFs and CCC fibers are presented. Finally, in Chapter [0]
an overall conclusion is drawn, regarding a potentially deployed laser system for the 34
generation of GWDs.



2 Fundamentals of single-frequency
ytterbium-doped fiber amplifiers

This Chapter gives an overview about the theoretical background related to the presented
work. It provides a brief description of the essential fundamentals. Detailed information
on the introduced subjects can be obtained from the referred literature.

The first Section deals with general properties of the simplest optical fiber structure,
the single-mode step-index silica fiber. Its composition, fabrication processes, signal
transmission loss sources and set of guided modes are presented. Furthermore, some
basic properties of Ytterbium-doped fibers are described. In the second Section, the
effect of stimulated Brillouin scattering in optical fibers is introduced. This nonlinear
scattering process is a major power limitation for the transmission and amplification of
single-frequency signals. One attempt to increase the power threshold of this nonlinear
effect was to reduce the optical intensity in the fiber cross-section. Three fiber design
concepts to achieve large mode field areas while maintaining effective single-mode operation
are presented in Section

2.1 General properties of optical fibers

2.1.1 Fiber composition and manufacturing

Optical fibers are dielectric waveguides, whose cylindrical symmetry enables transmission
of light with excellent beam quality. They consist in general of a signal core, with radius
Teo and optical refractive index n.,, surrounded by a cladding with radius 7. and a slightly
smaller optical refractive index n. [30]. Light-wave guiding in the core of such a structure
can be interpreted in the geometric optics approximation as total internal reflection (TIR)
of rays at the transition to the cladding, the optically thinner medium [3I]. For mechanical
stability against external pressure or stress, optical fibers are typically coated with a
high refractive index polymer [32]. The cross-section of such a structure is sketched in
Fig. 2.1)(a).

For the most common application, pure signal transmission, so-called step-index fibers
are deployed. Their name originates from the sharp index-step between core and cladding,
schematically shown in Fig. (b) One of the most important parameters of an optical
fiber is the numerical aperture (NA). It is defined as

NA =sinfys = y/nZ —n2, (2.1)
where Oy, denotes the maximum angle of acceptance for ray-coupling into the fiber, and
depends on the refractive index step between core and cladding [33].
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Figure 2.1: Sketch of (a): cross-section and corresponding radial refractive index profile of a
step-index fiber, as typically printed in textbooks (e.g. [32]) to visualize the basic concept and
geometry of an optical fiber. r., and n¢, denote the radius and optical index of the signal
core whilst r¢ and n. represent the radius and optical index of the cladding. The utilized
dimensions do not resemble a real fiber, but are used for visualization purposes only.

The manufacturing process of optical fibers consists of two steps and requires the precise
control of the fiber dimensions and refractive indices. In the first step, a cylindrical fiber
preform is fabricated, already containing the relative dimensions of core and cladding
as well as their refractive indices [32]. The refractive index control is achieved through
doping by vapor phase deposition techniques, such as modified chemical vapor deposition
(MCVD), plasma-activated chemical vapor deposition (PCVD), outside vapor deposition
(OVD) or vapor axial deposition (VAD). Most commonly, the MCVD method is applied.
It starts with a hollow silica glass tube, fabricated by fusing SiO2 molecules [33]. This
tube is heated along its entire length and rotated, while gas mixtures containing the
molecules for the chemical reactions in the tube’s heated zone are injected. The resulting
gas particles are then accelerated through thermophoresis towards the tube walls. Usually,
pure silica glass layers are deposited first to prevent outside diffusion of loss producing
OH-molecules into the reaction area of the tube [33]. For a matched-cladding fiber, the
additional deposited cladding layers have the same refractive index as the original silica
tube and layers. By bringing molecules such as fluorine or boron into the glass matrix of a
cladding layer, it is also possible to produce fibers with a depressed cladding [33].

The fused silica material for the signal core is usually of higher purity, i.e. less con-
taminated and contains fewer defects as the original outer tube [33]. This ensures lower
propagation losses of light guided within such layers. The slightly higher refractive index
of the fiber core layers compared to pure fused silica is achieved by bringing in GeO»
molecules into the glass matrix [32]. For the normalized optical index difference between
core and cladding

2 2
A — nco — ncl

S (2.2)
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in optical fibers, the weak-guidance approximation

(2.3)

is valid [3I] and yields typical values around 0.2 % for a single-mode fiber [33].

Another dopant that increases the refractive index of pure silica glass is PoOs, but the
main purpose of bringing this molecule into the glass-matrix is to reduce the viscosity
in the doped layers and the overall vapor deposition temperature. As a first advantage
of this, the risk of temperature induced preform distortions is reduced. Moreover, a
higher uniformity of the glass layer composition is achieved, yielding a more precise index
control [33]. The number of deposited layers depends on the core size and varies between
just a few and several tens. It is also possible to alter the refractive indices of the core
layers to form graded index fibers for advanced applications [32]. After all layers are
deposited at the tube walls, the tube is collapsed in vacuum and under high heat to form
a solid preform.

In order to draw the fiber, the preform is vertically placed at the top of a drawing tower,
which is at least a few meters high. The glass is molten locally and the fiber diameter can
be controlled by real-time measurements and a feedback control loop for the drawing rate
and the furnace temperature [33]. The polymer coating is applied in molten form to the
already cooled part of the fiber, further down the drawing tower.

2.1.2 Signal transmission losses of optical fibers

Besides enabling a precise control of the core’s and cladding’s diameter as well as optical
refractive index, the production process of an optical fiber needs to account for another
challenge. Even though the attenuation per meter in optical fibers is low compared to
other waveguides, due to the smoothening of imperfections during the drawing process [34],
the signal transmission losses need to be kept as low as possible, as for most applications,
at least several meters of fiber are deployed. Loss sources related to the fabrication
process are categorized as extrinsic losses to distinguish them from intrinsic losses, arising
from fundamental material properties. For signals in the infrared, extrinsic loss sources
include e.g. the already mentioned OH-molecules. This loss contributor enters the reaction
chamber through diffusion, contamination of the reactant chemicals and leaks in the
chemical delivery system [33]. It has a fundamental vibrational resonance at a wavelength
of approximately 2.73 pm, with overtones at 0.95um and 1.38 um. The latter couples to the
fundamental vibration mode, yielding an additional sideband at 1.23 um [33]. Even though
it is the most difficult loss source to diminish, it is not so critical for the signal wavelength
of 1.064 um, utilized in the work for this thesis. Other extrinsic loss contributors are
transition metals or rare-earth cations.

Intrinsic losses arising from material resonances of fused silica are negligible in the near
infrared. Significant absorption occurs only in the ultraviolet region due to electronic
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resonances and in the far-infrared beyond 2 pm, caused by vibrational modes [32]. Between
970 nm and 1064 nm, the relevant wavelength region for ytterbium (Yb) -doped fiber am-
plifiers, the main loss mechanism is Rayleigh scattering. It arises from density fluctuations,
frozen into the glass matrix of fused silica during the production process [32]. They are
related to the fact that the basic unit of SiO5 consists of a single silicon atom, surrounded
by four oxygen atoms, forming a tetrahedra (Fig.[2.2)(a)) [33]. Each of the oxygen atoms is
shared by two neighboring tetrahedra, giving rise to a freedom of their relative orientations.
While this structure is in thermal equilibrium at elevated temperatures, the rapid cooling of
the fiber during the production yields random microscopic density variations, as illustrated
in Fig. (b) These in turn impose small refractive index variations, scattering light
in all directions. In the forward direction, the scattered waves superimpose coherently,
leading only to a phase retardation with respect to the incident wave, slowing down
its propagation velocity in the fiber [30]. As the light scattered in all other directions
has a random phase distribution, its superposition cancels out almost completely [30].
The coherent components of these waves however scatter out of the original propagation
direction, yielding power loss of the incident wave.

(@) (b)

B
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Figure 2.2: (a): Illustration of the basic unit of the SiOy molecule, consisting of a silicon
atom, surrounded by four oxygen atoms, forming a tetrahedra. (b): All oxygen atoms are
shared by two neighboring silicon atoms, giving rise to a freedom in their relative orientation
and thus a density variation in the molecular-matrix [33].

As the dimensions of the above described scattering center due to refractive index varia-
tions are much smaller than the wavelength under consideration, the classical description
of Rayleigh scattering can be applied [35]. It treats the scattering center as an atomic
dipole that gets excited by the incident light. The reemitted light has the same frequency
as the incident, but it gets radiated in all directions, just as the angular components of
the electric and magnetic far-field of a Hertzian dipole [33]. The radiated power density is
proportional to the fourth power of the frequency. Hence, the Rayleigh scattering losses in
optical fibers increases as A™* with decreasing wavelength [32]. The same dependence is
obtained by a more advanced treatment of Rayleigh scattering, as power loss of a plane
wave using the theory of coupled modes [30].
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The relation of input power Py to the transmitted power Pr is given by
P = Py exp(—al), (2.4)

with a being the overall loss coefficient of the fiber at the considered wavelength. This
expression can also be used to relate a to the more commonly used loss coefficient in units
of dB/km [32],

10 P

= ——log(—) =4.343 c. 2.5
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A typical value for agp at a wavelength around 1um is 1dB/km [36].

2.1.3 Fiber modes

Optical fibers can guide a finite number of modes over a wide range of frequencies and
support additionally a continuum of radiation modes [32]. These modes are distinguished
by their propagation constants and spatial electromagnetic field distributions, and differ
moreover in the penetration depth of their evanescent field into the cladding [31]. Within
a passive fiber this affects the mode confinement in the core and thus the transmission
and bending losses [30]. In active fibers, it additionally leads to a different overlap with
the doped region and consequently the experienced gain can differ significantly as well.
In order to develop fiber laser systems for applications such as GWDs that require the
laser power to be contained in one particular cavity mode, i.e. transverse spatial field
distribution, it is thus essential to understand the modal properties of optical fibers.

Mathematically, the set of guided modes of a fiber is obtained by solving the Helmholtz-
equation for electromagnetic waves in cylindrical coordinates (r,p,z)

0’U 10U 10*°U 0°U 4. 4
-_——t =+ — ke =0. 2.6
8r2+r8r+7“28902+822 Tt (2:6)

In this notation, the variable U stands for a Cartesian component of either the electric or
the magnetic field, k= 27” is the free-space wavenumber and n denotes the refractive index,
either of the core or the cladding [37]. The derivation of Eq. from Maxwell’s equations
can be found in several textbooks [30), 32} B3, [37] and implies some assumptions, holding
true for optical fibers, to simplify the mathematical problem. These simplifications include
the absence of free charges, no magnetic polarizations and spatial independence of the
refractive index. For the induced polarizations, a local medium response is assumed and
nonlinear contributions are treated as small perturbations. In standard step-index fibers
effects governed by the third-order permittivity y* are assumed to be dominant due to
the fiber’s cylindrical symmetry [32].

Fourier-transforming Eq. and using a separation ansatz yields differential equations,
whose solutions are Bessel-functions. By applying appropriate boundary conditions, the
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eigenvalue equation for the modes propagation constants B, is obtained. For guided
modes, these boundary conditions are e.g. continuity at the core-cladding boundary and
that the field must vanish for r» — co. Furthermore, the propagation constant 8 needs to
fulfill [31]

nak < B < neok, (27)

as only these modes see a refractive index step and can experience TIR. If no further
simplifications are considered, their solutions are a general fiber mode set, where each
Bgm corresponds to a different spatial field distribution [33]. This mode set consists of
two-types of hybrid (i.e. electromagnetic) modes that are due to historic reasons labeled as
HE,,, and EH,, modes [38]. The subscripts q and m are the azimuthal and radial mode
numbers, indicating the nodes of the electromagnetic field in the azimuthal and radial
direction. For q=0, either the electric or the magnetic axial field component vanishes and
the resulting modes are analogous to the transverse-electric (TE,,) or transverse-magnetic
modes (TMy,,) of a planar waveguide [32].

As the weak-guidance condition (Eq. is fulfilled in optical fibers, it is reasonable to
include this in the mathematical description. This captures a significant characteristic of
fiber modes. The general modes become degenerated, i.e. there are at least two linearly-
independent transverse mode field distributions to each propagation constant [30]. Hence
fiber modes are rather described as composition of super-imposed degenerate modes fields.
These mode fields are categorized as linearly-polarized (LP;,,) modes, as they have only
small longitudinal electric and magnetic field components [31]. In a geometric optics
picture this arises from the fact that in order to experience total internal reflection, the
waveguide modes have to enter the core-cladding boundary at a very large angle [33].

In order to solve Eq. [2.6] for the transverse mode fields of the LP modes, the separation
ansatz

Ulr,g,z) = R(r)®(¢)e™ P (2.8)

can be utilized [37], resulting in differential equations for the azimuthal field amplitude
&(¢) and for the radial field amplitude R(r). Inserting their solutions into Eq. yields for
the core-region a cos- or sin-like mode field distribution with radially decreasing amplitude.
Mathematically this is given by the Bessel functions of the first kind of order 1, J;(u). For
the cladding-region, an exponential amplitude-decrease in the radial direction is obtained,
mathematically described by the modified Bessel functions of second kind and order 1,
K;(w). In order to calculate the propagation constants (3, of the LP modes, the eigenvalue
equation
Jioa(w) K (w)

1
T T .

must be solved [31]. The normalized transverse phase u and the normalized attenuation
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constant w are given by

U= Teon/n2 k% — B2 w = 1o/ B2, — N2 k2. (2.10)

Hence, they contain the variation with § and dependence on the wavenumber k, corres-
ponding to the free-space wavelength under consideration A = 2%

The azimuthal mode number of the LP modes | denotes half the number of intensity
maxima (or minima) as the azimuthal field amplitude @ traverses a period of 27 [33]. It is

related to the azimuthal mode number of the general modes by [33]

1 for TEgm, TMon
l=qqg+1 for EHg, . (2.11)
qg—1 for HE4,

The physical significance of m are the number of transverse intensity maxima (or minima)
in the radial direction. Thus for every pair (I,m) with [ > 1, two 90° azimuthally rotated
field distributions exist. Moreover, the possible field orientations for each LPj,, mode give
rise to two independent orthogonal polarization states [37].

Mathematically, the subscripts [ and m are related to the cut-off conditions for the
different LP modes. The value m gives the number of zeros of the quantity ;> in Eq.
in the interval [0,V], where the parameter V' is defined as [33]

V = Vi@ F 0 = k- reor /i, — 13, (2.12)

Due to its inverse dependence on the wavelength, V is often referred to as normalized
frequency [39]. Substituting Eq. [2.1|together with the transverse projection of the free-space
wavenumber, k| =k sin@ into Eq. reveals why the V-number carries information
about the transverse intensity distribution, as it is simply V =k ¢, [39]. From these
relations it can be seen that the number of supported modes of one particular fiber depends
on its core radius and core-cladding index difference, and for every LP mode a cut-off value
V. can be found. As most applications prefer single-mode emission from of the deployed
fibers, the fiber parameters are chosen to achieve

V <V, = 2.405, (2.13)

which is the cut-off value for the next higher order mode, the LP;;. Within [0,V¢], only
one solution where ¢ is equal to zero in Eq. exists, namely the LPg; mode [37].
Nevertheless, as Eq. [2.12] is wavenumber dependent, every SM-fiber is still multi-mode for
a sufficiently short wavelength.

From Eq. it follows that with increasing r.,, the index difference between core and
cladding needs to decrease in order to obtain a V <2.405. Unfortunately, for standard
step-index fibers the state-of-the-art manufacturing processes do not allow for an unlimited

11
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index control. The NA of these fibers (Eq. is typically limited to 0.06 [40]. For a
wavelength of 1064 nm, the core radius of a fiber must therefore be smaller than 7um in
order to strictly fulfill the single-mode condition.

The transverse field of the fundamental mode can often be approximated by a Gaussian
distribution [41]

F(x,y) o« exp[—(2? + y?) /w?]. (2.14)
This enables the calculation of the mode field’s effective area [32]

(2P @y))” dedy)?

eff — o) (215)
[ F(zy)* dedy
from the beam radius w as
Ag=m-w? (2.16)

If the V-parameter of a given fiber is known and in the range of 1.2 <V < 2.4, w can be
estimated from the core radius within 1% accuracy by [41]

WA Teo - (0.65 + 1.619V3/2 4 2,879 VF). (2.17)

2.1.4 Polarization mode dispersion and polarization-maintaining fibers

Even a fiber fulfilling the single-mode condition (Eq. is not strictly single-mode,
as it can support two orthogonally polarized modes [42]. If a linearly-polarized signal
would be launched into a perfectly circular and isotropic fiber, it would remain in its
polarization-state [33]. However, real fibers inherit some anisotropies and asymmetries,
either induced during the manufacturing process or by fiber bending and twisting. As a
consequence, the refractive indices ny and n, along these axes become slightly different.
The axis with the smaller refractive index is called the fast axis, as the group velocity
is larger than for the axis with the higher refractive index [32]. Accordingly, the latter
is called the slow axis. The two polarization eigenmodes become nondegenerated, each
having a slightly different propagation constant 8¢ and y. This effect is called polarization
mode dispersion or modal birefringence. As a measure of its strength, the quantity

B = ’ﬁ"_kﬁy’ = |nx — ny| (2.18)

was defined [42]. A stronger modal birefringence is accompanied by a shorter beat-length

[ 2.19
b= B (2.19)

12



2.1 General properties of optical fibers

between the modes [42], i.e. the periodicity of the modal power transfer. After traveling a
distance of Ly, a relative phase shift of 2 between the modes is accumulated. Therefore,
the coupling between the modes is most effective, when the average distance between two
consecutive perturbations is equal to Ly, [33].

In real fibers, By, and consequently L, are not constant along the entire fiber length.
The power exchange between the two polarization modes occurs therefore in a random
fashion, which is intolerable for applications such as interferometric GWDs, where only
one fixed linear polarization state can be used. The random power fraction in the other
polarization state would be lost.

Nevertheless, polarization-maintaining (PM) fibers can be utilized. Their working prin-
ciple is based on the following consideration. If sufficient birefringence can be intentionally
incorporated between the fast and the slow fiber axis, no coupling to the other mode
can be induced by the relative small birefringence perturbations. While conventional
fibers typically have beat-lengths in the order of 10 m, acceptable levels of polarization
mode coupling were achieved by reducing the beat-length down to about 1 mm [33]. This
corresponds to an order of magnitude of the By, of ~10~% [42].

If a linearly polarized signal is launched into one of the principal axes of a PM-fiber,
only one polarization mode is excited. The power ratio

_ Ly
n= B (2.20)
of the polarization state excited through mode coupling, Py, to the launched polarization
state Py, is called polarization cross-talk [43]. Only very little power transfer to the
other polarization mode occurs whilst propagating through several 100 meters of fiber
length. In fact, cross-talk values of > 30 dB have been achieved by proper fiber design and
manufacturing [43, [44].

The necessary birefringence can be achieved by implementing boron-doped stress rods at
opposite sides of the signal core into the cladding of the fiber preform. Birefringence due
to strain is induced during the drawing process, as the B20O3:SiO3-rods have a different
thermal expansion coefficient than the silica cladding [33]. Thus, the value of the obtained
B, depends on the stress-rods shape and increases with their diameter. It is however
limited by the offset of the stress-rods from the fiber core, which ranges between 3 and
5 times the core radius [43]. This offset is necessary as B20O3:SiO3 exhibits high loss
at the transmission wavelength e.g. through OH-ion contamination, even though GeO4
is typically added to maintain the optical refractive index [43]. Nowadays, a circular
symmetric shape, as depicted in Fig.[2.3|(a), is most commonly chosen. It is called PANDA
(polarization-maintaining and absorption-reducing fiber [43]) and has prevailed due to the
low signal propagation losses compared to other geometries (e.g. bow-tie, elliptical or flat
cladding) whilst still acceptable high values of By, (in the order of magnitude of 10™%)
can be obtained [44].

Another method to manufacture a PM-fiber is to introduce shape-birefringence by
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Figure 2.3: (a): The most common PM-fiber geometry is the PANDA-fiber, incorporating
two boron-doped circular-symmetric stress-rods, as it combines a sufficiently high amount
of induced birefringence and acceptable signal transmission loss [44]. (b): Alternatively to
stress-induction, shape-birefringence can be induced, e.g. by an elliptical core. With a By, of
about 1076 the induced amount of birefringence is however two magnitudes lower than for
e.g. a PANDA-fiber [32], or the signal transmission loss is intolerable high [44].

fabricating an elliptical core (Fig. [2.3|(b)) [32]. The obtained By, in this case is however
only in the order of magnitude of ~107% [32], corresponding to a beat-length of about
0.5m [33].

Deviations from the ideal shape of the stress-rods in case of a PANDA fiber or the
elliptical core for the shape-birefringence PM-fiber lead to degradation of the polarization-
maintenance [44]. Besides this intrinsic factor, there are also some extrinsic issues, degrad-
ing the PM-performance. High temperature fluctuations and mechanical perturbations
such as too strong bending and twisting can lead to temporal variations in the induced
birefringence and thus increase the amount of cross-talk [44].

2.1.5 Ytterbium-doped fibers

One of the great advantages of optical fibers is the possibility to dope the core with
laser-active ions. Even with high doping concentrations, the ratio of the doped region
to the surface area per unit length is much smaller than for bulk media, yielding much
higher thermal damage thresholds [45]. Furthermore, lasers incorporating actively-doped
fibers as gain media typically require lower pump power levels compared to bulk systems,
e.g. based on laser rods [46]. Another benefit of a fiber-based amplifier or oscillator arises
from the fact that their beam quality is determined by the number of guided modes
(Subsection . Thus, diffraction limited beam quality can be readily obtained by
the utilization of single-mode fibers [47], while for bulk media the geometric parameters
of amplifier or oscillator must be carefully chosen [48] [49]. Consequently, fiber lasers
and amplifiers started to replace bulk laser media in all applications, where comparable
performance in terms of required wavelength, spectral width, average output power, if
necessary pulse parameters etc. was achievable [50].
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2.1 General properties of optical fibers

Most commonly, fiber laser sources are utilized, where applications require infrared
emission between 1 um and 2 um [46] [50]. Within this range there are three major emission
bands, achieved by rare-earth ion doping of fused silica. Thulium and Holmium-doped
fibers cover the 2 um spectral region [51, [52], Erbium- or Erbium/Ytterbium-doping yields
emission around 1.5pum [46], 53], and lasing and amplification around 1 um wavelength is
obtained by bringing Neodymium- [46], 53] or Ytterbium-ions [50} [54] into the silica glass
matrix. The latter has prevailed due to its simple spectroscopic properties and thus higher
optical efficiency compared to the other rare-earth ions [47] [54].
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Figure 2.4: (a): Energy levels of Yb-doped silica [55] and (b): Typical absorption and
emission cross-sections of Yb-doped silica fibers, as presented in Ref. [54].

Only two level manifolds are relevant for all optical wavelengths. The 2F; /2 ground
state manifold consists of four sublevels, while the excited state manifold 2 Fj /2 consists of
three sublevels (Fig. [2.4](a)) [54]. Nevertheless, instead of discrete peaks in the absorption-
and emission spectra, rare-earth doped fibers exhibit broad absorption- and emission
bandwidths, even in thermal equilibrium. Typical cross-sections for absorption and
emission of Yb-doped silica fibers are depicted in Fig. (b), whereat the details of the
spectra and absolute scaling of the cross-sections depend on the exact composition of
the host glass matrix as well as on the Ytterbium-ion concentration [47, [56]. The broad
bandwidth of the absorption- and emission-spectra are a consequence of implementing the
rare-earth ions into the silica matrix. There are several contributions to this broadening,
e.g. the perturbation of the ions’ electronic states by presence of the electric fields of the
glass-host [46]. This occurs inhomogeneously, as the local surroundings vary from ion to
ion. Secondly, the rare-earth ions couple to the quantized lattice vibrations (phonons) of
the glass-matrix [57], hence, there is always a slight amount of energy transfer between ion
and host-glass. It is quantized for a single ion-phonon pair, but broadens in an ensemble
of atoms, as a distribution of phonon energy levels is occupied for a given temperature [46].
Moreover, the electronic states have a finite lifetime (about 0.8 ms for the upper laser-level
of a Yb-doped silica fiber [54]), which precludes, according to the energy-time-uncertainty
principle, a negligible small energy-bandwidth [35].
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For emission in the 1 um band, most commonly pumping at wavelengths around the
976 nm absorption peak is chosen. As the full width at half maximum (FWHM) bandwidth
of this peak is about 10nm, the utilization of high-power pump diodes with typical
emission spectra of 3nm to 7nm FWHM is uncritical. Furthermore, slight detuning of
the central pump frequency yields the same absorption efficiency. In fact, detuning the
pump frequency even to the edges of the absorption peak eventually results in the same
absorption efficiency. This effect is caused by ion quenching to a very short lifetime, leading
to a strong nonsaturable loss, which also peaks at 976 nm [56]. Another loss mechanism in
Ytterbium-fibers is cooperative upconversion, where the energy of two excited Yb3*t-ions is
combined and one single photon in the green spectral range emitted [58]. Even though this
was found to be the main-contributor to the usually clearly visible fluorescence, the gain
in the fiber core was found to be negligibly affected by this process at reasonable pump
power levels [54]. The other but insignificant source for green fluorescence are Erbium-ion
impurities [59]. Blue fluorescence is caused by contamination of the glass matrix with
Thulium [60].

In the absence of seed photons, pumping around the 976 nm absorption peak yields
a maximum upper state population of 50 %, as the emission cross-section is essentially
equal to the absorption cross-section in this wavelength region. The necessary condition
to achieve the maximum population inversion is pump power saturation, but for core-
pumped standard fibers with core diameters of about 3.4 um this power level is only about
0.5mW [54]. The largest gain is now obtained at a wavelength of about 1030 nm. This
can be detrimental for the amplification of narrow-linewidth signals at longer wavelengths,
where the emission cross-section (Fig. is significantly lower.

Spontaneous emission at other than the desired wavelength is unavoidable, as it starts
from vacuum noise [57, [61]. Without any guiding mechanisms, the spontaneously emitted
photons would be propagating in all directions with a random phase distribution [35] 62].
In active optical fibers, however, the photons whose wave-vectors fulfill Eq. [2.7] will be
amplified, while propagating in both directions along the principal fiber axis. This effect
is called amplified spontaneous emission (ASE) or fluorescent amplification [62]. Due to
the optical waveguiding properties of the fiber, these ASE photons have a large spatial
coherence. Their random phase distributions on the other hand yield a low coherence
time [63]. This corresponds to a broad bandwidth in the frequency domain [35, 57], and the
ASE’s spectral shape basically resembles the spectral shape of the emission cross-section as
shown in Fig. ﬂ(b) for Ytterbium. Nevertheless, the exact shape of the ASE spectrum of
a particular fiber or amplifier strongly depends on parameters such as the pump wavelength
and power, as well as fiber length and resulting reabsorption effects.

ASE is a competitive gain effect in fiber lasers and amplifiers and needs to be suppressed
for two reasons. First of all, the power contained in the ASE can usually not be utilized
in the targeted application of the laser system. Moreover, if the gain becomes too high at
a particular wavelength other than the desired one, parasitic laser processes can occur.
These often lead to random pulsing of the laser or amplifier, yielding high pulse intensities
that can severely damage the fiber and optics nearby, such as coupling lenses. The fiber

16
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end-facets are particularly sensitive to damage through parasitic laser pulses.

2.2 Stimulated Brillouin scattering

Besides the elastic Rayleigh scattering process (Subsection , which is a linear sig-
nal power loss mechanism, there are two nonlinear, inelastic scattering processes that
significantly limit the maximum signal intensity in an optical fiber. Both processes are
interactions of the incoming light with molecular vibrations, governed by the third-order
susceptibility y®) [32]. This third-order susceptibility is responsible for the intensity
dependence of these processes, as it induces a contribution [32]

Ny, — No ’E‘Q = Ny - IS (2.21)

to the refractive index of the material, where n, is given by

n, = Re x®. (2.22)

B 8Miin
The subscript “NL” denotes the quadratic, thus nonlinear dependence of ny;, on the electric
field amplitude |E|, but for practical purposes it is more convenient to express this as
linear dependence on the signal intensity I;. The total refractive index ng for a signal
launched into a silica fiber is the sum of ny;, and a material contribution, 1., which is
independent of \E |. Effects from the second-order susceptibility vanish in silica fibers, as
the SiO2 molecule is symmetric [32].

There are basically two molecular vibrations in the silica matrix of an optical fiber that
need to be distinguished as they lead to different interactions with the electric field of the
guided light. These vibrations are exemplarily depicted in Fig. for a SiO2 molecule.
Fig. (a) shows the case, where the atoms constituting the SiOs molecule vibrate or
rotate in such a way that the electric polarization of the molecule, i.e. its dipole moment
changes. This yields an oscillation frequency in the optical range [64]. A photon, scattered
at such a rotational or vibrational mode of an individual molecule, experiences a frequency
shift of typically about 13 THz in fused silica [32]. This process is called Raman scattering.

The molecular vibrations, associated with the other inelastic scattering process in optical
fibers, are sketched in Fig. (b) In this case, the atoms of the SiO2 molecule vibrate
in a way that the electric dipole moment does not change and with a frequency in the
acoustic range [64]. This results in density variations, moving through the fiber as acoustic
waves, and referred to as phonons, i.e. quantized lattice vibrations [64]. This denotation
is commonly used, even though a quantum-theoretical description of the light-molecule
interaction is only necessary for much lower photon density levels as typically present in an
optical fiber [65]. Contrary to the Raman process, photons of the incident light get in this
case scattered rather at an ensemble of molecules, i.e. the acoustic wave, and no changes
in molecular dipole moments are involved. This process is called Brillouin scattering. The
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Figure 2.5: Illustration of the two types of molecular vibrations of a three atomic molecule
such as SiOs, leading to different inelastic interactions with the electric field of incident light.
(a): Molecular vibration and rotation associated with Raman scattering. They yield a change
in the electric dipole moment and the scattered photon experiences a frequency shift in the
optical range. (b): Molecular vibration leading to Brillouin scattering of incident photons.
Scattering occurs not at single molecules, but at the traveling wave of density changes in the
SiO5 matrix. The Brillouin frequency shift is in the acoustic range.

frequency shift of the Brillouin scattered photons is three magnitudes lower compared to
Raman scattering, corresponds to the frequency of the acoustic wave and can be calculated

by [66]

2nv,
As

Vg = . (2.23)
With typical values for silica fibers of 1.45 for the refractive index n and 5.96 km/s for the
acoustic velocity v, [32] this yields about 16.2 GHz at a signal wavelength As of 1064 nm.
As stated in Ref. [67], the Brillouin gain profile g(v) is Lorentzian shaped and can be

written as

(Avy/2)?

9(v) = gs ) + (A /2 (2.24)
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with v being the frequency of the launched signal. Its FWHM Awyg has in silica fibers a
typical magnitude of less than 100 MHz, while the FWHM of the Raman gain spectrum
can extend to several 100 THz [32]. The parameter gz in Eq. is the Brillouin gain
coefficient

27m7p%2

s (2.25)

CeA2pgua Avg’
and depends e.g. on material parameters such as the longitudinal elasto-optic coefficient
p12 and the material density p, [67]. To illustrate the parameters gg, g(v), Avg and vg,
Fig. schematically shows a Lorentzian-shaped gain profile.

While the Raman peak gain gy, in silica fibers is in the order of magnitude of 10~4m/W,
the Brillouin peak gain is about three magnitudes larger [32]. For narrow linewidth signals,
SBS is usually the power scaling limitation. As the effective Brillouin gain decreases
proportional to a factor Avs/Avg [32], with Avg being the signal bandwidth, power scaling
of very broadband signals is rather limited by SRS. Naturally, whether power scaling of a
system is limited by SBS or SRS depends on the exact values of gg, g5, Avg and Avy.
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Figure 2.6: Lorentzian-shaped Brillouin gain profile g(v) versus frequency, with a full width
at half maximum (FWHM) bandwidth of Avg and a maximum Brillouin gain coefficient gg,
centered around the Brillouin shift frequency vg.

At low launched signal photon densities, the BS process occurs spontaneously. Some
phonons are thermally excited and get annihilated, i.e. the incoming photon absorbs
the energy of the lattice vibration, and the scattered photon experiences an Anti-Stokes
frequency shift towards a higher frequency [65]. If the scattered photon gets Stokes shifted,
a new phonon is generated. In thermal equilibrium at room temperature, the first excited
phonon state is only slightly populated, so that the Stokes signal peak in a measured
optical spectrum has typically a higher intensity than the Anti-Stokes component [65].

As the thermally excited phonons are random in phase, the scattered photons are
incoherent [64]. For the Stokes-light generating case, the process can, nevertheless, become
stimulated as the intensity of the incoming light is increased. The induced phonons act
as scattering centers themselves, but the photons scattered from these centers are now
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in phase with the originally scattered photons. As this process recurs, the emission of
Brillouin-scattered photons gets stimulated. The exact definition of the threshold power
for the stimulated process is ambiguous in the literature, however, the Brillouin scattered
power fraction increases exponentially until all signal photons get scattered.

To describe the phonon induction, a semi-classical model is usually deployed. The
electric-fields of the incoming and scattered photons interfere, yielding an electro-magnetic
wave with intensity maxima and minima at half the beat frequency. This creates density
fluctuations, i.e. a traveling refractive index grating with a period corresponding to the
phonon frequency through the process of electrostriction [33]. In this way, new phonons
are generated, which coherently couple to the electric-field of the incoming light wave
through the third-order polarization [65].

As a consequence of energy and momentum conservation, SBS mainly occurs in the
backward direction [33]. Conservation of momentum requires

kp = ke — ks (2.26)

for the wave-vectors of the phonon k_l;, the signal photon k;; and the Brillouin scattered
photon kgg, and from energy conservation it follows that [64]

k2 = k3 + ki — 2kgkps cos ©. (2.27)
Since the acoustic phonon frequency w, = %‘) is much smaller than the optical frequencies
of the signal and Brillouin scattered photons, wgs = Cr’f and wggs = d;%, nps =ng and

ws > wp, can be assumed. This yields from Eq. [64] )

c . (2.28)

_Jo° (forward-scattering) ky = Do
) 180° (backward-scattering) kp = 20 = 2k,

Hence, the magnitude of &}, is extremely small for @ = 0°, i.e. forward scattering. It
maximizes on the other hand for the backward direction, corresponding to © = 180°. The
relationship between the wave-vectors is illustrated in Fig. 2:7]

To describe the SBS process mathematically, the simplest model considers plane-
wavefronts of the incident and the Brillouin scattered beam and therefore neglects transverse
derivatives [65]. For continuous-wave (CW) or quasi-CW signals, the steady-state ap-
proximation is valid [32], and the SBS dynamics can be described by the two coupled
differential equations

dl

E — _gBISIBS - Of[s. (2.29)
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(@ (b) (©)

ks
k, < k,
——
k, =" original

phonon induced phonon
by beating of
signal- and Stokes-wave

Figure 2.7: (a): A signal-photon with corresponding wave-vector k_; gets scattered at
an acoustic phonon (k;), yielding the emission of a Stokes-scattered photon (kps). (b):
Nlustration of the wave-vector relations, required by conservation of momentum. (c): Wave-
vector orientations for backward-scattering, which is the relevant direction in optical fibers.
Beating of the counter-propagating signal- and Stokes-waves induces new phonons that act as
new scattering centers [64], [65].

and

dIps
dz

- _gBIBSIS + aIBs. (2-30)

Here, I is the intensity of the launched signal, while Izg abbreviates the intensity of the
Brillouin scattered Stokes light. The parameter o accounts for all intrinsic fiber losses. In
the undepleted pump limit, which is valid for small fractions of Brillouin scattered light
and usually applied to estimate the Brillouin threshold power, Eq. [2:29] can be solved by
I(z) = Is(0)e~* [32]. Applying this solution to Eq. and integrating over the fiber
length L yields

Is5(0) = Ips(L) exp (9 PoLeg/Aey — L) (2.31)

for the Stokes power at the fiber signal input z=0. A4 is the effective mode area as defined
in and Py = I5(0)A.s. The fiber length relevant for the nonlinear interaction is called
the effective fiber length L.s and is defined as [32]

1—e oL

Loz = (2.32)

o
It corresponds to the length over which a signal would propagate through the fiber if it
had a constant amplitude over that length and zero amplitude beyond [68§].

A general characterization of a fiber’s intrinsic Brillouin scattering properties is typically
obtained with a pump-probe method [43, 67, 69]. This yields parameters that only depend
on the material composition and the signal wavelength, such as the shape and bandwidth
of the Brillouin gain spectrum, as well as the Brillouin shift frequency (Eq. . For
passive fibers, the Brillouin gain coefficient gg (Eq. and the effective Brillouin gain
g(v) (Eq. can easily be calculated from these measurements.
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2 Fundamentals of single-frequency ytterbium-doped fiber amplifiers

Active fibers, however, bear some challenges, as all launched signals experience some
degree of amplification and/or absorption. Even though only low power levels are deployed
for pump-probe measurements, the exact value for the absolute Brillouin gain cannot
be measured. Therefore, additional measurements and numerical modeling of the SBS
process are usually carried out for SF amplifier operation. The Brillouin gain is then
iteratively obtained by comparing the numerically calculated threshold powers to the
measured results. To provide sufficient data, the SBS threshold can be determined for
different seed power levels, fiber lengths and pump schemes, as they all influence the
threshold power. The onset of SBS is typically monitored by measuring the evolution of
the total backscattered power [19, [70, [71], the Brillouin peak in the backward detected
optical spectrum [23] [72, [73] and the relative intensity noise at the amplifier output with
increasing signal power [74H76].

(a)
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(b)

Counter-propagating pump
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Figure 2.8: Schematic evolution of the signal-, pump-power as well as the fiber core tempera-
ture of a (a): co-pumped and (b): counter-pumped fiber amplifier. The curves do not represent
a particular amplifier configuration, but are adapted from Ref. [ [78] for illustration purposes
only.

The dependence of the SBS threshold power on the fiber length can be directly anticipated
from Eq. 2.31] It is also straight forward to see, why a counter-pumped amplifier has
a higher SBS threshold than a co-pumped system. As illustrated in Fig. [2.8|(a), the
signal amplification for the co-pumping scheme is highest towards the seed input fiber
end. Consequently, the signal propagates with a high intensity through a long part of
the fiber. In the counter-pumped case (Fig. [2.§](b)), the signal experiences the highest
amplification towards the output end of the fiber, and the propagation distance with high
intensity is comparably smaller. Additionally, the counter-signal pumping yields a stronger
temperature gradient than the co-pumped amplifier. A change in temperature in turn
is accompanied by a change in the acoustic velocity v,. The latter affects the Brillouin
gain gg (Eq. as well as the Brillouin shift frequency v (Eq. [2.23)). As a result, more
phonon frequencies can potentially participate in the stimulated process along the whole
fiber length and the fiber’s overall Brillouin gain spectrum broadens [67, [79), [80]. For a
sufficiently strong temperature gradient, the Brillouin scattered photons from the amplifier
output end are incoherent with the photons that get scattered at positions towards the
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2.8 Large mode area double-clad fibers

seed end. Thus, they cannot seed the stimulated process at these positions and the overall
threshold power is eventually decreased.

This spectral broadening, caused by a temperature gradient along the fiber, is also
experienced by the Stokes spectrum, emitted in the backward direction of the fiber. In the
absence of a temperature gradient, on the other hand, the backscattered Stokes spectrum
experiences gain narrowing. Eventually, the gain narrowing effect outbalances the spectral
broadening of the Stokes spectrum due to a temperature gradient in amplifier operation
and the Stokes spectrum might even change its shape from a Lorentzian to a Gaussian [78].

Naturally, the actual effect of a temperature gradient on the Brillouin gain spectrum,
the SBS threshold power, as well as the backscattered Stokes spectrum depends strongly
on the exact amplifier configuration. Nevertheless, most of the external and internal SBS
mitigation techniques rely on modifying the Brillouin gain spectrum in terms of broadening
it or the generation of several small resonance peaks that do not overlap with each other.
Established external mitigation schemes besides the temperature gradient [76-78] are
temperature segmentation [81] 82] and the application of a strain distribution [83] [84].
Internal mitigation techniques pertain the glass composition to obtain a variation in the
acoustic velocities either in the longitudinal [70} [85] or the transverse fiber direction [86, 87].

The influence of the seed power, however, is two-sided. If a higher seed power level
is used to obtain a certain amount of amplifier output, the overall gain in the fiber
reduces. Therefore, the backward propagating Stokes signal experiences lower amplifier
gain, abetting a higher SBS threshold. On the other hand, the temperature gradient due
to the high gain is reduced, which counter-acts a threshold power increase. Nevertheless,
the signal intensity at the seed end can become eventually as high as for the co-pumped
case, also reducing the power threshold. The third amplifier parameter that gets influenced
by the seed power level is the amount of generated ASE. This broadband noise is emitted
in both fiber amplifier directions and the backward propagating photons with frequencies
within the Brillouin gain bandwidth might seed the SBS process. An experimental and
theoretical investigation had not been carried out before and was part of the work for this
thesis. The results are presented in Chapter [3

2.3 Large mode area double-clad fibers

One issue that had to be overcome in order to extract at least a few Watts out of a fiber
laser or amplifier, was the limited output power of fiber-coupled high-brightness pump
diodes. The invention of the double-clad fiber structure allowed for the utilization of
multi-mode pump sources that deliver nowadays several kW of pump power at 976 nm [8§].
Double-clad fibers guide high-brightness light in the core, while the multi-mode pump light
is guided in the first cladding, consisting of silica [89]. Thus guiding is achieved by coating
the fiber with a proper polymer. Its refractive index determines the index difference to
the silica-cladding, i.e. the NA of the pump core. Typically, the polymer’s refractive index
is <1.38, providing a cladding NA value of >0.46 [90]. The pump cladding diameter is
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2 Fundamentals of single-frequency ytterbium-doped fiber amplifiers

usually between 125 um and 400 um [40]. It is important to implement symmetry-breaking
features into the cladding, because otherwise the pump light could propagate on a helical
path around the core and get consequently not absorbed [45]. Two common geometries to
break this symmetry are D-shaped [91] or hexagonal claddings [92], depicted in Fig. [2.9)(a)
and Fig. (b), respectively. In PM-fibers, the implementation of stress rods is usually
sufficient to prevent the formation of helical pump rays.

(a) (b)

polymer coating

signal core

pump cladding g

Figure 2.9: (a): D-shaped [91] and (b): hexagonal-shaped [92] pump claddings are commonly
incorporated into a double-clad fiber in order to avoid the prevailed formation of helical pump
rays that do not get absorbed as they never cross the signal core [45].

The guidance of the pump light in the silica-cladding sets another requirement upon
the polymer coating. As it is in direct contact with the evanescent field of the pump light,
it can partially absorb it, yielding the deposition of a significant amount of heat. Even
advanced polymer compositions, with refractive index values around 1.37, are restricted
to long-term operation at temperatures below 90°C [90, 93-95]. This issue was solved
by the invention of the so-called air-clad structure. The pump-core in a fiber deploying
an air-clad is surrounded by a ring of air, which contains only very thin bridges of silica
glass [96]. Bridge thickness and number determine the effective refractive index of the
air-clad structure, enabling pump core NAs of up to 0.88 [97]. In order to achieve this, the
silica bridges must be essentially narrower than the wavelength of light [98]. Otherwise,
the modes with the largest NAs could leak along the silica bridges into the jacket [97]. For
mechanical stability, the air-cladding is surrounded by another silica-cladding, even further
increasing the distance of the pump core to the polymer coating [50, 96l 97]. As there are
no further requirements on the optical properties of the coating anymore, materials that
are resistant beyond 90°C can now be applied. Thermo-cured polyimides or silicones work
well at temperatures above 200°C, but their manufacturing is complicated and costly [93].
Therefore, a lot of research has been put into the development of UV-cured acrylate-based
mid-temperature coating materials [99]. Commercially available mid-temperature coatings
are fully qualified for operation up to 165°C and rated even up to 180°C [100]. Polymer
coating operating temperatures of 200°C to 300°C are reported in the literature, but even
these temperatures can be easily reached by extracting a few 100 W out of an Yb-doped
fiber amplifier or oscillator [76, [101].
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2.8 Large mode area double-clad fibers

The second feature of the large mode area (LMA) double-clad fiber is the increased
mode field diameter of the fundamental mode, compared to conventional single-mode
step-index fibers. It reduces the intensity across the fiber core, leading to higher power
thresholds for the onset of nonlinear effects [102]. For conventional step-index fibers this is
however accompanied by an increase in the V-parameter and the guidance of higher order
modes. The HOMs can be suppressed to a certain degree by e.g. optimized fundamental
mode excitation [I03] or by coiling of the fiber [16]. The latter is enabled by the mode
specific bend losses [104), [105]. As the mode field diameter (MFD) of the HOMs is typically
larger than for the fundamental mode, they are less confined and “pushed out” of the
core at smaller bending diameters and to a higher extend than the fundamental mode.
However, for core diameters of about 30um, the fiber must be coiled very tightly to
obtain reasonable beam quality [I7, [106], which in turn reduces the effective MFD of the
LPgy; [102]. Furthermore, for active LMAs the HOM content typically increases with the
amplified power level, manifested in a lower beam quality [I02, 107]. A more detailed
description on this issue will be given in Chapter [4 Besides developing techniques to
suppress the HOMs in few-mode fibers for high-power operation, several attempts have
been undertaken to develop truly single-mode LMA fibers. The most promising fiber
design concepts are photonic crystal fibers (PCF) and chirally coupled core (CCC) fibers.
Their working principles are presented in the following two Subsections.

2.3.1 Photonic crystal fibers

Photonic crystal fibers are micro-structured fibers with a periodic capillary lattice in
the fused silica of the cladding [34]. Most commonly, a silica-air lattice is used, but the
capillaries may contain in general any gas, liquid or glass composition, as long as their
refractive index differs from the one of the background material. The resulting periodic
index variation forms a two-dimensional photonic crystal in the cross-sectional plane of the
fiber, as illustrated in Fig. Removing the central capillary yields a “defect” that can
act as fiber core [34]. Such a structure enables interesting guiding effects for waves with a
nonzero wave-vector component k, along the fiber’s principal axis, i.e. perpendicular to the
periodic plane [I08]. Depending on the geometric design of the air-hole lattice, light-wave
guiding can be an implication of the photonic bandgap (PBG) [109] effect or TIR [110].
The key parameters determining the waveguide properties are the hole diameter d, the
hole spacing (“pitch”) A and most significantly, their ratio 4 [ITTHIL3].

PBG guiding can be viewed in a classical physical picture as Bragg-scattering, which
occurs if the wavelength of the incident light is smaller or comparable to the lattice constant
of a periodic refractive index variation [I09]. Depending on their relative phases, the
scattered waves experience either constructive or destructive interference. As a consequence,
certain combinations of wavelength and wave-vector directions vanish in the structure due
to destructive interference, i.e. they cannot propagate [34]. For a fiber containing such a
lattice in the cladding, there are two consequences. First of all, light-waves trying to enter
from the cladding area outside of the structure are reflected from its surface. Moreover, if
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Figure 2.10: Schematic cross-section of a photonic crystal fiber with a hexagonal arrangement
of air-capillaries in the silica cladding. The missing air-hole at the fiber center can act as
signal core (for proper 8 and k values). To chart the capillary diameter d and the hole-to-hole
offset (center-to-center) A, the inner air-hole ring (orange circle) is enlarged. Relative sizes
and dimensions do not resemble a real fiber, but are for illustration purposes only. While
the capillaries contain a material of different refractive index, e.g. air (na;;), signal core and
cladding have the same refractive index, given by the utilized glass material, most often silica

(nsilica) .

light with proper 8 and k values is launched perpendicular to the periodic plane, it will
remain confined within the defect and propagate along the fiber’s principal axis. As 8 and
thus k are mode-specific (Section [2.1.3)), single-mode (SM) fibers with larger MFDs than
achievable with the standard step-index concept can be potentially designed. However,
the guiding properties of such a micro-structured fiber are very sensitive to the geometric
fiber parameters. Even though PBG guiding can be realized in hollow-core PCFs [109],
this approach is useless for the realization of actively doped LMA fibers. Hence, solid-core
structures that exhibit bandgaps need to be designed. Theoretically, PBG guiding can
occur if the core’s refractive index is higher than the average index of the silica-air lattice,
for a properly chosen geometry, but in praxis TIR guiding effects dominate in this case [34].
Thus, solid-core PBG fibers are usually made from a low-index glass, surrounded either
by consecutive high- and low-index ring layers or by an arrangement of high-index rods.
PBG fibers consisting of the ring layer structure are usually referred to as 1D-PBG- or
Bragg-fibers [114], 115]. HOM suppression in such a fiber is based on different attenuation
coefficients for the different transverse modes [I13]. The manufacturing process of such a
fiber is however very challenging due to the small index differences of the cladding layers
and slight inaccuracies can lead to high propagation loss of the fundamental mode [116].
Moreover, for MFDs as large as 26 um, single-mode operation relies strongly on additional
HOM management, such as fiber coiling and tailoring of the doped area [I17].

The PBG fibers, containing a high-index rod arrangement, are also referred to as
two-dimensional PBG fibers and they seem to be a promising alternative. Their HOM
suppression is primarily based on different bending losses for the transverse modes [118].
However, they are still subject to current research and not yet an established techno-
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logy [113, TT9-121].

LMA PCFs based on TIR, on the other hand, have enabled enhanced single-mode
amplifier and oscillator performances within the last few years [50] 122]. In the resonance
picture, TIR in a PCF is difficult to distinguish from PBG guiding. There exist, of course,
combinations of S and k in the cladding lattice that interfere either constructively or
destructively when scattered at a silica-air boundary. Viewing the guiding mechanism to
be somewhat similar to TIR in step-index fibers helps to distinguish it from PBG guiding
and covers most of the observed effects. First of all, TIR occurs only, if the core index
is slightly higher than the average index of silica-air lattice [34]. Furthermore, the hole
diameters are typically much smaller than for PBG guiding, yielding values of the relative
hole size of %g 0.424. This is in fact the single-mode condition for PCFs with a core
formed by one missing air-capillary and containing 10 or less air-hole rings [123]. For larger
hole sizes, the gaps between the holes become narrower and the core more isolated from
the cladding [IT0]. Accordingly, the effective refractive index as experienced by the core
modes decreases, yielding a higher NA and making the fiber more likely to be multi-mode.
Increasing the number of air-hole rings has a similar effect.

If A> A and d, the light field gets only slightly affected by the air-holes. Hence, the
effective cladding index experienced by the field can be approximated by the average index
of the silica-air lattice nayvg [124]. When X approaches the hole diameter d, the guided
mode is only evanescent in the air-holes. This is manifested in sharp minima in the far-field
pattern of a light-wave transmitted through the PCF [124]. Consequently, the effective
index experienced by the light field is larger than nayg.

In order to properly design single-mode PCFs with large mode areas, it is essential to
calculate the guided mode set. Like in any other waveguide, the latter can be obtained by
solving Maxwells equations under appropriate boundary conditions. Due to the complex
structure in the transverse fiber plane, it is however much more complex and thus time-
consuming as e.g. in a step-index fiber. Hence, a lot of effort has been put into reducing the
calculation time by utilizing appropriate simplifications. Nevertheless, accurate modeling of
a PCF with a full-vector analysis is at least necessary to check the validity of the proposed
approximations [125 126]. An overview about some proposed models and numerical
techniques is given in Ref. [34].

Still, to get a rough idea about the number of guided modes in a PCF, a normalized
frequency similar to Eq. for a step-index fiber is useful. Saitoh et al. applied an
equivalent step-index index model to the PCF structure, and derived empirical relations
to calculate the normalized frequency. The denotation equivalent step-index model refers
to the fact that the modal properties, resulting from a complex, varying refractive index
structure can be represented by some other fiber with a step-index profile [33]. The
empirical relations were found by trial and error fitting of functions V' (%, %), to values of
V, numerically calculated from [127]

27
V= Taem/ngo —n2y, = VU2 + W2 (2.33)
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In Eq. 2:33] a.x denotes the effective core radius and nggy the refractive index of the funda-
mental space filling mode (FSM). The FSM is defined as the lowest order mode that could
be guided in the cladding lattice, if the central defect was absent [I10]. Accordingly, npsy
represents the refractive index of the cladding and Eq. is analogous to the definition
of the V-number for step-index fibers. The cut-off condition for single-mode performance
of a PCF in this case is also analogous to the step-index fiber, i.e. V' <2.405 [112]. As the
empirical relations derived in Ref. [127] to calculate nggy depend on % and %, this model
reflects that the latter parameter is the crucial design criterion for the single-modeness of
a PCF for a fixed wavelength. Moreover, it can explain the observed broad single-mode
bandwidth of the first drawn PCF, ranging from about 460 nm to 1550 nm [108]. The
cladding index defined as npgy increases towards shorter wavelengths [127], thus balancing
for the increasing factor %, and the value of V remains almost constant over a wide
wavelength range. This justifies the definition of the effective cladding index and the
V-parameter. Standard step-index fibers designed for single-mode guidance from 1pm to
1.5um on the other hand have typically a cut-off wavelength \. (Section of about
980 nm [40, 128]. From Eq. it can be anticipated that the V-parameter increases with
decreasing wavelength, as the cladding index remains constant.

The definition of the FSM also alleviates to identify the range of propagation constants
that can be guided in the core of a TIR PCF. Being the largest value of § that can exist
in the cladding, the propagation constant of the FSM, Brsy = knpsy (K is the free-space
wavenumber) sets the lower limit for the guided modes set values of 5. Analogous to
step-index fibers, the upper limit is given by the refractive index of the core material [110],
yielding

kneo > B > Brsm- (234)

Cores formed by more than one missing air-hole enable larger doping areas and thus
larger fundamental mode MFDs [129]. Three missing air-holes enable already 30 % larger
MFDs compared to the one-hole-case, with unchanged propagation losses, while exhibiting
no additional losses [I11]. The empirical relations from Ref. [I27] however, can no longer be
applied and nggy must be evaluated numerically in order to calculate the V-number [130)].
Analogous to step-index fibers, the NA must be decreased to keep the V-number below
2.405, the single-mode regime. Hence, npgy has to approach nce, i.e. the refractive index
of silica, and consequently smaller values of d and % are necessary [123]. By removing 7
air-holes, MFDs > 35 um and NAs of 0.03 have been demonstrated [131], but in order to
achieve this, 4 must be kept below 0.046 [123).

An explanation why increasing the number of air-hole rings requires even lower values of
% for a PCF to be strictly single-mode can be anticipated from the following considerations.
While the propagation constant of the fundamental core mode must fulfill Eq. [2:34]

Brom < Brsu = Nom < Npsm < N < Neo (2‘35)
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would be the ideal case for a truly single-mode fiber [I32]. Nevertheless, Saitoh et al.
calculated that for a fixed value of %, the effective refractive index of the HOMs approaches
the value of npgy with increasing number of air-hole rings [123]. Guidance of the particular
HOM is eventually enabled, which must be counter-acted by lowering %.

Eq. 2:35] also indicates the difficulty in fabricating single-mode, very large MFD PCFs.
The refractive indixes are not independent of each other, as there exists no “real” index-step
due to different materials. To meet the condition in Eq. [2.35] the index of the core material
must be controlled by an order of magnitude of at least 10~%, but this is very difficult in
practice [129].

The manufacturing process of a PCF is similar to a step-index fiber, but again the
difficulty arises from the complex cladding structure. As the preform must already contain
all of the relative dimensions [33], it is this fabrication stage that is the most challenging.
Several techniques have been tried out, including extrusion, sol-gel casting, injection
molding and drilling of the capillaries [34]. Most commonly, silica PCFs are obtained
by repeated stacking and drawing of circular capillaries and rods [98], 131}, 133} 134]. In
the first step, capillaries of about 1 m length are drawn from pure-silica starting tubes
with an outer diameter of about 20 mm. The capillary diameter after this stage is about
1 mm and should not vary by more than 1% over the entire length [34]. Another critical
parameter is the ratio of the inner and outer diameter of the starting tubes, which is
typically between 0.3 and 0.9, and largely determines the key parameter % [34]. Next, the
capillaries are stacked together and the hole assembly is placed into a jacketing tube, later
forming the outer, pure silica part of the cladding. For small core diameters, one capillary
is replaced by a rod [108]. Depending on whether a passive or active fiber is supposed to
be manufactured, the central rod consists either of pure silica or is doped with rare-earth
ions. For LMA PCFs, several capillary rings are removed, typically yielding a hexagonal
core shape [I31], [I35]. Even though the emitted beams have noncircular shapes, most
of the power is usually contained in a round central part, resembling almost a Gaussian
intensity distribution [133].

During the final drawing process, only limited adjustment of the fiber parameters can
be achieved by controlling the pressure and furnace temperature [34]. The overall fiber
performance on the other hand depends strongly on effects during the drawing process,
such as viscous flow, surface tension and pressure. Hence, several fabrication iterations
are necessary, if a new fiber design is to be drawn. Moreover, for active fibers it is very
important to keep the index increase of the core caused by the active ion doping as low
as possible in order to preclude step-index guiding [136]. To compensate for this index
increase, additional dopants such as e.g. fluorine can be used [131], [133].

One disadvantage of a low NA value that is required for LMA single-mode operation
is the high sensitivity towards bending effects [122] [137]. For long wavelengths, a PCF
behaves like a standard step-index fiber. There exists a long wavelength edge beyond
which the light field experiences massive bending loss, which depends on the core index
and radius, as well as on the V-parameter. Contrary to step-index fibers, PCFs inhibit
also a short wavelength bend loss edge [I10]. Other, less critical attenuation mechanisms
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in a PCF include absorption and scattering just as in a step-index fiber (Section .
PCF specific propagation attenuation is due to the glass-air interfaces in the cladding.
The two main parameters that influence this loss source are the fraction of light in the
glass and the roughness of the interface [34].

The high bending losses are the reason why PCFs with MFDs larger than 35 um and NAs
below 0.03 are produced as rods, with outer cladding diameters of about 1 mm to preclude
any bending [I35]. Consequently, current research still targets to develop a technology that
enables to maintain the coiling benefit of fibers compared to bulk materials. A promising
approach are chirally coupled core fibers, as will be described in the next Subsection.

2.3.2 Chirally coupled core fibers

Another fiber design concept, proposed to enable single-modeness of large mode area fibers
is the chirally coupled core (CCC) design. CCC fibers are a weakly-coupled waveguide
system, consisting of a step-index fiber structure, whose signal core is additionally chirally
surrounded by one or more satellite cores. A schematic of this geometry is depicted in
Fig. 2.11] It is manufactured by the so-called stack-and-draw technique, where the core
preforms are stacked straight and parallel into the cladding preform [138]. These preforms
are typically produced just as step-index fibers (Section and already resemble the
correct relative diameters. To obtain the helical path of the side core(s), the preform
assembly is spun during the drawing process. Thereby, the helix offset Rpelix (Fig. [2.11f(a))
and the helix pitch Apeix (Fig. [2.11)(b)) are permanently controlled to achieve ideal
performance throughout the entire fiber length. Real-time monitoring of theses parameters
and immediate adjustment of the furnace temperature, the drawing speed as well as the
spinning rate is necessary. Thus, the drawing process is much more challenging than for a
pure step-index fiber, where only the fiber diameter needs to be controlled.

signal core

Figure 2.11: Sketch of (a): cross-section and (b): spatial view of a chirally coupled core
fiber with one helical satellite core [139]. Rpeix denotes the signal-core to side-core offset, and
Apelix the helix pitch.

To understand the working principle of CCC fibers it is necessary to consider some
features of conventionally coupled waveguides, such as e.g. a step-index fiber with two
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straight and parallel cores. Eigenmodes of these two cores can only interact with each
other, if their phase velocities i.e. their propagation constants are the same [64]. As
soon as the two waveguides differ in core size or refractive index, phase matching of one
modal pair can only be achieved at one wavelength. This resonance occurs, where the
dispersion curves of the two waveguides cross [I40]. The idea of CCC fibers is that the
phase difference of one modal pair at one particular wavelength can be compensated by
an additional relative phase shift, if one of the waveguides is not straight but rotating
around the other waveguide. The relative rotation leads to the accumulation of different
amounts of angular momentum [141} 142] of the modes in the two waveguides that can
balance the difference in 8 due to the linear momentum [143]. As a consequence, such
a waveguide structure has several resonance wavelengths for each modal pair, which are
referred to as quasi phase matched (QPM), to account for the balancing of the linear
momentum difference by the angular momentum [I38]. By properly choosing the right
helix parameters, phase-matching of the HOMs from the signal core to the modes of the
side core is obtained and additionally, high loss for the selected side core modes can be
achieved [I39]. That way, the HOMs are “pulled” out of the signal core, which then only
guides the fundamental mode, i.e. is effectively single-mode.

As the CCC structure has a helical-translation symmetry, only modes of the individual
waveguides that are simultaneously invariant to translation along and rotation around
the z-axis can interact with each other [I38]. As a consequence, their modal field-vector
distributions and vector-amplitude distributions have to make a full rotation within each
optical cycle. Fig. (a) shows such a modal field-vector distribution along the fiber
axis z, i.e. the evolution of a circular polarized electric-field. It makes one full rotation
around the fiber axis, while propagating a distance along the fiber axis that is equal to
the modes wavelength. The angular momentum associated with the circular polarization
of the light is commonly referred to as optical-spin [141].

(a) (b) (c) Phase
400
A
A/V 200
z-axis 0
-200

400
-400 -200 0 200 400

Figure 2.12: (a): In a Cartesian coordinate system, with the fiber’s propagation axis as
z-axis, the electric field-vector E of the side core mode corresponds to a circular polarized
field that carries spin-momentum [I38]. (b): Example of a helical wave, propagating along the
z-axis, where it has a phase singularity (optical vortex) [144]. (c): Its associated azimutal phase
performs one full 27 rotation in the transverse plane around the z-axis, yielding a topological
charge of |m| =1 of the beam, corresponding to an intrinsic orbital-angular momentum given

by mh [145)].

Since the side-core in a CCC-fiber is helically twined around the signal-core and thus
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2 Fundamentals of single-frequency ytterbium-doped fiber amplifiers

the fiber’s principal axis, the side-core’s eigenmodes propagate on a helical path around
the z-axis. In the laboratory reference frame, these modes can be described as helical
modes. Their electric field amplitude is zero at the z-axis, ensuing an “optical vortex’
(Fig. [2.12)(b)) [144, 146]. In the x-y-plane, the helical modes’ wavefront consists of |m|
interwoven surfaces, yielding an azimutal phase that rotates |m| times 27 around the
optical vortex [145], [147]. Consequently, these modes do not possess well defined phase-
or wavefronts. The integer m is called orbital helicity of the beam or topological charge
of the vortex [I45]. Its sign gives the handedness of the surface-twist [148]. Thus, the
topological charge of the example illustrated in Fig. [2.12{(b) and (c) is 1. Each photon
associated with a helical mode carries a quantized z-component of angular momentum,
given by mh and called orbital angular momentum [142].

The challenge of describing modes in a CCC structure arises from the z-dependence of
the position and orientation of the side core in a Cartesian reference frame. Therefore,
Ma et al. used a curvilinear helical reference frame with x- and y-axes rotating around
the principal fiber axis (z-direction) with the side-core helix-pitch Apeix to calculate
the modes and resonances [I138]. In this reference frame, the fiber has a longitudinally
invariant refractive index profile and two parallel and straight cores. Hence, the transverse
permittivity tensor distribution is z-invariant and a standard finite-element-method based
modal solver for anisotropic waveguides can be applied to solve Maxwell’s equations to
obtain the propagation constants and the transverse electric-field distributions [138].

This calculation reveals a feature of modes in CCC fibers that alleviates the under-
standing of the CCC working mechanism. The modes within one LPy,, group that are
degenerate in a conventional step-index fiber carry different spin- and orbital-angular
momentum, in terms of magnitudes and polarities, if interaction between the two cores is
considered [I38]. Thus they are not degenerate anymore and can interact with each other.
Degeneracy in one individual core, on the other hand, still holds. By controlling the spin-
and orbital-angular momentum of the HOMs from the signal core through adjustment of
the helix parameters, in a way that the QPM condition

/Bllml - Blgmz ' 1 + K2R}21611X —Am-K = O, (236)

with K =27/ Apelix, the helix offset Rycjix and the propagation constants of the modes from
the central core fj,,,, and the side core i, m,, is fulfilled [I38], an effectively single-mode
core can be achieved. The integer Am depends on the mode numbers /1 and l» as well as
an integer, As. Physically, As=0 corresponds to coupling between modes of the same
polarization, caused by the perturbation of the central core simply through the presence
of the side core. The difference in thermal expansion between the two cores and the
cladding during the drawing process causes local linear birefringence, which in turn yields
coupling between orthogonally polarized modes. This is covered by As=-2 and +2. The
values +1 and -1 of As represent the mixing of the longitudinal and transverse modal
field components, which is caused by local “shear” birefringence due to the viscosity of
the glass flow during the spinning of the heat-softened fiber preform [I38]. Conventional

9
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2.4 Conclusion

fibers on the other hand have independent rotational and linear-translation invariance.
Their modes are not invariant to helical-translation, thus possessing either optical spin- or
orbital-angular momentum.

2.4 Conclusion

This Chapter has given an overview about the physical fundamentals related to design
fiber amplifier systems for the 3' generation of GWDs. Basic properties of optical fibers
were presented and it was explained how the nonlinear effect of SBS limits the power
scaling of single-frequency lasers in strictly single-mode step-index fibers. Moreover, the
advanced design concepts of photonic crystal fibers and chirally coupled core fibers were
introduced. These fiber concepts are very promising candidates to enable single-mode
single-frequency signal amplification to power levels beyond the limits of conventional
step-index fibers.

In the following Chapters of this thesis, the carried out experiments will be presented
and discussed. The next Chapter starts with the analyses of a general physical aspect of
single-frequency signal amplification in fiber amplifiers. This is the impact of ASE on the
Brillouin scattering process.
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3 The impact of ASE on Brillouin scattering of a
single-frequency signal

Single-frequency (SF) laser oscillators that have suitable properties for application in
GW detectors are limited to only a few watts of output power. Amplification of such a
signal to a few hundred watts corresponds to gain factors around 20 dB. In fiber amplifiers,
this can lead to a high sensitivity towards parasitic lasing processes and a significant
amount of output power in amplified spontaneous emission (ASE). ASE photons within
the Brillouin gain bandwidth (BGBW) and co-propagating to the Stokes signal could
potentially seed the Brillouin scattering process and lower the SBS threshold power. In
case of SF amplifiers, an effect of ASE on the Brillouin scattering process is at least
expected by Pannell et al. [I49] and Hildebrandt et al. [78], as they included a term
accounting for ASE in their calculations of Brillouin scattering in optical fiber amplifiers.
Thus, it was interesting for the work of this thesis to investigate the impact of ASE on the
Brillouin scattering of a SF signal. This analysis is presented in this Chapter, starting with
a numerical calculation of the SBS threshold of a SF fiber amplifier (Section [3.1). The case,
when a term accounting for backward ASE was included in the differential equation for the
Brillouin power, was compared to the case, when no such term was implemented. Using a
passive fiber and artificially added ASE, co-propagating to the Stokes signal, the impact
of ASE in the BGBW on the Brillouin scattering process of a SF signal is demonstrated
in general (Section [3.2).

To decrease the gain factor in high power fiber amplifiers, it is common to use inter-
mediate amplifier stages with output powers of several 10 watts. Unfortunately, besides
preamplifying the SF signal, these amplifier stages also generate ASE photons, even if the
overall ASE power can be kept comparably low. In particular, also ASE photons within
the BGBW will be injected into the high power amplification stage, unless a very narrow
bandpass filter is used in front of it. Rayleigh-backscattered ASE within the BGBW could
then potentially seed the SBS process in the main amplifier.

Cooperative stimulated Brillouin and Rayleigh backscattering has at least been observed
in long single-mode fibers with high Rayleigh losses [I50]. Dynamic distributed feedback
due to double Rayleigh scattering of the Stokes field led to SBS lasing, yielding a very
narrow spectrum of the Stokes field. The possibility that Rayleigh-backscattered ASE
from a fiber preamplification stage might be sufficient to seed the SBS process in an optical
amplifier is experimentally tested in Section
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8 The impact of ASE on Brillouin scattering of a single-frequency signal

3.1 Numerical SBS-threshold calculations of a single-frequency
amplifier

To investigate the significance of a term accounting for ASE in the calculation of the
SBS threshold of SF fiber amplifiers, calculations using the numerical model presented
in Ref. [78] were carried out. There, the evolution of the signal power (FP,), the pump
power (P,), the forward and backward ASE power (P,5¢), and the Brillouin scattered
signal power (Pgs) were calculated along an amplifier fiber. The corresponding set of
differential equations was solved by applying a Runge-Kutta algorithm and a shooting
method. A discrete number of spectral lines within the Brillouin gain frequency range
(Avg) described the Brillouin scattered radiation. Two consecutive spectral lines were
separated by the bandwidth Avggs. A distributed, nonfluctuating source model with
spontaneously generated Brillouin noise power at different positions along the amplifier
fiber provided the noise initiation of the SBS-process. The noise photon power at the
frequency v; of the i-th Brillouin line was given by
4hv, Avggs

b = T 0 = 03 JAvs)?) (exphvn JRT) — 1) (3.1)

Here, h is Planck’s constant, vy the Brillouin shift frequency, ¥ Boltzmann’s constant, and
T is the temperature in the fiber. In the differential equation for the power in the i-th
SBS line,

Av,
= —IPgs, (Naogs, — Ni0gs, ) + aPgs, — Psgs, <PBSI- + P, + PAbSE,BSAVm> [Aes,
ASE
(3.2)

dPrgs,
dz

Iy accounts for the overlap of the guided LPy; mode and the doped step-index core region,
N, and N, are the ion densities in the upper and lower energy levels, respectively, o5
and o3 are the emission and absorption cross-sections of the ytterbium doped fiber.
Furthermore, « is introduced to account for background losses through fiber imperfections
and Rayleigh scattering, and A.g is the effective modefield area of the fiber. The last term
in Eq. [3-2 accounts for the backward propagating ASE power at the Brillouin wavelength
(Pysg ps)s seeding the SBS process. Similarly to the Brillouin scattered radiation, the

broadband ASE was described. A discrete number of spectral lines at wavelength Asgg,,
2hc

Aase; Avase’

with Planck’s constant h and ¢ being the speed of light in vacuum. To account for the two

possible polarization states, the factor of 2 was introduced.

In Ref. [7§] it had already been shown that this numerical model is suitable to adequately
simulate a SF fiber amplifier, once the right fiber and amplifier parameters are implemented.
The calculations presented here do not resemble a particular fiber amplifier system, but
they demonstrate the effect that there is a significant difference in the SBS power evolution

separated by a bandwidth Av,gg was initiated by a noise photon power Py =
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3.1 Numerical SBS-threshold calculations of a single-frequency amplifier

Table 3.1: Simulation parameters for the numerical model. gg is the Brillouin gain peak
value and ¢ the coefficient for the temperature induced Brillouin frequency shift [78].

parameter value parameter value
Iy 0.85 Teore 9.9 um
Qg 0.001m™! Iladding 200 pm
Avg 58 MHz core NA 0.055
g 241071 m/W SBS lines 50
ct 2.25 MHz/K Avgpg 6 MHz
doping concentration  7-10%® ions/m? ASE lines 25
fiber length 8 m ASE start/stop A 1030 nm/1100 nm

54| ® ASE term included in calc. 1
exponential fit
41| ® ASE term not included ]
—— exponential fit

3]|—  0.1% reflectivity

Stokes power (W)

T

50 100 150 200 250
Signal power (W)

0

Figure 3.1: Calculated Stokes power with respect to the amplified signal power when the
term accounting for backward ASE was included in the numerical simulation (black squares)
and excluded (red circles). The dashed blue line corresponds to a reflectivity of 0.1 %.

whether a term accounting for backward ASE at the Brillouin wavelength is included in
the calculation or not, in general. The used parameters are mostly taken from Ref. [7§]
and can be found in Table Representative results are shown in Fig. in which the
backscattered Stokes power is plotted with respect to the launched signal power. The
seed power in this case was 1 W and the pump light was counter-propagating to the
signal. Common definitions of the SBS threshold are the amount of signal power where
the backscattered power departs from linear behavior or reaches a certain reflectivity, but
this is quite ambiguous in the literature. In order to compare the SBS thresholds in these
calculations and the following experiments, the SBS threshold was chosen to be the amount
of signal power corresponding to a reflectivity, i.e. an amount of backscattered power of
0.1%. For the simulated fiber amplifier, this threshold was about 140 W when the Stokes
power calculation accounted for ASE. The threshold power increased by 13 % to 158 W,
when the last term in Eq. [3.2] was not included in the calculation. It can be clearly seen
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8 The impact of ASE on Brillouin scattering of a single-frequency signal

in Fig. that at higher signal power levels, the difference in the backscattered Stokes
power at a certain signal power increased even more. Due to the neglection of the ASE
term, the power of the Brillouin scattered light decreased from 5.1 W to 2.4 W at a signal
power of 250 W. This corresponds to a decrease by 47 %.

The calculated decrease in the threshold power in case of accounting for ASE in the
SBS calculation can be explained by seeding the SBS process by ASE within the BGBW
and co-propagating to the Stokes signal. These ASE photons are, in this case, generated
in the active fiber, as no additional ASE was injected into the modeled amplifier.

3.2 ASE counter-propagating to a SF signal in a passive fiber

As numerically calculated in Section [3:1] ASE within the BGBW and co-propagating to
the Stokes signal apparently has an influence on the SBS threshold power level of a fiber
amplifier. To gain an insight into the proposed effect, the SBS process of a SF signal in a
passive fiber was investigated. To account for the ASE generated in the amplifier fiber,
ASE was artificially added counter-propagating to the SF signal, and hence co-propagating
to the Stokes signal. An analytic evaluation of this process was carried out beforehand.

Considering the signal power to be much larger than the Brillouin scattered power, pump
depletion could be neglected. Hence, the Stokes power was calculated according to Eq.
The potentially injected ASE power within the BGBW was used as the initial power at the
Stokes wavelength at the fiber end (I5(L)). To account for the Lorentzian-shaped BGBW,
the amount of total injected ASE power (Pasg tota) Was equally distributed among 200
discrete frequencies within a rectangular shaped ASE spectrum. Its width corresponded to
the FWHM of the Brillouin gain spectrum and the lines were equally spaced. For each of
these lines, Eq. [2.31] was evaluated, where gz was substituted by the frequency dependent
Brillouin gain value, calculated from g(v) (Eq.[2.24). These calculations were carried out
for launched signal powers from 0 mW to 100 mW, in steps of 1 mW, and different values
of the peak Brillouin gain gg. To be able to compare the analytical with the experimental
results, the fiber parameters were taken from the fiber used in the experiment (Section .
All parameters used in this analytical evaluation are listed in Table

Table 3.2: Parameters applied in the analytical calculation.

parameter value parameter value
MFD 4pum [128] Aq 12.6 um? (Eq. [2.16)
Qg 2.5dB/km [128] L 335m
Ap 1064 nm Avg 50 MHz [151]
Vn 16 GHz (Eq. [2.23) g5 1-2.10~ m/W+[67]

The calculated total amount of backscattered Stokes power (i.e. the seed power was
not subtracted) with respect to the launched signal power for two different values of gy is
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3.2 ASE counter-propagating to a SF signal in a passive fiber
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Figure 3.2: Analytically calculated Stokes power with respect to the launched signal power
for different amounts of total ASE power within the BGBW (Pysg tota1) and different values
of the peak Brillouin gain gg. (a): gg=1.02:.10""m/W, (b): gg=1.25-10"m/W.

shown in Fig.[3.2] With increasing ASE power, the Stokes power at one particular launched
signal power level increased, just as expected. Nevertheless, the calculated values for the
Stokes power were very sensitive to the choice of the peak Brillouin gain. As will be seen
in Section with gg set to a small but reasonable value of about gz=1.02-10"'m/W
(Fig.[3.2|(a)) [74], they resembled the experimental data quite well. For g5=1.25-10"m/W
(Fig. (a)), the backscattered power was already too large for the undepleted pump limit
approximation to be valid, yielding Stokes power values eventually exceeding the launched
signal power.

3.2.1 Experimental setup

The setup used for the experiments is depicted in Fig. As signal source, a commercial
nonplanar ring oscillator (NPRO), delivering up to 400 mW at 1064 nm with a signal
linewidth of approximately 1kHz, was used. The NPRO was protected from backreflections
by a Faraday isolator (nominal isolation >35dB), which was followed by a variable
attenuator, consisting of a half-waveplate and a polarizing beam splitter (PBS). To
monitor the signal-to-fiber-coupling and to detect a sample of the backscattered light, a
90/10-tap-coupler (all tap-couplers were built in-house; the typical value for the return
loss is >35 dB) was used. The fiber generating the Brillouin scattered Stokes signal was an
approximately 335 m long piece of HI-1060-Flex from Corning, a commercially available
passive fiber with a nominal core diameter of 3.4 um [128]. A 70/30-tap-coupler was spliced
to the other end of the fiber to couple in and monitor the ASE as well as to extract a
sample of the transmitted signal.

The artificially added ASE was supposed to resemble ASE generated in a fiber amplifier.
Therefore, the ASE source consisted of components typical for a SF fiber amplifier. As
active fiber, 10m of the PLMA-YDF-10/125 by Nufern were used, which were cladding-
pumped through an in-house built pump combiner by a commercial 25 W fiber-coupled
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8 The impact of ASE on Brillouin scattering of a single-frequency signal

Brillouin scattering NPRO signal power ASE Transmitted
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Figure 3.3: The setup used in the experiments with a passive fiber. The ASE was counter-
propagating to the SF signal. HR: highly-reflective mirror, A\/2: half-wave plate, A\/4: quarter-
wave plate.

diode at 976 nm. To protect the ASE source from the NPRO signal transmitted through
the HI-1060-Flex, two Faraday isolators with a nominal isolation of >35dB each were
implemented. Behind the isolators, the maximum ASE power was 139 mW, limited by
the onset of parasitic lasing processes. About 60 % of the ASE power could be coupled
into the 70/30-tap-coupler, of which the 70 %-output-port was spliced to the HI-1060-Flex.
At all fiber ends, angle-polished fiber connectors were used to protect the fibers from
backreflections. Furthermore, all lenses used had AR-coatings at the relevant wavelengths.

3.2.2 Measurement method and results

To determine the SBS threshold of the used fiber without additional injected ASE, the
signal power was increased via the variable attenuator, while the backscattered power
and optical spectra were detected at the backwards directed 10 %-output-port of the first
tap-coupler. Additionally, the transmitted power was measured at the 30 %-output-port
of the second tap-coupler. This procedure was repeated for four different levels of ASE
power in the BGBW.

As only ASE photons within the BGBW can potentially seed the SBS process, the ASE
source was set up such that the ASE maximum was roughly at the Brillouin wavelength.
Hence, the spectral shape can be considered as flat in the relevant spectral interval. To
increase the overall ASE power in the fiber, the pump power was increased. From the
measurement of the power and optical spectra at the 30 %-ASE-monitor-port of the tap-
coupler, the ASE power in the BGBW was calculated. Assuming a BGBW of 50 MHz [151],
the ASE power levels in the BGBW used in the experiments (Pysg pasw) Were between
3.8nW and 160.6 nW. The corresponding optical spectra are shown in Fig. [3.4|(a).

In Fig. |3.4|(b), the backscattered power is plotted versus the signal power for different
injected ASE power levels. Note that the power offset created by the transmitted ASE was
subtracted in the graph for better comparison. Without artificial ASE, the backscattered
power started to rise very slowly compared to the cases when additional ASE was injected
into the fiber. In fact, only at a signal power of 81 mW, the evolution of the backscattered
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Figure 3.4: (a): The optical spectra of the ASE injected into the fiber, measured at the
30 %-port of the second tap-coupler, for four different power levels used in the experiments.
(b): Backscattered power with respect to the signal power for different levels of ASE within
the BGBW. ASE counter-propagating to the SF signal. The dashed line indicates where the
backscattered power reaches 0.1 % of the signal power.

power departed from linear behavior. A reflectivity of 0.1 %, the SBS-threshold, as defined
in Section [3.I] was not reached even at the maximum signal power. It can be clearly
seen in Fig.[3.4{(b) that the more ASE was added, the smaller was the signal power when
the backscattered power started to rise exponentially. With power values within the
BGBW of 3.8nW and 53.8nW, the SBS-threshold power values were 67 mW and 44 mW,
respectively. With ASE power values within the BGBW of 115.1 nW and 160.6 nW, the
SBS-threshold was reached at signal powers smaller than 40 mW. At a signal power of
81 mW, the backscattered power was 19 times as high when 160.6 nW of ASE were added,
compared to the case when no additional ASE was used.

To obtain more information about the power evolution of the Brillouin scattered signal,
the optical spectra of the backscattered light were measured with an optical spectrum
analyzer (OSA) with a resolution bandwidth (RBW) of 0.01 nm. In these spectra, the signal
at the seed wavelength generated by Rayleigh scattering and spurious backreflections could
clearly be separated from the Brillouin scattered signal. In Fig. ﬂ(a) the optical spectra
of the backscattered light for the case of no additional ASE in the backward direction are
shown. At low power the Brillouin triplet, consisting of the elastic Rayleigh scattering
line, and the two inelastic Stokes and anti-Stokes lines at the shifted wavelength of ~60 pm
corresponding to a frequency shift of about 15.9 GHz, is evident. With increasing signal
power, the Stokes component of the spectrum increases due to the onset of stimulated
Brillouin scattering.

Figure [3.5|(b) shows the evolution of the backscattered optical spectra when 3.8 nW of
ASE within the BGBW were added counter-propagating to the SF signal. Due to the
transmitted ASE, which can be seen as the -47 dB offset in Fig. m(b), the Stokes and
anti-Stokes lines cannot be seen at low signal powers. At higher signal powers, only the
Stokes line is evident besides the Rayleigh line, indicating the onset of the stimulated
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Figure 3.5: (a): Evolution of the backscattered optical spectra for the case of no additional
ASE and (b): when 3.8 nW of ASE power within the BGBW were added counter-propagating
to the signal with increasing signal power.

Brillouin scattering process. Comparing the power in the Stokes peak line to the ones in
Fig. [3.5(a) indicates that the small amount of added ASE already seeds the stimulated
Brillouin scattering process. In the case of no additional ASE, injecting a signal power of
about 49 mW resulted in a spectral power density of -48 dB of the Stokes peak line. When
only 3.8nW of ASE power in the BGBW were added counter-propagating to the signal,
the Stokes peak line’s spectral power density was already about -42.6 dB for only 43.5 mW
of signal power. Injecting 81 mW of signal power yielded Stokes peak line spectral power
densities of about -28dB and -26 dB for no ASE and P,sgpesw = 3.81W, respectively.
For higher ASE power levels, the backscattered optical spectra looked alike, but the offset
due to ASE was even higher.

Figure [3.6| shows the Stokes peak line power with respect to the signal power for the
ASE levels corresponding to Fig. M(a). Again, it can be clearly seen that the more ASE
power in the BGBW was injected into the fiber, the stronger was the exponential increase
of the Brillouin scattered signal. Accordingly, the power in the Brillouin peak line at a
fixed value of signal power increases with increasing ASE power. At a signal power of
81 mW the power in the Brillouin peak line was 19 times as high when 160.6 nW of ASE
in the BGBW were injected, compared to the case when no artificial ASE was added.

The exponential rise of the backscattered power is a characteristic typically considered
as the threshold of SBS [78]. Therefore, it can be concluded from the data above that with
increasing ASE power within the BGBW and co-propagating with the Brillouin scattered
signal, the SBS threshold decreases. This effect could contribute to the fact that increasing
the seed power for a fiber amplifier increases its SBS threshold [149], as not only the
overall amplification gain factor is reduced, but also the amount of generated backwards
ASE. In master-oscillator fiber-amplifier systems, gain factors can be as high as several
10dB, which can yield a significant amount of power in generated ASE in the backward
direction. According to the results presented here, this can possibly seed the SBS process.
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Figure 3.6: Stokes peak line power with respect to the signal power for different powers of
ASE in the BGBW. ASE counter-propagating to the signal.

To increase the SBS-threshold by decreasing the gain factors, the utilization of an
intermediate amplifier stage to preamplify a low power seed signal is a common approach.
However, the ASE generated in the preamplifier is then usually also coupled into the high
power main amplifier. The Rayleigh-backscattered part of the ASE within the BGBW could
then potentially increase the strength of the Brillouin scattering process. Experimental
results investigating this possibility are presented in the following Section .

3.3 SBS threshold measurements on a fiber amplifier with added
ASE

The amount of power in the backward direction of an optical amplifier due to Rayleigh
scattering and spurious reflections depends on various fiber parameters such as the used
material composition and the homogeneity of the glass matrix, as well as the signal
wavelength. A typical value for the Rayleigh scattering damping coefficient of a standard
silica fiber for a signal wavelength of 1um is 1dB/km [36]. This corresponds to a
backscattered signal power of 26 dB below the injected signal power level. However, in an
active fiber due to the inhomogeneity of the fiber core induced by the implementation of
the active ions, the overall backscattered power can be significantly higher and is difficult
to estimate. Furthermore, the effect of optical amplification has to be considered, as the
backward propagating light experiences the same gain as the forward propagating signal.
For the work of this thesis it was thus interesting to investigate the eventuality that the
Rayleigh backscattered ASE within the BGBW from a fiber preamplification stage could
decrease the SBS threshold of an optical amplifier. These experiments were carried out
with artificially added ASE in forward direction of a low-power Ytterbium-doped fiber
amplifier and the results are presented in this Section.
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8 The impact of ASE on Brillouin scattering of a single-frequency signal

3.3.1 Experimental setup

The setup is depicted in Fig. A 90/10-tap-coupler was used to combine the signals
from the NPRO and the ASE source, which was the same as described in Section
Again, the ASE signal-to-fiber coupling was about 60 %. The port containing about 10 %
of the NPRO power and 90 % of the ASE power was spliced to a second 90/10-tap-coupler,
of which the backwards directed 10 %-port was used to monitor the backscattered signal.
The seed monitor port contained 10 % of the power, while 90 % of the combined signal
seeded the following fiber amplifier.

NPRO Isolator N Beam block

976 nm pump diode

To diagnostics

—>

Pump coupler

Isolator 10 m Yb DCF,

976 nm
deore = 5 um

pump diode Brillouin scattering

detection

Seed monitor

10 m Yb DCF, d_,, =10 ym

Figure 3.7: Setup of fiber amplifier, seeded with an NPRO and artificially added ASE
co-propagating to the SF signal. A/2: half-wave plate, A/4: quarter-wave plate.

Signal- and pump-beam were coupled into the active double-clad fiber, with nominal
signal- and pump-core diameters of 5 um and 125 um, via a pump combiner. A fiber-coupled
multi-mode diode provided a maximum pump power of 9W at 976 nm.

3.3.2 Measurement method and results

The characterization of the amplifier was performed as follows. While the SF signal from
the NPRO remained at the same power level of 50 mW throughout the measurements,
different amounts of ASE were artificially added. Therefore, the ratio of the SF signal
and the ASE at the signal wavelength was measured with an optical spectrum analyzer
(resolution set to 0.5nm) at the 10 %-seed-monitor-port. Fig. shows the optical spectra
of the amplifier seed for no and three different power levels of ASE. Limited by the onset
of parasitic lasing processes in the ASE source, the lowest signal-to-noise ratio (SNR),
i.e. the largest amount of added ASE resulted in a spectral power density of 16.6 dB below
the NPRO peak line. The corresponding power values of ASE within the BGBW are given
in Table 3:3] Again, they were calculated from the optical spectra and the additional
measurement of the power at the 10 %-seed-monitor-port. Assuming a BGBW of 50 MHz,
the total ASE power at the relevant wavelengths varied between 14.5nW and 365 nW.
For each level of ASE power injected, the forward as well as the backward power and
optical spectra were measured. In order to evaluate the evolution of the backscattered
power and of the power of the Stokes-maximum, the power within the amplified narrow-
linewidth signal was calculated from the measurement of the overall output power and the
optical spectra. Figure (a) shows the evolution of the backscattered power with respect
to the signal power for four different levels of artificially added ASE. The amplified signal
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Figure 3.8: The optical spectra of the amplifier seed for four different power levels of
artificially added ASE. The SF signal power was kept constant throughout the measurements.
Resolution bandwidth: 0.5 nm.

power was limited in each case by parasitic lasing processes. Note that the threshold
of parasitic lasing increased with increasing ASE power. No significant difference in the
exponential rise of the backscattered power could be observed.

Table 3.3: The ratio of the SF signal and the artificially added ASE in forward direction and
corresponding power within the BGBW. The resolution bandwidth of the optical spectrum
analyzer was set to 0.5 nm.

SNR Power within BGBW

30.7dB 14.5nW
22.8dB 91.4nW
16.6dB 365 nW

Furthermore, the evolution of the Stokes-maximum was compared for the same power
levels of injected ASE. This is shown on a logarithmic scale in Fig. [3.9[(b) with respect
to the signal power. Again, no significant difference in the rise of the Brillouin scattered
power could be observed.

The limitations of the experimental setup were, as mentioned above, the available ASE
power and parasitic lasing of the fiber amplifier. However, the following conclusions can
be drawn from the results. Comparing the evolution of the backscattered power and the
power in the Stokes peak line for the three cases of different amounts of added ASE power
yields no hint that the SBS-threshold was reached at different amplified signal power levels.
For the sake of completeness it should be mentioned that when no additional ASE was
injected, the amplifier was already limited at an output power of about 1.5 W. At this
power level, the amount of Brillouin scattered power was still significantly lower than at an
output power of 2.5 W, which could be extracted when more ASE was injected. However,
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Figure 3.9: (a): Backscattered power and (b): SBS peak line power with respect to the
signal power for different ratios of SF signal and artificially added forward ASE in the BGBW.

the evolution of the overall backscattered power and the power in the Stokes peak line
was — according to Fig. (b) — identical for all levels of added ASE. Therefore, a higher
SBS-threshold for the case when no additional ASE was injected is not expected either.
Secondly, setting up a different, more powerful ASE source will eventually yield power
levels within the BGBW high enough to decrease the SBS-threshold. However, the
utilization of a seed source with a signal-to-noise ratio of less than 15dB (OSA RBW:
0.5nm) for a high power fiber amplifier is a very unlikely, if not even pathological
configuration, and the general effect has been demonstrated in Section

3.4 Conclusion

This Chapter focused on the impact of ASE on the Brillouin scattering of a SF signal.
Numerical calculations using a rate-equation model that had been previously proven to
be able to adequately simulate SF fiber amplifiers were carried out. In Section it was
demonstrated that the inclusion of a term accounting for ASE in the differential equation
for the Brillouin power yields a decreased SBS threshold power level compared to the
calculation without this term. Consequently, to adequately model a SF fiber amplifier, a
term accounting for ASE needs to be included in the differential equation for the Stokes
power.

The observed effect was explained by the seeding of the SBS process by ASE photons at
wavelengths within the BGBW, generated in the amplifier fiber and co-propagating to the
Stokes signal. Analytically calculated and experimental results supporting this assumption
were presented in Section There it was shown in a passive fiber that ASE within the
BGBW can increase the strength of the Brillouin scattering process and therefore decrease
the SBS-threshold, when it propagates in the same direction as the Brillouin scattered
light. This statement was supported by a decreased signal power level necessary to reach
the 0.1 % reflectivity, defined as the SBS threshold power level, when more and more
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3.4 Conclusion

ASE was added. Moreover, the total amount of backscattered power at a given signal
power level and the height of the Stokes peak line in the backward detected optical spectra
increased at higher added ASE power levels. In the experimental configuration used, their
values were up to about 19 times as high, compared to the case, when no ASE was added.

Considering a fiber MOPA system with gain factors of several 10 dB, the ASE generated
in the backward direction in the power amplifier fiber can be quite high and therefore
possibly seed the SBS process. This in turn could contribute to the fact that increasing
the seed power for a fiber amplifier increases its SBS threshold. Previously, this has been
attributed only to the reduction of the gain factor [I49]. Hence, concluding from the above
described effect, a few Watt signal from a SF source should be preamplified to a few tens
of Watts, before seeding a power amplification fiber stage, where a few hundred Watts are
supposed to be extracted.

As this in turn leads to the injection of ASE photons from the preamplification stage
into the high power amplifier fiber, the eventuality that Rayleigh-backscattered ASE from
such a fiber-based preamplification stage could seed the SBS process of a fiber amplifier
was investigated. These experiments were performed with a SF signal and artificially
added ASE in the forward direction, seeding a typical low-power fiber amplifier. The
results were presented in Section [3.3] No effect was observed decreasing the ratio of the
SF power signal to the ASE at signal wavelength in the optical spectrum to 16.6 dB (OSA
RBW: 0.5nm). As the effect depends on the amount of the Rayleigh scattered light
and spurious reflections in the backward direction, and therefore on fiber composition
and length, the obtained results are not representative for any arbitrary fiber amplifier.
Nevertheless, a fiber amplification stage employing a comparable standard fiber should not
show a performance degradation in terms of a lower SBS-threshold, if the seed contains
ASE from a preamplifier; at least as long as the ASE suppression is higher than 15dB
(OSA RBW: 0.5nm).

The results presented in this Chapter have demonstrated that the ASE photons within
the BGBW and co-propagating to the Stokes signal that are generated in a fiber amplifier
are more likely to decrease the SBS threshold than Rayleigh backscattered ASE photons
injected from a fiber preamplifier. From this point of few it is advisable to use higher
seed power levels to increase the SBS threshold of a high power fiber amplifier. In fact,
increasing the seed power yields even another advantage, as it decreases the sensitivity
towards parasitic lasing processes. Unfortunately, it also decreases the temperature gradient
within the amplifier fiber, which counteracts a high SBS threshold [81]. Therefore, for a
finally constructed laser source for GWD application, the exact configuration in terms of
preamplification power levels and the resulting SBS threshold will have to be evaluated in
detail.
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4 Beam quality characterization of
single-frequency signals

As explained in the introduction to this thesis, interferometric gravitational wave detectors
have a strong requirement regarding the beam quality of potentially applied laser sources,
namely a high fundamental Gaussian mode content. Therefore, a method to measure the
overlap of a SF laser beam with the fundamental Gaussian mode had been developed [152].
A brief description of its setup and working principle is given in Section Applying
this measurement technique, modal decompositions of signals transmitted through passive
versions of the LMA fiber types presented in Chapter were carried out (Section .
These fibers have, up to now, the largest core diameters available of their fiber design
type. Their performance is of interest, when all-fiber system integration or the utilization
of delivery fibers is considered. Furthermore, in Section different reasons for beam
quality degradation of amplified signals in active fibers are explained. In particular, the
phenomenon of transverse modal instabilities is discussed and the utilization of three new
methods to characterize this effect is investigated.

4.1 Beam quality measurement methods

Most commonly, the laser beam quality is characterized by the so called M? value [153]. This
value is obtained by focusing the beam and measuring its caustic. A perfect fundamental
Gaussian beam yields the smallest focal beam waist and lowest possible M? value of one.
However, M? values < 1.1 still allow for the fraction of higher order mode content to be as
high as 30 % [22].

To investigate the modal composition of a fiber output beam, the so called S? method
can be applied [I54]. It is based on spectrally and spatially resolving the mode interference
pattern of a broadband signal transmitted through the fiber under test. This measurement
technique can not be employed to a beam in amplifier or oscillator operation, and does
not work for SF signals. The same problems apply to an interferometric method in the
time domain [I55]. Other characterization techniques are based on measuring intensity
profiles only [I56], or additionally employing either computer generated holograms [I57] or
wavefront measurements [I58]. As the modal power content is iteratively calculated, these
methods unfortunately depend on the accurate knowledge of the fiber modes. Furthermore,
the overlap of the beam with the fundamental Gaussian mode can not be directly measured
and its calculation also relies on the knowledge of the fiber modes. Moreover, as explained
in the introduction to this thesis, for GWD applications, the TEMyg mode is explicitly
required, but none of the above mentioned techniques is suitable to analyze the TEMgg
mode overlap of a beam.
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4 Beam quality characterization of single-frequency signals

The beam quality of a SF signal in terms of its modal decomposition can be investigated
by employing a nonconfocal scanning ring cavity. In particular, the overlap with the
fundamental Gaussian mode can be directly measured, if the cavity eigenmodes are
by design the free-space TEM,,,, modes [I52]. The cavity used in all the experiments
presented in the following Sections and Chapters is schematically shown in Fig[£.1] It had
a free-spectral range (FSR) of 715 MHz and the finesse was about 200 at 1064 nm. One of
the three mirrors was attached to a piezoelectric transducer. By injecting a ramp signal to
it, the cavity length and hence the resonant eigenmode can be selected and is transmitted,
while all other modes are reflected. Injecting a SF signal leads to the transmission of only
one distinct transverse mode, as their resonant lengths differ due to their respective Gouy
phases [I159]. Hence, a modal decomposition of a SF signal with respect to the TEM,,,,
modes can be obtained. A more detailed description can be found in Ref. [I52].

Mode-matching to the fundamental mode of the cavity was achieved with two lenses
of different focal lengths. Careful alignment with two 45 °-highly-reflective (HR) mirrors
was necessary. The power level required in front of the cavity was about 120 mW. In the
following Sections and Chapters, this measurement setup will be referred to as diagnostic
breadboard, short DBB.

lenses for mode-matching

HR
0 N <
U U input from fiber
beam-dump reflection path
=‘a transmission pat
PR HR
3R PR

piezo-driven HR

erecssrva: ccb
HR
PD
to computer for analysis <

Figure 4.1: Experimental setup of the three mirror nonconfocal ring cavity (diagnostic
breadboard, short DBB) as well as the optics in the signal-input and the cavity-transmission
path. HR: Highly-reflective mirror, PR: partial reflector.

4.2 Fundamental Gaussian mode content of passive double-clad
LMA fibers

The measurement setup for the passive LMA fiber characterization is depicted in Fig.
The SF signal with a nominal linewidth of about 1kHz at a wavelength of 1064 nm was
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4.2 Fundamental Gaussian mode content of passive double-clad LMA fibers

provided by an NPRO. It was transmitted through a 10 um core diameter fiber of a PM
single-mode preamplification stage, whose fundamental fiber mode has a TEMyg mode
overlap of 97% [160]. Behind this fiber, the PER was measured to be >20dB. The
signal was mode-matched to the fiber under test, and again collimated after propagating
through the fiber. In case of the non-PM fibers, a quarter waveplate was employed to
linearize the output polarization. The half-waveplate and the polarizing beam splitter
(PBS) were used to measure the polarization extinction ratio (PER) and to reject the
residual orthogonal polarization component as the DBB (Section requires the signal
to be linearly polarized. Throughout the experiment, mode-matching was achieved with
the same pair of lenses for one fiber and the signal-to-fiber coupling was optimized. A
high-index matching gel was utilized to remove any light from the pump-cladding of the
step-index and CCC fibers as well as the outer cladding of the PCF. To separate the core
signal from the light accidentally launched into the inner cladding of the PCF, an aperture
was used.

HR

Faraday isolator

NPRO+ | | HR: highly
pre-amp | | z > fiber reflective mirror

A2 under test PBS: polarizing

HR | | beam splitter
(—~—
PBS A2 1/4
DBB
HR

Figure 4.2: Experimental setup for measuring the fractional TEMyy mode content of a SF
signal transmitted through different passive LMA fibers with the DBB described in Section @

4.2.1 Standard step-index fibers

The few mode step-index large mode area fibers under test had nominal core diameters
of 30um and core NAs of 0.06. Resulting MFD and V-number (Eq. were about
23.5um and 5.315, respectively. 1.8 m long samples of both PM and non-PM versions
(LMA-GDF-30/250 and PLMA-GDF-30/250 by Nufern) were tested. The coiling diameter
was set to 10cm, 15 cm and 20 cm for each of the fibers, and the beam quality was very
sensitive to the signal-to-fiber coupling in each case. By monitoring the output beam
profile it was possible to excite distinct HOMs just through alignment. Optimizing the
alignment with respect to fundamental mode excitement, the highest TEMgy mode content
was obtained for both fiber versions for a coiling diameter of 15 cm. It was 95.6 % for the
non-PM version and 96.3 % for the PM-fiber. For coiling diameters of 10 cm and 20 cm
the obtained modal overlap values were between 94 % and 95 %.

Fig. |4.3|(a) shows the obtained mode scan for the PM-fiber, coiled to a diameter of 15 cm.
The normalized cavity transmission is plotted with respect to the FSR on a logarithmic
scale. In theory, for a perfect TEMgg mode overlap, only peaks at 0.0 and 1.0 FSR would
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Figure 4.3: (a): Mode scan result for 1.8 m of the PLMA-30/250 (coiling diameter: 15cm)
on a logarithmic scale. The corresponding HOM content, calculated from the total mode fit,
was only 4.4%. (b): Calculated TEM,,,,, modal decomposition for a beam, containing only
the LPg; mode of the (P)LMA-GDF-30/250 fiber, optimized regarding a maximum TEMqg
mode content.

be present (blue dotted line: fundamental mode fit). In reality, due to slight misalignment
and mode mismatching, a few more peaks, corresponding to different distinct HOMs appear
(red solid line: measurement). In particular, the peak at 0.3 FSR corresponds to mode
mismatching, while the peaks at 0.15 FSR and 0.65 FSR indicate relative misalignment in
the vertical and horizontal direction. These attributions are straightforwardly identified by
comparing the sensitivity of the peak height to slight changes either of the lens positions
or HR-mirror adjustment. The HOM peaks seem to be quite high in the graph due to
the logarithmic scale, but their power levels were very low in this case. In fact, the total
mode fit, which has a very good overlap with the measurement, contained only 4.4 % of
the power in HOMs.

The theoretical upper limit of the measurable TEMyy mode content is given by its
overlap with the fiber’s fundamental mode (FM). In order to obtain this value, first the
electric fields of these modes need to be calculated. For the TEM,,,, modes, the field
distributions are given in several textbooks, e.g. in Section 3.1.5 of Ref. [37]. Solving
Egs. 2.9 and with proper parameters yields the fundamental mode of the particular
fiber design. Finally, the overlap integral of the modes is evaluated in the beam waist,
while the beam width of the fiber’s FM is optimized with respect to the maximum TEMqg
mode content [161]. The calculated TEM,,,, modal decomposition for a beam containing
only the LP¢; mode of the (P)LMA-GDF-30/250 is depicted in Fig. [4.3|(b). There is one
predominant HOM peak at about 0.6 FSR and smaller ones at 0.5 FSR as well as 0.9 FSR,
even though the corresponding TEMgg mode content is 99.2 %. These HOM peaks also
contribute to the deviation from an ideal TEMyy mode overlap of the measured signal
(Fig. I3 (a))-

Fig |4.4|(a) shows the calculated mode-scan for a beam containing 90 % of the power in
the LPg; mode and 10 % in the LP1; mode. The peaks at 0.45 FSR, 0.75 FSR and 0.8 FSR
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Figure 4.4: (a): Mode-scan, calculated for a beam containing 90 % of the power in the LPg;
mode and 10 % in the LP;; mode of the (P)LMA-GDF-30/250 fiber with maximized TEMgg
mode content. (b): Exemplary measured mode scan with 20 % of the power distributed in
several HOMs.

also appear in the measured scan in Fig. |4.3|(a), and indicate the presence of the LPy; in
the beam, transmitted through the PLMA-GDF-30/250 fiber. It also demonstrates that
in order to obtain a good overlap with the TEMyy mode (here: >95 %), a fiber does not
need to be intrinsically single-mode. For applications such as GWDs, however, the latter
is highly desirable, as slight changes in the relative phases between two modes can lead to
effects such as beam pointing.

An exemplary mode scan in case of 20 % HOM content is shown for comparison in
Fig. |4.4|(b). The total mode fit shows a good overlap with the measured scan, but much
more HOM peaks are present and the offset to the fundamental mode fit is quite high. For
all mode scan results presented in this thesis, it was checked that the total mode fit, from
which the applied iterative algorithm calculated the HOM content, had a good overlap
with the measured scan. In case of an offset, the fundamental mode content was calculated
manually by integrating the areas under the fundamental fit and the measured curve and
subtracting the former from the latter.

4.2.2 Photonic crystal fiber

The analyzed PCF (DC-200/40-PZ-Si by NKT Photonics) had a nominal core diameter,
core NA and MFD of 40 pm, 0.03 and 30 £2pm. Applying Eq. 2.33] this yields a V-value
between 2.481 and 2.835. Hence, the fiber was intrinsically multi-mode, although the
manufacturer advertises it as strictly single-mode. Two boron stress rods ensured linear
polarization output, if the input polarization was launched in the right fiber axis. The
pump cladding had a diameter of 200 um and a nominal NA of 0.55. It was surrounded
by an air-clad and an outer silica cladding with a diameter of 450 um. For mechanical
stability, the fiber was coated with a high temperature acrylate. A microscope image of
the fiber’s cross-section is shown in Fig. [4.5((a).
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collapsed

air-clad stress-rods core region

[ effective-index
air-holes

Figure 4.5: (a): Microscope image of the PCF’s cross-section. The air-hole structures enable
low core and high pump cladding NAs, but make the fiber end preparation and splicing a
challenging task. Note that the cracks are due to manual cleaving. The presented results were
obtained with sealed and polished end facets. It can be clearly seen that the stress-rods are
very close to the core region. (b): Schematic side-view of the PCF. The horizontal black and
blue lines represent the air-holes of the air-clad and for the effective index-guidance, indicating
that the smaller holes around the core collapse further than the air-clad holes. If the collapsed
region is too long, the diverging beam enters the region of the boron-doped stress-rods.

As the air-hole structures are very sensitive to capillary effects, the fiber ends need to
be sealed. Collapsing the air-holes however can potentially affect the beam quality. This is
illustrated in Fig. (b) The beam diverges in the part of the fiber, where the air-holes
that otherwise enable effective-index guiding are collapsed. If the beam diameter gets
larger than the core, it would enter the region of the boron-doped stress rods. These in
turn possess a slightly higher refractive index than the silica-cladding and cannot guide
any light. Consequently, the diverging beam gets “squeezed” by the stress-rods and its
shape becomes slightly elliptical. To prevent this beam deformation, the collapsed region
must be kept as short as possible. The minimum collapse length however is determined
by the collapsed air-holes of the air-clad structure, which might not collapse as far as the
effective-cladding air-holes due to their larger diameter.

To get a theoretical estimate about the TEM,,,, modal decomposition of a beam
transmitted through this PCF, its fundamental mode was calculated by solving Eq.
with the effective PCF indices described in Section 2.3l The calculated mode scan
with respect to a maximized TEMgg mode content is presented in Fig. There is one
predominant HOM at about 0.6 FSR, just as for the (P)LMA-GDF-30/250, but it is smaller
than in the case of the latter fiber (Fig. [£.3|(b)). The same holds for the HOMs located
at 0.51 FSR and 0.81 FSR, while the power in the HOM peak at 0.9 FSR is roughly the
same. Only the HOM located at 0.2 FSR contains slightly more power, compared to the
calculated fundamental mode decomposition of the (P)LMA-GDF-30/250. Nevertheless,
the overall TEMgy mode overlap of the PCF’s fundamental mode is just 0.5 % higher than
for the step-index fibers, i.e. 99.7 %.

Measurements were carried out for different bending diameters and different collapsing
lengths. For a collapsed length of 100 um the TEMgy mode contents were measured to be
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Figure 4.6: Calculated modal decomposition of the PCF DC-200-40-PZ-Si fundamental
mode with respect to a maximum TEMgy mode overlap.
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Figure 4.7: Mode scan for 2.54 m of the PCF, with a coiling diameter of 32.4cm and an
air-clad collaps length of (a): 100 pm with a corresponding TEMgg mode content of 97 % and
(b): 700 um with a corresponding TEMgg mode content of 94.2%. For the latter, it was not
possible to obtain a higher overlap, as the beam got distorted when propagating through the
long collapsed region.

96.5 % and 97 % for bending diameters of 69 cm and 32.4 cm, respectively. The fiber length
was 2.54 m and the signal transmission was not sensitive to the coiling diameter within this
bending range. Increasing the collapsed length to 700 um led to a slightly elliptical beam
profile, decreasing the overlap with the TEMgy mode to 94.2% at a bending diameter
of 32.4 cm. This is most likely due to the fact that the diverging beam in the collapsed
region gets distorted by the boron-doped stress rods. The obtained mode scans for a
bending diameter of 32.4 cm are presented for 100 um collapsing length (Fig [4.7(a)) and
700 um (Fig[4.7|(b)) and show a good overlap with the total mode fit. Misalignment of
the signal-to-fiber coupling led to an increase of power transmitted through the cladding,
but the beam quality of the signal transmitted through the core did not decrease. The
measured PER was always around 14 dB, deviating only slightly from the nominal value
of 15dB [162]. This is most likely caused by residual inner cladding light.
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4 Beam quality characterization of single-frequency signals

4.2.3 Chirally coupled core fiber

The parameters of the CCC fiber under test, which was kindly provided by Prof. Gal-
vanauskas from the University of Michigan, can be found in Table A microscope
image of the fiber’s cross-section is shown in Fig. {8 Eight satellite cores surround the
central core, in which only the fundamental fiber mode is guided. All HOMs are pulled
out of the core, due to a high overlap with the satellite core modes through proper choice
of the satellite core parameters and helix period (Section .

Table 4.1: Parameters of the passive large core CCC fiber.

core diameter, NA 55 um, 0.07
MFD, cladding diameter 42 um, 500 um
calc. V-number 11.368
number of satellite cores 8
satellite core diameter, NA 10 um, 0.09
helix period 5.3 mm
edge-to-edge distance of
central core and side cores 7um

Figure 4.8: Cross-sectional microscope image of the CCC fiber under test. The large central
signal core (diameter of 55 um) is surrounded by 8 satellite cores.

The calculated mode scan of the CCC-fiber’s LPy; mode is depicted in Fig. [£.9|(a).
It corresponds to a TEMgy mode overlap of 98.5%. The FSR-localization and relative
power content of the HOMs is very similar to the modal-decomposition calculation of the
(P)LMA-GDF-30/250 fiber. This can be most likely traced back to step-index structure of
the CCC-fiber without the satellite cores, which were not included in the FM calculation.
Due to the logarithmic scale, the HOM peaks in Fig. (a) appear to be significantly
higher than for the step-index fibers (Fig. [4.3|(b)), but the corresponding TEMy mode
overlap is still 98.5 %.

1.8 m of this fiber were tested with three coiling diameters within the recommended
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4.2 Fundamental Gaussian mode content of passive double-clad LMA fibers

range. Changing the coiling diameter from 50 cm to 40 cm decreased the transmitted signal
power by about 20 %, which is not a significant number, considering that the signal-to-fiber
coupling can typically vary by +10%. However, coiling the fiber with a diameter of 30 cm
further reduced the transmitted signal power by 70 % compared to 40 cm diameter coiling
diameter and the transmission got sensitive to bending, twisting and external pressure.
Apparently, the losses for the fundamental mode increased significantly at this coiling
diameter, even if assuming a slight misalignment of the signal coupling. Otherwise there
was no difference in the fiber performance. The measured PER was always higher than
20dB and the mode scans yielded an overlap with the TEMgg mode from 96.5 % to 97.1 %.
A representative mode scan is shown in Fig. [4.9((b). It was measured with a coiling
diameter of 30 cm and corresponds to a TEMgy mode content of 97.1 %. Additionally to
the HOMs that can attributed the fiber’s FM, some other HOM peaks appear, although
their relative power content is very low. Again, the peaks located at 0.15 FSR and 0.65 FSR
are due to slight misalignment in the vertical and horizontal cavity direction, while the
presence of the HOM peak at 0.3 FSR indicates relative MFD mismatching. The HOMs
located at 0.45FSR, 0.55 FSR and 0.75 FSR could be caused by the presence of higher
order fiber modes in the beam.
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Figure 4.9: (a): Result of the TEM,,,, modal decomposition calculation for the CCC-fiber’s
fundamental mode, with maximized TEMyg mode overlap. (b): Representative mode scan
on a logarithmic scale of a beam transmitted through 1.8 m of the CCC fiber, coiled with a
diameter of 30 cm. The corresponding overlap with the TEMyy mode was measured to be
97.1%.

The modal decomposition of the beam transmitted through the CCC-fiber under test
was not sensitive to the signal-to-fiber coupling. Slight misalignment of it led only to less
power coupled to the fundamental mode, decreasing the fiber transmission. HOMs could
not be further excited. Therefore, it can be concluded from these results that this all-solid
fiber can be considered truly single-mode with an impressively large mode field diameter.
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4 Beam quality characterization of single-frequency signals

4.2.4 Conclusion

In conclusion, the TEMgy mode overlap of beams transmitted through passive CCC,
step-index, and photonic crystal fibers with core diameters of 55um, 30 um and 40 pm,
respectively, was investigated. For all fibers, the electric field distribution of the funda-
mental mode was calculated and the theoretical overlap with the TEMgy mode evaluated.
The calculated modal decompositions of the fiber fundamental modes with respect to a
maximized TEMyg mode overlap demonstrated the influence of the fiber geometry. The
PCF, possessing the lowest NA and V-value, yielded the best theoretical TEMgg mode
overlap, i.e. 99.7 %. For the fibers with higher NAs and V-values, the (P)LMA-GDF-30/250
as well as the CCC fiber, more HOM peaks appeared in the calculated mode-scans, even
though the overall TEMyy mode content was still 99.2 % and 98.5 %, respectively. The
impact of the fiber NA and V-number on the modal shape and thus on the overlap with
the TEMgp mode is illustrated in Fig. [£.10} If the NA of a fiber and consequently the
index step is higher than for fiber parameters, yielding the best overlap with the Gaussian
fundamental mode (green curve), the evanescent field of the mode is more confined in
the core (red curve). Lower NA and index-step values yield an evanescent mode field
that penetrates deeper into the cladding (blue curve). In both cases, the overlap with the
fundamental Gaussian mode is reduced.

— low NA
—— ideal Gaussian overlap
— high NA

v

Figure 4.10: Sketch of the transverse intensity distribution for an ideal fundamental Gaussian
mode (green curve), as well as modes that either penetrate deeper into the cladding due to
a lower NA (blue curve) or are more confined in the core due to a sharper index step (red
curve). The blue-shaded area indicates the core region.

TEMgo mode contents larger than 96.3 % could be obtained. While both the CCC fiber
as well as the PCF behaved like truly SM-fibers, for the step-index fiber HOMSs could get
easily excited through external perturbations. The beam quality of the PCF under test
was only sensitive to the fiber end preparation, but the MFD was just about 30 um. The
largest MFD under test was provided by the CCC fiber. It enabled a single-mode 42 um
MFD, qualifying it as possible passive beam delivery fiber, e.g. for GWD applications.

Nevertheless, in terms of power scaling a SF signal with active fibers, a few things
need to be considered, as the CCC fiber was single-clad and passive. Implementing a
double-clad structure always enables the guiding of HOMs. Doping the fiber changes
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4.8 Beam quality degradation and transverse modal instabilities of amplified signals

the core’s refractive index, so that the fabrication process in terms of controlling the
different modes’ effective refractive indices and hence their propagation constants could
be further aggravated. Therefore, the TEMgy mode overlap of such a fiber with gain and
heat load can not be anticipated from the results presented in this Section and must be
experimentally studied in detail.

4.3 Beam quality degradation and transverse modal instabilities of
amplified signals

As analyzed in Section single-mode operation of passive large core few-mode fibers
can be achieved with external or intrinsic HOM suppression. At least in principle, the
same holds true for active fibers. However, in amplifier operation, the implications of
gain as well as thermal issues need to be considered. Saturation effects usually lead to
an improved beam quality with increasing pump power [163] [164]. At power levels where
thermal effects are still small, transverse spatial hole burning (TSHB) can affect the beam
quality [163]. It can either enhance or suppress the growth of a HOM, depending on the
HOM'’s coherence and polarization relative to the fundamental mode [164] [165].
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Figure 4.11: Electric field distributions of the LPg; and the LP1; mode in the transverse
(xy-) fiber plane. The LP;; mode can deplete the inversion (represented by light-blue circle in
the background) in core regions that are not saturated by the intensity of the LP(; mode.

If the excited HOM is polarized orthogonally to the fundamental fiber mode, no
modal interference will take place. The typically Gaussian-like fundamental fiber mode
(Section yields a less depleted upper state population towards the core edges, giving
rise to TSHB. As illustrated in Fig. for the LP1; mode, the HOMs typically possess a
higher intensity in this outer core region and can be amplified by the excess gain. Due to
the small amount of initial power in these modes (usually, they are rather accidentally
excited, caused by slight misalignment and mode mismatching with respect to the FM),
they experience a higher gain and are preferentially amplified compared to the saturated
fundamental mode. In case of parallel polarized modes, interference can occur, and
the transverse intensity profile gets asymmetric in the plane of the lobes of the LP;
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mode. Saturation is higher, where the intensity maximizes, i.e. the two modes interfere
constructively. As a consequence, the gain is higher on the core side, where the mode fields
interfere destructively. After propagation through the fiber, the resulting amplified field is
slightly less asymmetric, which correponds to a lower HOM power fraction compared to
the initial field. This is equivalent to a suppression of the HOM [165]. External TSHB
suppression can be achieved by tandem cladding-pumping of the amplifier fiber [166] or
by confining the doped region in the center of the core [165] [167].

Furthermore, the Gaussian-like fundamental fiber mode can induce a parabolic index
profile in the radial direction across the core, either through the resonant change of the
refractive index [168] or via the thermo-optic effect [I69]. As a consequence, the MFD
of the fundamental fiber mode decreases with increasing pump power [I70]. In PCFs,
where the fundamental mode usually has hexagonal features due to the arrangement
of the air-hole structure at low power levels, the shrinking of the MFD can lead to an
increased beam quality, as the hexagonal features become weaker with increasing pump
power [I70]. Unfortunately, this counteracts the technologically achieved fundamental
MEFED enlargement and therefore represents another power scaling limitation. Additionally,
if the MFD gets smaller than the doped region of the core, TSHB can become an issue,
especially in the backward pumped case [I71]. Further advancement in fiber design is
therefore necessary to precompensate for this effect. For bend fibers such an asymmetric
index profile precompensation has been theoretically investigated [I72]. The feasibility of
its production process is still to be seen.

Even though the previously described temperature induced parabolic index profile occurs
in the transverse fiber plane, some implications arise in the longitudinal fiber direction.
Due to the longitudinal temperature gradient, the radial index perturbations change along
the fiber’s z-axis and accordingly the guiding properties change. Consequently, different
modes are guided at different longitudinal positions, yielding a varying number of guided
modes along the fiber [I71]. Potentially, a truly single-mode fiber can eventually become
multi-mode at very high pump powers.

Today, the probably most fundamental power scaling limitation of Yb-doped fiber
amplifiers (CW as well as pulsed) is commonly referred to as mode instabilities (MI)
or transverse modal instabilities (TMI). The current status of significant experimental
observations, proposed physical theories and numerical modeling results is summarized in
Subsection Experimental setups, procedures and results of the investigations carried
out within the framework of this thesis are described in Subsection £.3.2] Concurrences
and deviations to the experimental and numerical results from other groups are discussed
in Subsection [£.3.3] Finally, Subsection [£.3.4] consists of an overall conclusion and some
key remarks on this issue.

4.3.1 Transverse modal instabilities (TMI)

TMI manifest themselves in a sudden onset of beam quality degradation, from nearly single-
mode to chaotic multi-mode behavior, at a sharp threshold power level. Representative
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near field images of the optical intensity profile, in this case emitted from a PCF amplifier
just beyond the TMI threshold, are depicted in Fig. [4.12](a) to (d). Reported threshold
powers vary from a few hundred watts to a few kilowatts [170} [173], depending strongly
on the particular fiber geometry and amplifier configuration. Nevertheless, TMI have
been observed in different fiber types (PCFs [I74] and step-index fibers [I75]), and in
co- as well as counter-pumped amplifier configurations [25], I76]. Parameters such as
fiber length [25 176], core diameter [I70], and seed power [I73] apparently influence
the threshold power. CW- [I73] and pulsed [I75] systems are affected likewise, and the
threshold power rather depends on the average power than on the peak power.

Figure 4.12: Representative snapshots of the fluctuating beam profile at the threshold power.
It permanently changed from an LPy;-like mode (a) through intermediate states (b,c) to an
LP1;:-like mode (d) and back in a chaotic manner.

By reducing the amplifier power below the threshold level, the formerly excellent beam
quality can be restored. However, a certain fiber degradation was found by several research
groups, leading to a lowered TMI-threshold, every time the amplifier was turned up to
the corresponding power level [I77HI79]. Such a “memory”-effect was also identified by
Haarlammert et al [I80]. Utilizing certain pre-, main-, and post-pulse configurations, they
demonstrated the existence of a build up and decay time of the TMI on a millisecond time
scale. Moreover, they could influence these build-up and decay times of TMI, even if the
pre- or post-pulse was injected with an average power below the threshold power.

To get an insight into the dynamics of the MI process experimentally, Stutzki et
al. developed a mode analysis technique, employing a high-speed camera and a modal
decomposition algorithm [26]. These measurements revealed that complete energy transfer
between the modes could occurs during TMI, while the overall amplifier output remained
stable. The timescale of the process was confirmed to be in the range of a few milliseconds.
Hence, it is not sufficiently accurate to characterize the TMI dynamics with low-speed
cameras or the naked eye. Consequently, Otto et al. measured time-traces with a photo-
diode behind an aperture, which was utilized to cut out a certain part of the beam,
i.e. to convert the beam profile fluctuations into intensity fluctuations [I81]. Furthermore,
Fourier-spectra were calculated from the recorded time traces. As TMI threshold, the
power level, where the first derivative of the standard deviation of the time traces reaches
0.1 %0/W, was defined [I81]. This threshold power was found to be slightly lower than
what could be anticipated from low-speed measurements. Mostly, power fluctuations
between the LPg; and the two orientations of the LP1; mode have been observed, but this
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seems to be rather fiber dependent [176] 182].

below P,: stable
just above P,: periodic
well below P,: chaotic

Amplitude (a.u.)

Frequency (kHz)

Figure 4.13: Fourier-transformed temporal intensity fluctuations, sampled at a small fraction
of the transverse beam profile, below, at and well above the TMI threshold power level (Pyy,).
Three different oscillation regimes can be clearly distinguished as stable, periodic and chaotic.
The figure is drawn according to the results presented in Ref. [IRT].

Three different oscillation regimes were identified. They can be distinguished best by
comparing the Fourier-spectra of the time-resolved intensity fluctuations, sampled from a
fraction of the transverse beam profile, as schematically depicted in Fig. Amplifier
operation below the threshold was naturally referred to as the stable regime. Beyond this
power level, the standard deviation of the time-signal started to increase exponentially and
periodic peaks appeared in the frequency-spectra, whose central frequency slightly shifted
with time. Aperture size and position on the other hand did not affect this center frequency.
While the aperture position (i.e. at or off the beam center) only affected the magnitude
of individual peaks, the size of the aperture was more critical for the measurement. In
particular, the magnitude of all the frequency peaks decreased for an increasing aperture
size, which agrees with the observation of an overall stable output power. When the pump
power was further increased, the distinct frequencies disappeared, leading to a broadband
noise spectrum. The corresponding time-trace became chaotically unstable. Consequently,
this was named the chaotic regime, while the former was defined as transition region. A
dependence of the involved frequencies on the core diameter was found. In particular,
the broadband noise in the Fourier-spectra featured higher and higher frequencies with
increasing fiber core diameter. This corresponds to a modal power transfer taking place
on a smaller time-scale. These limits were compared to calculated values, related to the
overall transverse thermal diffusion time. While calculated and measured frequencies
matched in magnitude, they differed in their exact values.

The existence of the oscillation regimes was confirmed with similar time-trace measure-
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ments by the groups of Ward et al. [I83] and Jorgensen et al. [I78]. Contrary to Ref. [181],
the latter group observed a rather step-like increase of the time-signals’ standard deviation
than an exponential one. Moreover, changes in the frequency spectra of the transition
region were measured, if the amplifier power was turned repeatedly to the threshold level.
Interestingly, the harmonic peaks did not always appear, yielding broadband noise right
at the power threshold.
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Figure 4.14: (a): The intensity maximum of the interference pattern between the LPy; mode
and the LP1; mode oscillates in the transverse direction while propagating along the fiber (z:
propagation axis). (b): This entails an oscillating local minimum of the population inversion
in the transverse fiber plane.

Threshold power improvement was obtained for asymmetric conductive cooling [183], as
well as improved fiber designs. These were based on gain-tailoring [I84] and modal-filters
as well as HOM delocalization [I85]. As external mitigation technique, the utilization of
an acousto-optic deflector to dynamically excite the fundamental mode at two different
symmetric radial positions, was demonstrated [179].
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Figure 4.15: (a): Evolution of the absorption along the fiber, schematically illustrated for a
counter-pumped amplifier. The radial asymmetry of the population inversion results in small
oscillations on top of the overall increasing absorption towards the pump end, especially at the
core edges (x3 and -x1). (b): Corresponding evolution of the deposited heat load and induced
refractive index change along the fiber.
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To explain the observed features of TMI, multiple theoretical models have been developed
by different research groups [27, 183, (186, [187]. Combining the transversally resolved rate
equations in the steady-state case with a 3D beam propagation method (BPM) it was first
demonstrated by Jauregui et al. that TSHB alone cannot explain the observed effect [186].
Their modeling results showed what the scientific community has agreed upon to be an
essential basic of the physical origin of TMI. Interference of the LPy; and LP;; mode
(Fig. yields a radially antisymmetric irradiance pattern along the principal fiber axis
z (Fig. 4.14|(a)). This in turn causes the minimum of the population inversion in an active
fiber to radially oscillate along the fiber’s z-axis (Fig. [£.14](b)). An alternating, periodic
structure of local maxima and minima on top of the overall absorption evolution along
the fiber’s z-axis is created, whose oscillation depth is especially deep/strong at the core
edges. This is schematically illustrated for a counter-pumped amplifier in Fig. [4.15((a).

(b) X

N A A AR I AAAAA
LLLLLEEERLE

<+— cladding —»

Figure 4.16: (a): Schematic sketch of a radially symmetric refractive index grating, as is the
case for e.g. fiber Bragg or long-period gratings. (b): Radially antisymmetric index grating,
thermally induced in the presence of interference between a symmetric and an anti-symmetric
mode (e.g. the LPy; and the LP11). n; and ny denote the alternating refractive index minima
(dark blue) and maxima (light blue).

As a result, there are small oscillations of the heat load superimposed on its overall
evolution along the fiber. The alternating heat-load in turn induces a refractive index
grating through the thermo-optic effect [169] and the evolution of the refractive index
changes follows the evolution of the heat load (Fig. 4.15|(b)). This longitudinal index
grating is unlike long-period or fiber Bragg gratings (Fig. (a)) antisymmetric in the
transverse direction (Fig. [4.16[(b)) [27, I88]. In fact, the anti-symmetric part of the
index-grating was found to be the principal contributor to TMI induced modal power
transfer [I89].

Smith et al. pointed out that even though this index grating has the right period, energy
transfer between the modes creating it is not possible without a phase shift with respect to
the interference pattern [27]. They suggest that a frequency-offset between the interfering
modes exists, which would automatically produce the necessary phase shift. Regarding the
origin of this phase shift, two “philosophies” have been developed. One of them assumes
a frequency-shift between the interfering modes a priori, but the origin of this potential
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initial frequency shift is still under discussion and subject to current research. Jauregui
et al., on the other hand, follow the second “philosophy” (e.g. Ref. [28]). Even though
they admit that such a frequency-offset induced moving grating might enhance the TMI
process, they have focused their research on identifying other potential physical processes.
Modal power transfer is assumed to be triggered by a quasi-static grating in the presence
of a transient process, i.e. external perturbations or the increase of the pump power. This
static grating is induced by interference of two modes with the same frequency, and a
frequency-shift would be a consequence of the Doppler-effect in this case [190].
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Figure 4.17: (a): The maxima of the deposited heat load move with increasing amplifier
power towards the pump end of a counter-pumped fiber amplifier. (b): The irradiance pattern
can not adapt itself fast enough to the resulting nonadiabatic waveguide changes and its
maxima get delayed to the maxima of the refractive index changes (light blue). The figures
are drawn according to Ref. [28].
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The potential physical processes enabling modal power transfer from the FM to the
HOM as proposed by Jauregui et al. in Ref. [2§] is illustrated in Fig. and was related
to nonadiabatic waveguide changes. The denomination “nonadiabatic” indicates that the
irradiance pattern interacts with a refractive index grating, whose shape and maxima
localization is only partly induced by the interfering modes. This grating shape and
maxima localization gets modified at high amplifier power levels by a resulting strong
longitudinal temperature gradient. As a consequence, the heat load changes stronger
within short distances compared to low power levels (Fig. |4.17|(a)). The local maxima of
the heat load move towards the next minima, while the local minima are “pulled” towards
the previous maxima. Hence, the oscillations on top of the overall heat load evolution
along the fiber change from a quasi-sinusoidal to a rather “sawtooth”-like shape [28]. This
brings the interference pattern and the index grating out of phase. Especially towards the
pump end of the fiber (at least for counter-pumped amplifiers as shown in the example of
Fig. , the maxima and minima of the interference pattern are delayed with respect
to the ones of the refractive index changes (Fig. [4.17|(b)), and the index grating moves
downward the fiber. This process is strongest, when the HOM content is 50 %. When the
energy in the HOM increases further, the waveguide changes become more adiabatic, and
the transfer rate gets reduced.
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Figure 4.18: (a): As the individual propagation constants of the interfering modes experience
a slightly different magnitude of the thermally-induced waveguide changes, the modal beating-
period changes along the fiber axis z and the interference pattern gets compressed towards
the fiber end. (b): The refractive index grating, corresponding to the resulting new heat load
takes some time to be induced and is thus delayed with respect to the irradiance pattern.
The figures representatively illustrate the case for a counter-pumped amplifier and are drawn
according to Ref. [28].

A reversal of the gratings’ movement direction, leading to energy transfer from the HOM
to the fundamental mode, was related to the different impact of the thermally-induced
waveguide changes on the individual modal propagation constants. Even though the two
modes interfere, their propagation is determined by their individual propagation constants.
The impact of the thermally-induced waveguide changes on these propagation constants
differs in strength for the two modes. Therefore, the modal beating period changes, while
the irradiance pattern propagates along the fiber. The modified interference pattern
generates a new heat load, inducing a refractive index grating that is slightly phase-shifted
with respect to the already induced one. While the interference pattern can change almost
instantaneously, the thermal index induction requires some time. Hence, the interference
pattern gets faster compressed than the thermally-induced index grating, which in turn
moves upward the fiber. Fig. illustrates this effect. Consequently, the created phase
shift has the opposite sign compared to the process, enabling energy transfer from the
FM to the HOM. The effect depends on the transverse local temperature gradient and
its influence on the irradiance pattern weakens when the local period of the interference
pattern approaches the period determined by the local waveguide changes. When the HOM
content is reduced to 50 %, the nonadiabatic waveguide changes become the dominant
process again. In this manner, the oscillating modal content was explained.

In their numerical calculations, the intensity grating and the temperature profile were
calculated along the fiber over 1 ms. At this point, the simulation was stopped due to the
long computational time. Dramatic power conversion was not observed, but that usually
takes place after a few milliseconds. Nevertheless, downward movement of both gratings,
but at different speeds was revealed. This led to a relative phase shift, induced by the fact
that the temperature grating started to move first, and was attributed to the nonadiabatic
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waveguide changes described before. Studying the instantaneous position of both gratings’
maxima further confirmed the downward movement. Furthermore, their model revealed
the existence of the proposed process leading to energy transfer in the reversed direction.
Plotting the period of modal beating along the fiber with time showed that the “natural”
modal beating period (which the interference pattern would have, should it not have been
affected by propagation) changes along the fiber with z. In fact, it gets smaller due to the
transverse index gradient, resulting in a compressed interference pattern, moving upward
the fiber. Thus, the feasibility of the proposed processes to enable a movement of the
grating and this in turn yielding energy transfer, was demonstrated. Their work can at
least be considered as analysis of possible processes at the start up of MI at a fixed power
level.

Computational extensive calculations, supporting the idea of a static grating, together
with a transient process to be the essential source for TMI, were carried out by B. Ward
and the group of S. Naderi [183), 190, 191]. The model captured most of the observed
amplifier characteristics without assuming a frequency offset in advance, just by considering
transient heating. It is based on dynamic feedback between the optical intensity field
and the temperature distribution. The modal amplitudes were calculated from coupled
differential equations and then used to update the temperature distribution, resulting from
the quantum defect heating induced heat load [I83]. Consequently, the temperature-profile
followed the population inversion and accounts for TSHB. This new heat load was then
used to update the refractive index in the coupled mode equations.

Calculations of the time-resolved modal power distribution for the LPgy; and the LPq;
mode for different amplifier power levels revealed three oscillation regions [183),[190], similar
to the ones observed in Ref. [I81]. In the stable regime, the power oscillates almost fully
between the two modes for a few milliseconds, before settling to a constant distribution
with most of the power in the LPg;. The same initial transient effect is observed at the
TMI threshold power level, but afterwards, the power keeps oscillating periodically between
the two modes, denoting the transition regime. Corresponding frequencies were calculated
to be in the kHz range. At even higher output powers, the modal power distribution
started to oscillate chaotically and the corresponding frequency spectrum comprised of
broadband noise, again in the kHz range. Additionally, a linear dependence of the TMI
threshold power with seed power was found. However, the major weakness of this model
is that it cannot unambiguously explain the harmonic oscillations, observed in some of the
experiments. Calculations with the latest update of this model did not yield any periodic
behavior, but chaotic modal content fluctuations just at the TMI threshold [I91]. This
indicates that a static grating in the presence of a transient is not the solely source for the
experimentally observed TMI process.

Contrary to the groups of Jauregui et al. as well as Ward et al., Smith and Smith
followed their idea of a frequency shift between the two interfering modes in advance to
account for the necessary phase shift between the irradiance pattern and the grating [192].
A frequency shift, injected in advance, causes the grating to move along the fiber with a
velocity proportional to the offset frequency, even if transient heating effects (i.e. time-
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dependence of the heat equation) are neglected [193]. This mode-coupling mechanism
yields a dispersion-like gain profile with zero-offset frequency. Hence, Smith and Smith
categorized the process as a form of stimulated forward thermal Rayleigh scattering
(STRS) [192]. Thermal equilibrium is a crucial condition for STRS to start [194]. For a
thermally-induced index-grating, the dispersion curve peaks at a frequency of only a few
kHz, which corresponds to the observed time-scale of TMI. Yet, the origin of the necessary
frequency shift is a major question and currently still under discussion.

Sources for the frequency-shifted light were discussed to be quantum noise seeding,
spontaneous thermal Rayleigh scattering, as well as pump- and seed-amplitude (or -phase)
modulation. The latter two effects were calculated to easily reduce the TMI threshold
power by 20 %, compared to quantum noise seeding [165]. A counter-modulation scheme,
to e.g. compensate a pump-modulation with proper chosen signal modulation parameters,
could re-enhance the power threshold, but not fully restore it, compared to solely quantum-
noise seeding [195]. At least one of these modulations is believed to be present in most
laboratory amplifiers, as the pump- and seed-sources can be quite noisy. Furthermore,
linear absorption processes such as photodarkening were also found to lead to a significant
threshold power reduction [195]. TMI mitigation, on the other hand, was obtained by
increasing the mode specific loss for the HOMs [195]. The threshold-like onset of TMI was
traced back to the high necessary mode coupling gain [192].
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Figure 4.19: Modal power oscillations for RIN seeding, as calculated by Hansen et al. and
presented in Ref. [29], (a): at a power level just above the TMI threshold and (b): well beyond
it.

As the models by Ward et al. as well as Smith and Smith involved heavy computations
and long run-times, Hansen et al. developed a semi-analytical approach to model qualitative
features of TMI [187]. It is based on deriving and evaluating a coefficient for the coupling
strength between the modes and basically supports the theoretical attempt by Smith
and Smith. Nevertheless, Hansen et al. numerically extended their analytic approach to
evaluate the temporal and spectral features of TMI in detail, yielding very interesting
results. In particular, the absence and appearance of the harmonic modal power transfer
can be explained with the analysis from Ref. [29]. At the TMI threshold, instantaneous
modal power transfer was observed, even though the HOM was not artificially seeded [29].
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Only quantum noise or additional relative intensity noise (RIN) was added as phase noise
to the fundamental mode. Frequency resolved amplifier output was not calculated in this
case, thus it is difficult to compare the result to the experimentally observed regimes.
Nevertheless, as schematically shown in Fig. 4.19|(a), only part of the power was transfered
back and forth in a rather chaotic manner. Nevertheless, the time-scale (milliseconds)
resembled the reported experimental results. Calculation of the HOM spectrum revealed
a Stokes-shift, corresponding to the peak frequency of the mode coupling gain profile.
Increasing the laser gain to simulate an increased pump power yielded roughly the same
behavior. In this case, however, the chaotic modal amplitude oscillations were comparably
faster and implied full power transfer between the interfering modes (Fig. [4.19(b)).
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Figure 4.20: Spectrum of the (a): fundamental mode and (b): higher order mode, below
and just above the TMI threshold for an amplitude modulated seed signal. (c): Interference
of modes with these spectra yields distinct peaks in the frequency resolved amplifier output
intensity, sampled at one point in the transverse beam profile. The figures are drawn according
to the results presented in Ref. [29].

(a) fundamental mode

(b) higher order mode (c) beam fraction intensity noise

Spectral int. (a.u.)
Spectral int. (a.u.)
Amplitude (a.u.)

4 -2 0 2 4 6 4 -2 0 2 4 0 1 2 3 4 5
Frequency (kHz) Frequency (kHz) Frequency (kHz)

Figure 4.21: Spectrum of the (a): fundamental mode and (b): higher order mode, well above
the TMI threshold for an amplitude modulated seed signal. (c): Interference of modes with
these spectra yields broadband frequency resolved intensity noise at a small fraction in the
transverse beam profile. The figures are drawn according to the results presented in Ref. [29].

Different results for the modal spectra and the frequency resolved amplifier output
intensity were observed for an amplitude modulated seed signal. More and more side bands
appeared due to four-wave mixing (FWM) with increasing laser gain in both spectra, while
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the LP1; mode was again red-shifted with respect to the LPy; (Fig. [4.20/(a)). Interference
of the two modes yielded harmonic peaks in the amplifier output intensity, if a small
fraction of the transverse beam profile was sampled (Fig.|4.20|{(b)). These Fourier-spectra of
the fractional beam intensity resembled the measurements from References [I81] and [183]
qualitatively well. The additional Stokes bands were found to act as seed for nonlinear
power transfer between the modes and the cascading process was said to continue until
eventually the threshold power for RIN or quantum noise induced TMI is reached. In fact,
the numerical evaluation in Ref. [29] revealed broad noisy modal spectra well above the
threshold power, masking out the discrete frequency peaks (Fig. [4.21](a) and (b)) [29].
Consequently, the resulting fractional transverse beam intensity spectrum consisted of
broadband noise (Fig. (c)), just as experimentally observed for the chaotic oscillation
regime.

The semi-analytic approach from Ref. [I71] was taken on by the group of Hu et al. [196].
In fact, they referred to Ref. [I71] for the derivation of the steady-state solutions to the
coupled mode equations. Their own publication focused on the derivation of analytic
coupled-equations for spatially and temporarily varying modal amplitudes. The most
interesting result of this work, which distinguishes it from other publications, arises from
a variation of the modal offset frequency. Setting the latter to the peak frequency Awpeax
of the STRS gain spectrum yielded harmonic oscillations, even at the highest pump power
level presented (1500 W in this case). At the same power level, a frequency separation
of -Awpeak led to rather chaotic behavior and periodic peaks were only present up to
1000 W of pump power. Detuning the frequency offset from + Awpeax yielded harmonics
only up to about 500 W of pumping. Moreover, the separation of the frequency peaks
was decreased. Interestingly, Hu et al. did not inject any sidebands when observing the
harmonics, contrary to the works of Smith and Smith [197] as well as Hansen et al. [I87].

Another theoretical work, based on steady-periodic heating and yielding zero mode
coupling gain for a non-zero frequency offset between the interfering modes was published
by L. Dong [194]. In this case, the method to solve the heat equation differs from all the
other models. L. Dong sums over all spatial temperature modes to obtain the traveling
temperature wave, driven by the moving interference pattern. Heat diffusion, which
dominates in the radial direction, damps the traveling temperature wave [194]. Influences
of several fiber parameters on the threshold powers were basically the same as in Ref. [I87].
In fact, L. Dong explicitly compared his calculated threshold powers to the values stated
in [I87] and found agreement within 3% [194]. Thus, solving the heat equation with
temperature modes is just as adequate as utilizing Green’s functions. According to this
model, increasing the threshold power, can only be achieved by reducing the overall gain or
the ratio of the input powers % and is independent of all other amplifier parameters [194].
This is, however, not surprising, as rate equations to model the laser process were not
included.
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4.3.2 TMI characterization methods

Even though a lot of experimental and numerical work has been put into investigating
the characteristics and origin of TMI, the scientific community is just about to begin to
understand the effect. Still, a major question is, whether a transient effect that induces a
Doppler-shift between the interfering modes predominantly triggers TMI or if a frequency-
offset between the interfering modes is required for TMI to start. Both theoretical
attempts (“philosophies”) have proven to explain some of the observed experimental
features, indicating that both processes might be present. Additionally, TMI seems to
be very sensitive to several system parameters and the overall amplifier configuration,
aggravating it to capture all of the effect’s attributes in one numerical model. Furthermore,
only four different research groups have published experimental works so far, and at least
three of them have developed their own models of TMI. Consequently, their experimental
research often seems to focus on proving the relevance of their model and that it captures
the most crucial features of TMI.

For the work of this thesis it was thus interesting to experimentally investigate different
characterization methods for the TMI threshold and dynamics. As the threshold power
seems to be independent of the signal bandwidth for a linewidth larger than 1kHz [I83], a
low-noise seed laser could be utilized, and the modal decomposition of the fiber output
beam by utilizing the DBB (Section was possible. This measurement technique could
reveal even a slight potential beam quality degradation below the visible threshold, which
had not been investigated before. Additionally, the possibility of using the DBB to get an
insight into the TMI dynamics was tested. A power transfer between fiber modes should
be visible by comparing mode scans at different power levels, as a change in the modal
output of the fiber with respect to the fiber modes also changes the modal decomposition
with respect to the TEM,,,, modes.

By the time the experiments presented here were started, the works containing experi-
mental results regarding the three oscillation regimes were not yet published. It had only
been demonstrated that full modal power transfer can take place on a millisecond timescale
and that the participating frequencies decrease with increasing core diameter [198]. More-
over, these frequencies were obtained by measuring and Fourier-transforming the time
traces of the modal power evolution. Thus, it was interesting to directly measure the
frequency resolved intensity noise spectra and study their evolution below and above the
visible beam degradation threshold. This allowed for an examination of potential amplifier
output power fluctuations beyond the modal instability threshold in the kHz frequency
range. Secondly, in the case of a stable overall output power, the utilization of an aperture
should yield a measurable conversion of the effect to intensity noise.

The single-frequency amplifier setup for these experiments consisted of a 9 W seed signal
(linewidth about 1kHz at 1064 nm) and an Yb-doped PM PCF (DC-400-38-PZ-Yb by
NKT photonics), pumped by a low-brightness diode module in a counter-propagation
scheme. The PCF parameters can be found in Table Calculation of the effective
V-number of this PCF according to Eq. yields Vg =2.569. Thus this fiber can guide
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Table 4.2: Parameters of the Yb-doped PCF.

core &, NA 38 um, 0.03
MFD, @ doped region 29 um, 30.5 um
inner, outer clad. @ 400 um, 600 um
nominal absorption 2.4dB/m at 976 nm
coating high-temperature acrylate
pitch A 10 pm
rel. hole size % 0.19

at least one HOM, even though effective single-mode operation is supposed to be easily
obtained as the doped area was smaller than the core, and through additional external
coiling [199]. To reduce the coupling of the pump power noise to the output power, only
1.45m of this PCF were used [200]. It was wrapped half way around an aluminum spool
with a diameter of 40 cm. The pump-end of the fiber was held in a water-cooled chuck.
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Figure 4.22: Signal output power and corresponding measured TEMgy mode content versus
absorbed pump power for the amplifier set up to investigate TMI. The absorbed pump power
was calculated assuming a pump coupling efficiency of 83 %.

In Fig. [£.22] the amplifier output power is plotted with respect to the absorbed pump
power. Assuming a pump coupling efficiency of 83 %, the slope efficiency was 71 %.
Amplifier operation regimes corresponding to stable modal content and TMI are denoted
by the differently colored background. The visible threshold for the mode instabilities was
sensitive to the seed alignment, but with optimized mode-matching it varied only by about
2% between 95 W and 98 W of absorbed pump power, corresponding to 74 W and 76 W
of signal output. At this threshold power, the beam profile started to fluctuate visibly,
indicating an energy transfer between the fundamental LPy; and an LP1; mode [I81]. The
beam images shown in Fig. (a) to (d), Section were measured from this amplifier
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at the threshold power (76 W of signal power in this case, as marked in Fig. , with a
frame rate of 10 Hz.

The beam quality and its potential degradation due to modal power transfer below this
visible threshold was analyzed with the DBB. As the scanning ring cavity requires the
input beam to be linearly polarized, the PER of the amplifier output beam was measured
before each mode scan. While the amplifier output power was increased from 18 W to
74 W, corresponding to an absorbed pump power of 15 W and 94 W respectively, the PER
increased slightly from 18 dB to 20 dB. This can be explained by a higher relative amount
of residual power in the cladding at lower pump power levels. For the measurement of the
fractional TEMgy mode content, the seed coupling was once optimized at a signal power
of 54 W. At this power level, the average overlap of the beam with the TEMyg mode was
95.9 %. Increasing the signal power to 74 W led only to a slight decrease in the TEMqq
mode content to 94.9 %. This could be due to mechanical pointing, potentially caused by
a slight thermal misalignment of the seed coupling at higher pump power levels, as the
seed coupling was not further optimized to exclude artificial alignment effects.

Further increase of the signal power to 76 W led to the onset of visible beam profile
fluctuations. The PER was measured to be still about 20 dB, but the modal composition
of the fiber output beam changed on a millisecond timescale, and the alignment into the
scanning cavity could not be optimized. Altogether, the modal decomposition per FSR (free
spectral range) scan varied strongly, yielding higher order mode (HOM) contents between
8.7% and 18.6 %. At 80 W of signal power already 28.8 % (averaged over 9 FSR scans
with 1 Hz scanning rate and a variance of 12.2 %) of the power was distributed into higher
order cavity modes. The dominant HOMSs in the obtained scan were e.g. TEMy;, TEMy,
TEM1; and TEMyg, but no real information regarding the TMI process can be obtained
by this observation. However, observing the cavity transmission signal (transmitted
power versus frequency) on an oscilloscope revealed that their power distribution was
chaotically changing within milliseconds. Hence, this measurement technique needs further
customization to characterize the beam profile fluctuations beyond the instability threshold,
but the sudden beam quality degradation is clearly visible even in this configuration.

The setup utilized to measure the frequency resolved intensity noise spectra is depicted
in Fig. [£:23] The first CCD camera was used to record beam profile videos without the
aperture. With the second CCD camera the beam profile at the aperture, which was used
to convert beam profile fluctuations into intensity fluctuations on the photodiode, was
imaged.

The measurement procedure consisted of two steps. First, the intensity noise spectra
were recorded without the aperture. No significant increase of the amplifier noise, measured
up to 100 kHz, (Fig. [4.24|(a)) was observed after the beam profile started to show some
pointing or, at even higher pump power levels, to visibly fluctuate. I.e., the overall output
power was stable despite of the beam profile fluctuations. In the second step, the aperture
was partially closed and the intensity noise spectra were again measured with increasing
pump power. Throughout the measurement, the aperture width remained constant as the
aperture size affects the visibility of the mode instabilities [I81] and once adjusted, the
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Figure 4.23: Experimental setup for the measurement of the frequency resolved intensity noise

spectra. BS: beam sampler and HR: highly reflective mirror. PD: photo diode. f; =100 mm,
fo =15mm.

seed as well as the pump coupling were not realigned.

The relative intensity noise (RIN) spectra for different levels of absorbed pump power
are shown in Fig. Different fluctuation regimes could be identified, similar to the
ones in References [I81] and [I83]. Up to a signal power of 74 W the beam profile showed
some modal power fluctuations for a few seconds just after the pump power was increased,
before settling to a stable high fractional fundamental mode content. Only at the power
level, where modal power transfer was permanently visible in the optical intensity profile,

(76 W in this case), a sudden rise in the low frequency range up to about 1.4kHz was
observed in the RIN.
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Figure 4.24: Relative intensity noise spectra at different levels of signal output power

(a): without and (b): with an aperture in the sampled beam, to convert the modal power
fluctuations into intensity fluctuations on the photodiode.

At higher signal power levels, the RIN also started to rise at higher frequencies (80 W)
and eventually the low frequency fluctuations decreased again (83 W). At this power level,
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the beam profile visible on the CCD cameras rather resembled an LP;; mode most of
the time due to incoherent addition of the two modes. The upper limit of contributing
frequencies increased to about 2.5 kHz, with a tail extending to about 8 kHz. Increasing
the signal power to about 86 W did not lead to further significant changes in the shape of
RIN spectra. Repeated measurements on the same amplifier reconfirmed their evolution.
Even though the threshold power itself was sensitive to the amplifier alignment and could
vary by a few percent, the shape of the RIN spectra in general were the same.

Using an amplifier configuration very similar to the previous experiments, the influence
of seed- and pump-modulation on TMI was investigated. The same piece of PCF was
utilized as amplifier fiber, but the ends had to be re-polished and the fiber length was now
only 1m. Also the setup for the diagnostics remained the same as presented in Fig. [4.23]
The threshold power for the visible onset of TMI without external amplitude modulation
was around 64 W of amplifier output, thus about 10 W lower than for the ~0.4 m longer
fiber.
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Figure 4.25: (a): Measured transfer functions for seed amplitude modulation of 0.6 %
at different amplifier output power levels. An increase in the modulation magnitude with
increasing signal power can clearly be seen from about 0.1kHz to 10kHz. (b): Phase shift at
different seed amplitude modulation frequencies for 102 W of amplifier output power. The
fact that the phase does not change randomly with the modulation frequency indicates that
the increased modulation magnitude in (a) is not due to an overall increase in amplifier noise,
but rather indicates that the seed amplitude modulation gets amplified by the TMI process.

Modulation of the seed signal was carried out by sinusoidally modulating the pump-
current for the preamplification stage. To get a first impression of a potential TMI threshold
power dependence on the modulation frequency, the amplifier output was monitored with
a CCD camera, while the modulation frequency was changed between 100 Hz and 10 kHz.
Even though for frequencies between 1kHz and 2 kHz the threshold seemed to decrease by
a few Watts, this observation was not clear-cut and reproducible. Thus, a part of the beam
profile was sampled with an aperture and detected with a photodiode. Transfer functions
were recorded from 0.1 kHz to 100 kHz modulation frequency. The results for an amplitude
modulation of 0.6 % are depicted in Fig. (a). An increase in the modulation magnitude
with increasing signal power can clearly be anticipated. Distinct frequencies do, however,
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not appear. Moreover, no definite dependence of the transfer function evolution with signal
power can be identified and it seems rather chaotic. Nevertheless, the evolution of the
phase with frequency indicates that the increased modulation magnitude in Fig. |4.25|(a)
is caused by amplification of the seed-modulation by the TMI process. Noise due to
the amplification process, artificial noise due to slight mechanical beam pointing at the
aperture as well as overall TMI induced noise would rather yield a randomly changing
phase. As an example, the phase measured at an output power of 102 W, is depicted in
Fig. 4.25|(b). It basically looked alike at other power levels. Neither did a change in the
modulation depth yield any significant changes in the measured amplifier performance.
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Figure 4.26: (a): Measured transfer functions for pump amplitude modulation of 0.2 %
at different amplifier output power levels. An increase in the modulation magnitude with
increasing signal power can clearly be seen from about 0.1kHz to 10kHz. (b): Phase shift at
different pump amplitude modulation frequencies for 102 W of amplifier output power. The
fact that the phase does not change randomly with the modulation frequency indicates that
the increased modulation magnitude in (a) is not due to an overall increase in amplifier noise,
but rather indicates that the seed amplitude modulation gets amplified by the TMI process.

The same behavior of the amplifier was observed, when the pump-signal of the PCF was
amplitude modulated. This time, the sinusoidal modulation was applied to the current of
the high-power laserdiode. Exemplary transfer functions and the corresponding phase at an
amplifier output power level of 101.7 W are presented in Fig. [4.26/(a) and (b), respectively.
The pump modulation amplitude in this case was 0.2 %.

4.3.3 Comparison to other experimental and numerical works

The first interesting observation in the experiments from Section [£:3.2] is the transient
behavior, i.e. the initial visible beam profile fluctuations below the actual threshold power
level for permanent TMI. This can not be explained by the proposed STRS mechanism,
which can only start from thermal equilibrium [27), [I87, 194, [196], but by the static
grating theory [28, 190} 191), 201]. Without any external perturbations, there would be no
phase-shift between the irradiance pattern and the index grating [I88], [190]. Increasing
the pump power can perturb the steady-state, as the optical phase changes much faster
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than the temperature phase [I83]. Once thermal equilibrium is reached, the process
vanishes and the modal content becomes stable, just as verified by the DBB and RIN
measurements. Contrary to the numerical results presented in the literature, where modal
power evolution was only studied for a maximum of 100 ms [I91] (due to the computational
effort), the initial transient in the experiments for this thesis subsided only after a few
10s. Nevertheless, this is most likely caused by the several potential sources for external
perturbations, e.g. mechanical, cooling arrangement, and — as will be discussed later on in
detail — intensity noise. If the computational time could be sped up and more external
perturbation sources included, the result would probably rather be a longer transient time
than the vanishing of it.

Still, the described observations strongly indicate the presence of a static grating below
the TMI threshold. Moreover, there was no sign for STRS induced mode coupling,
i.e. permanent modal power transfer once thermal equilibrium is reached. Consequently,
it implies that the heat load at power levels below the visible onset of TMI was high
enough to induce a static refractive index grating, but not sufficient for STRS induced
mode-coupling to start. Of course, this can not be interpreted as a general characteristic
of the TMI process, which has proven itself to be very sensitive to all system parameters.
Nevertheless, such transient behavior was even suspected to exist by some researchers,
primarily concerned with a steady-state analysis of a frequency-shift induced moving
grating [I87, 193] 194]. At least for the given setup, it seems to be the most likely
situation.

Another feature observed in the TMI-experiments for this thesis is the extremely low
threshold power for a fiber with a core diameter of about 38 um. For 10m of a similar
PCF, the threshold power level was measured to be beyond 500 W [202]. Even though the
threshold power is sensitive to almost all the system parameters, which makes comparison
of different setups very difficult, and decreases for shorter fibers [25] [I76], it is surprising, as
for slightly shorter (1.2m) rod-like fibers with core diameters larger than 50 um, measured
threshold powers were at least 100 W of signal output [I70]. Apparently, the fiber utilized
in the experiments from Section [4.3:2] was fully degraded. This conclusion is supported
by a reproducible threshold power level. A pristine fiber, on the other hand, experiences
strong threshold power reduction, every time the pump power is increased from zero
[178] 201]. Additionally, the fiber might inhibit some defect, causing linear absorption,
which can according to the simulations by Smith and Smith [I95] also lower the threshold
power. These assumptions are supported by the fact that the amplifier slope efficiency
of 71 % (Fig. was comparably low for a Yb-doped fiber amplifier. A similar PCF
yielded much higher values (Section .

Slightly changing the seed-coupling to the amplifier from Section confirmed that
the fundamental mode excitation was optimized. The TMI threshold could not be further
increased by changing the alignment. Eventually, it only led to even lower threshold
powers, indicating a sensitivity to the ratio of initial powers in the LPg; and higher order
mode. Such a dependence was also reported by Jauregui et al. [I76], and captured by the
steady-state models [I87) [194], while Naderi et al. explicitly reported insensitivity of the
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threshold powers, calculated with their transient model, to this parameter [190].

Contrary to reports in References [I81] and [201], where the onset of TMI was charac-
terized by an exponential increase in the first derivative of the standard deviation of
the power evolution with time at a small fraction of the beam profile, the amplifier
system from Section [£.3.2] exhibited a rather step-like TMI threshold. Especially, the DBB
measurements confirmed excellent beam quality without any significant increase in HOM
content below the power level, where beam profile fluctuations became visible on the CCD
camera and the RIN started to increase (76 W of signal output). The reported TEMg
mode content at an amplifier output of 74 W was calculated from 50 scans with a standard
deviation of only 0.3 %, indicating that the reported stable modal content was not due
to measurement inaccuracy. Moreover, the group of Jgrgensen et al. utilized the same
threshold evaluation method as References [I81] and [201] and also found a rather step-like
onset of TMI. Thus, the characteristic of the onset (step-like or exponential) seems to
depend on the exact system conditions. In general, the nonlinear threshold (instead of
a gradually decreasing beam quality) is attributed to the necessary heat load to induce
a refractive index grating of sufficient oscillation depth. The transient model needs the
external perturbations to be strong enough to permanently disturb thermal equilibrium
and the STRS model requires a sufficiently strong mode-coupling gain.

Beyond the threshold-power, TMI characterization with the DBB was not further possible
due to the TEM,,,,, modal content fluctuations on a ms-timescale. These fluctuations
could on one hand be caused by relative phase changes between modes of constant powers.
Likewise, they could be due to modal power transfer, but this can not be distinguished
with the DBB. Nevertheless, the timescale is consistent with all other publications related
to experimental investigations of TMI. This ms-timescale is agreed upon to be a strong
indicator for the thermal origin of the effect, but detailed explanations have not been
found so far. Smith and Smith [203] as well as the group of Otto and Jauregui et al. [I8]]
compared it to the overall thermal diffusion time in the transverse direction and found
agreement, at least in the order of magnitude for the corresponding frequencies. The
overall values differed slightly, which was basically attributed to the TMI sensitivity to
the system parameters. Naturally, modal content fluctuations can only be captured by
time-dependent models, but have been observed in numerical evaluations, independently
of assuming a frequency-offset between the modes a priori or not.

The most interesting aspect of the modal content fluctuations is under which conditions
periodic (harmonic) behavior or chaotic oscillations were observed. While some publications
emphasize the appearance of a broad transition regime (in terms of power levels) with
periodic oscillations in their experiments [I8T], 183} [201], straight onset of chaotic oscillations
at the TMI threshold has also been observed (Section and Ref. [I78]). The group
of Jauregui and Otto et al. related the distinct periodic frequencies to different sections
of the grating, moving at different speeds and partly into opposite directions as well
as some other (not further specified) external perturbation parameters [I81]. However,
numerical modeling without injection of noise or an amplitude modulation can apparently
not capture this TMI feature.
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In fact, the best explanations for the appearance of a periodic transient regime in some
experiments and its absence in others (just like in the work for this thesis), can be found
in a STRS based theoretical work by Hansen et al. [29]. They found a transition regime
with harmonic behavior only for an amplitude modulated seed. Due to FWM, more and
more frequency peaks appear in the modal spectra besides the carrier and initial sidebands.
Consequently, an increasing number of harmonics appears in the intensity-spectrum at
some fixed transverse location within the amplifier output beam. Eventually, the modal
spectra become noisy at a certain power level and the discrete frequencies get masked out.
As a result, the harmonics also disappear in the Fourier-spectrum of the modal power
oscillations, which is then characterized by broadband noise. Ref. [29] found this to be the
case, right at the TMI threshold, if no amplitude modulation was imposed on the seed
signal and only RIN or quantum noise was injected to seed the STRS process. Oscillation
depth and frequency increased with increasing amplifier power, resembling another feature
of Fig. [4.24]

Interestingly, in Ref. [I96] Hu et al. found that only modulating the signal with the
peak-frequency of the STRS gain profile produces harmonic modal power oscillations.
Detuning the modulation frequency by about 10 % already produced chaotic oscillatory
behavior. A physical explanation was not given, but maybe this is due to some kind of
beating-effect, causing a detuned amplitude modulation to act as intensity noise seed.
Nevertheless, the appearance of higher and higher oscillation frequencies with increasing
amplifier power, as shown in Fig. is reproduced by their model. Given these numerical
results, the absence of the transition region in the experiments from Section [4.3.2] can be
interpreted as indicator either for the absence of a sufficiently strong or for a detuned
amplitude modulation of the pump and seed.

An additional amplitude modulation can potentially further decrease the TMI threshold,
which seemed to be the case in the setups utilized for the works of References [181], 201]
and in some cases [I78], as suggested in Ref. [I97]. Nevertheless, there is an ultimate
lower-power limit for TMI, given by the necessary amount of heat to induce a refractive
index grating of sufficient oscillation depth. As discussed at the beginning of this Section,
the threshold power level of the amplifier characterized during the TMI investigations for
this thesis inhibited already a very low threshold due to noise-seeding and degradation.
Apparently, the attempts to further seed the STRS process with an additional amplitude
modulation failed, as at lower amplifier power levels the heat load was not sufficient
to provide the necessary mode-coupling gain, i.e. an additional moving grating. These
proposed differences between the TMI triggering might also explain, why different amplifier
systems exhibit either an exponential or a step-like TMI onset.

The chaotic oscillatory behavior has been observed in numerical calculations based on
both “philosophies”, STRS as well as the transient assumption. Also the appearance of
more and more higher frequencies in the RIN with increasing amplifier output power
(Fig. was captured by either model. Thus it is very difficult to conclude what actually
caused the onset of TMI in the amplifier of Section Without sufficient RIN seeding,
the static grating might have always reached thermal equilibrium with the interference
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pattern. It is also possible that at a certain power level and corresponding grating strength,
the slightest external perturbation (which is, of course, also some kind of noise, but does
not require a frequency-shift between the modes a priori) impedes the thermal equilibrium.
Most likely, both processes are present and the relative strength strongly depends on the
system parameters [176], 201].

The last feature from the experimental TMI investigations within the framework of
this thesis that deserves some attention is the predominant appearance of the LPq1-like
mode on the low-speed CCD camera. Naturally, this could simply be interpreted as a
measurement artifact, caused by the low frame rate of 10 Hz. However, in Ref. [I83],
the simulations for a convectively-cooled amplifier showed exactly this behavior at power
levels well above the TMI threshold. Assuming that the observation is not an artifact
(due to incoherent addition of the modal intensities), this would indicate a reduced rate
of power transfer from the LP1; to the LPy;. The STRS as well as the transient-process
picture would attribute this to a reduced rate of phase-shift reversal between grating and
irradiance pattern. Following the phenomenological description from Ref. [28] for the
transient-theory, nonadiabatic waveguide changes would have been the dominant process at
this power level. Grating period compression, induced by the different amount of thermal
change, experienced by the individual propagation constants of the two modes, would have
contributed less to the modal power content. In the STRS picture, a predominant LP;
mode is obtained by neglecting any time dependence, which would yield exponential gain
along the fiber for the LP1; mode only. Physically this would mean a reduced influence
of noise-seeding, i.e. a higher heat load induces a stronger grating, which in turn needs
lower starting power in the frequency-shifted LP1; mode. This can also be anticipated by
the fact that quantum noise seeding was demonstrated to be sufficient, but yielded highly
overestimated threshold power levels for all the models.

4.3.4 Conclusion

The experimental investigations on TMI, carried out during the work for this thesis
contribute largely to an improved understanding of the process characteristics and their
origin. Indicators for TMI triggered by a static grating in the presence of a transient as
well as for a noise induced moving grating have been identified. Consequently, it is very
likely that there are several contributors to TMI in laboratory amplifier setups, which can
not be captured by just one numerical model so far, due to the immense computational
complexity.

One of the key observations described in Section is the transient behavior below
the TMI threshold. Even though it is very likely that this has been observed by other
researchers it has not been emphasized in publications. Nevertheless, it strongly indicates
the presence of a static grating that yields modal power transfer until thermal equilibrium
is reached, at power levels where no signs of STRS induced TMI can be found. The latter
actually requires a thermal equilibrium state.

As the characteristic broadband noise well beyond the threshold power has been captured
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by models based on both “philosophies”, it is difficult to attribute TMI at these power
levels to just one origin. Considering the experimental setup, the presence of a sufficiently
high RIN-level in the seed as well as the presence of mechanical and thermal external
perturbations to permanently trigger transient TMI are both very likely. Sources for the
RIN would be e.g. the pump diodes of the preamplification stage and slight temporal
variations of its PER. The latter would be converted into RIN behind the Faraday-isolators,
placed between the two amplifiers. Mechanical and thermal vibrations, either at the seed
or pump end could also increase the RIN. Furthermore, the disturbances at the seed
end affect the ratio of the initial modal powers, potentially permanently impeding an
equilibrium state between grating and irradiance pattern. Also the potential appearance
of a predominant LP1; mode can be explained by both theories. In the STRS model
it would be caused by a reduced influence of noise-seeding (which is responsible for the
time-dependent modal power oscillations in the STRS model), while in the transient
picture, nonadiabatic waveguide changes would have a much stronger impact on the
phase-shift between grating and irradiance pattern than thermal changes of the individual
propagation constants. An increasing upper frequency limit with higher amplifier power,
on the other hand, has only been presented for STRS based models.

The second key result of the presented experiments is the absence of the periodic
transition region, characterized by harmonic modal power oscillations. In the literature
this has been considered to be a general characteristic of TMI, but it should be rather
recalled as characteristic of TMI in particular amplifier configurations. In fact, recently
the experimental results presented in this thesis were cited to justify the need for transient
modeling of TMI. It was stated that TMI is often characterized by broadband noise
and less significance was attributed to the harmonic transition region [I9I]. While the
appearance of the periodic oscillations in some static-grating models is ambiguous and
under discussion, it can be explained by amplitude modulation of pump- and/or seed-signal
in the STRS models. Such an amplitude modulation might also lead to a lowered threshold
power, compared to noise seeding or transient triggering of TMI. Nevertheless, there must
be an ultimate lower power threshold due to the necessary heat load for refractive index
changes and a sufficiently strong mode coupling. The experimental work for this thesis has
demonstrated that the TMI threshold of an amplifier system deploying a fully degraded
fiber (that might even incorporate sources for additional linear absorption) can not be
further lowered by additional amplitude modulation of seed- and/or pump-signal.
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The future generation of GWDs operating at 1064 nm wavelength demands around 1 kW
of linearly-polarized single-frequency output from the laser source [0, [12]. Amplifying a
signal with a linewidth of only about 1kHz to the desired power levels with excellent beam
quality is still a challenge. Defining this excellent beam quality by a high overlap with the
free-space TEMyg mode represents a further restriction on the deployable fibers as well as
the amplifier configuration. For beams transmitted through passive versions of fiber design
concept candidates, the TEMgy mode overlap has been analyzed in the previous Chapter.
Moreover, all potential issues arising from power scaling with their active counter-parts
were described in general. In this Chapter, actual measurements regarding the TEMgqg
mode power extraction from these active LMA fibers are presented. The focus of the
experiments was thereby set on the advanced fiber technologies, photonic crystal fibers
and chirally coupled core fibers. They are the most promising candidates to reach the
power levels for the next generation of 1064 nm based GWDs [20] 211, [74], 184]. The future
application of standard step-index fibers in high power CW SF laser systems will most
likely be all-fiber integration at power levels of 200 W to 300 W [I8, 204], as their core
diameters with reasonable modal performance are limited to 25 um.

Section [5.1] starts with the analysis of the photonic crystal fiber design concept in terms
of the largest core diameter available for a bendable fiber, which is 40 um. For the CCC
fiber design concept, fibers with 37 um and 55 um core diameter sizes were deployed. The
results are discussed in Section To the performance of all utilized fibers, the same
questions were addressed. For low and for high power levels it was likewise interesting
to see whether HOMs could be excited or if FM operation was easy to achieve. Most
important was the measurement of the TEMgy mode overlap of the amplified output beam,
and the investigation of the nature of the TEMgy modal power scaling limit. Potential
limits were SBS, thermal issues, parasitic lasing processes and TMI.

Focusing on a high fractional TEMyy mode power extraction distinguishes the amplifier
experiments carried out within the framework of this thesis from other works in the field
of power scaling of CW SF signals at 1064 nm. Nevertheless, the investigations presented
here do not only contribute to the development of laser systems for future GWDs. They
can also be considered as general progress in understanding the modal performance and
properties of advanced fiber design concepts.
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5.1 PM LMA photonic crystal fiber amplifier

5.1.1 Fiber geometry

Even if coherent beam combination is considered, to reach the power level for potential
GWD application, it is highly desirable to extract as much TEMyy mode power from
a single-amplifier chain as possible. Naturally, the performance of the largest available
core size for a bendable PCF was investigated in the following experiments. Nominal
fiber core diameter and NA were 40 um and 0.03, respectively. To reduce the effect of
TSHB (Section , the diameter of the doped region was only 30.5 um, adjusted to the
MEFED of the fundamental fiber core mode. This was specified to be 29 um at 1060 nm.
According to the manufacturer, NKT photonics, the fiber core operated transversely
single-mode at this wavelength. Their standard product with these core parameters, the
fiber DC-200-40-PZ-Yb, comes with a cladding diameter of 200 um. This cladding size
results in a nominal absorption of 10dB/m at 976 nm, hence to reach several 100 W of
output power, the heat load would have been considerably high. Furthermore, at the
beginning of the work for this thesis, pump diode modules with sufficient optical output
power were of rather low brightness and only available with delivery fibers of at least
400 um (0.22NA). Thus, a modified version of the fiber with a 400 um pump cladding
diameter (0.6 NA) was chosen. It was from the first spools drawn of this customized
geometry, which resulted in some issues, as will be explained later in this Section.

With the 400 um pump cladding diameter, the nominal absorption at 976 nm was
2.4dB/m. The fiber had an air-clad and an outer silica glass cladding with a diameter of
700 um. It was finally coated with a high temperature acrylate. Two boron stress-rods
induced high birefringence to ensure linear polarization at the fiber output, if the signal
was launched in the slow fiber axis.

5.1.2 Experimental setup

A fiber length of 6.8 m was used in the experiments. It was partly coiled on a 40cm
diameter metal spool, but not actively cooled. Only the pump end of the fiber was placed
in a water-cooled copper v-groove. The fiber ends were angle-polished, after the air-holes
had been collapsed to seal the end facets.

The amplifier setup is depicted in Fig. A nonplanar ring oscillator (NPRO) delivered
the low-noise ~1kHz linewidth seed signal with an output power of 500 mW at 1064 nm.
This is quite low compared to the targeted PCF amplifier output power of several 100 W,
and the resulting high gain of more than 20 dB can lead to a high sensitivity of the amplifier
to parasitic laser processes. Furthermore, as explained in Chapter [3] it potentially lowers
the SBS threshold. On the other hand, seeding with very high power levels to reduce the
gain and the ASE significantly also reduces the thermal gradient in the fiber, which is in
turn essential for a high SBS threshold. Whether the first or the latter effect dominates in
an amplifier strongly depends on the particular setup, including the fiber design. Thus,
for every amplifier configuration, there is an optimum seed power level.
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Figure 5.1: Experimental amplifier setup. PR: Partial reflector, DCM: dichroic mirror.

power
meter

HR

—

to diagnostics

Table 5.1: Parameters used in the numerical calculation of the SBS threshold of the PCF
amplifier for different seed power levels. The geometric fiber parameters are taken from the
manufacturer’s specifications and the Brillouin parameters from Ref. [205]. For the remaining
parameters, the values utilized in Chapter [3| are deployed.

parameter value parameter value
Va 5960 m/s Teore 20 um
Js 510~ m/W core NA 0.03
Avg 58 MHz Tinn. clad. 200 um
cy -0.2 MHz/K Touter clad. 350 um
s 2MHz/K Tpolymer 428 um
Qs 0.001 m~! fiber length 6.8 m
I 0.85 doping concentration 2.4-10%° ions/m?

To get a rough estimate about the SBS threshold powers for different seed power levels,
numerical simulations were carried out with the code presented in Chapter [3| The utilized
parameters are summarized in Table and are taken from References [78] and [205].

Fig. shows the calculated backscattered power versus the amplifier output power.
It can be seen that with the chosen simulation parameters, seeding with more than 7W
decreases the SBS threshold. Apparently for this amplifier configuration, the reduction in
thermal gradient affects the SBS threshold more than the reduction of the amplifier gain
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Figure 5.2: Numerically calculated Brillouin scattered power for the PCF amplifier. When
the parameters from Table were applied, the SBS threshold power was roughly the same
for seed powers from 1 W to 7 W, but at that power level it started to decrease with increasing
seed power.

does. Thus, for the preamplification of the NPRO-signal, a very simple setup was chosen,
delivering about 8 W as seed power for the PCF. As active fiber, a step-index PM fiber
with a 10 um core (PLMA-YDF-10/125 by Nufern) was deployed, assuring single-mode
seeding of the PCF amplifier. For improved long-term reliability, the preamplifier was set
up as an all-fiber system. The 976 nm pump light from a 25 W fiber-coupled diode was
launched into the active fiber via a fused-taper combiner (pump fiber core and cladding
diameter: 105um and 125 pum respectively, core NA: 0.15). Throughout the experiments,
the one-port fused-taper combiner was changed to a two-port combiner and a second pump
diode was utilized. The upgraded preamplification stage delivered about 16 W as seed for
the PCF amplifier. In both cases, a co-propagating pump scheme was chosen to protect
the diodes.

Two 30dB Faraday isolators protected this stage from backreflections of the main
amplifier. A partial reflector (PR) was used to sample the backscattered light from the
PCF, while the transmitted pump light was separated from the seed signal by a dichroic
mirror (DCM). Mode matching of the seed signal to the fundamental mode of the PCF
was achieved by a spherical lens with f=100 mm and an axial gradient lens with f=10 mm.

The main amplifier was pumped in a counter-propagating scheme, alleviating the
alignment and abetting a higher SBS power threshold compared to a co-propagating pump
(Section . The pump light from a temperature stabilized laser diode module, emitting
at 976 nm, was delivered by a multi-mode fiber with a diameter of 600 pum and a NA of 0.22.
It was collimated by a commercial water-cooled high-power collimator, and subsequently
launched into the fiber through an =100 mm spherical lens and an axial gradient lens with
f=15mm. A pump coupling efficiency of approximately 85 % could be achieved. After
separation from the pump light by a dichroic mirror, the amplified signal passed through
a silica plate, sampling part of the amplifier output beam for diagnostic purposes.
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5.1.3 Amplifier characterization

In Fig. (a), the amplifier output power is plotted versus the absorbed pump power (black
squares). Assuming a pump coupling efficiency of 85 %, the differential optical-to-optical
efficiency was calculated to be 80 %, and the polarization extinction ratio (PER) of the
system at an output power of 11 W was 23dB. At 246 W of output power, the PER was
measured to be even 27 dB. Detecting the optical amplifier output spectrum at this power
level yielded a signal-to-noise ratio (SNR), i.e. an ASE suppression, of more than 50 dB
(resolution of the OSA set to 0.5nm) (Fig.[5.3|(b)). Nevertheless, at an absorbed pump
power of 363 W and a corresponding output power of 294 W, parasitic laser processes
occurred, limiting the power scaling of the amplifier.

The parasitic laser processes became manifested in additional laser spikes in the forward
optical spectrum. Possible sources of a parasitic resonator are backreflections from optical
components, but this typically occurs at amplifier gain levels of about 20dB. In this
case, the amplifier gain was only about 16 dB. Reducing the number of optical elements
in the amplifier output beam path to a minimum and trying out optics with different
anti-reflective coatings, however, did not push the onset of the parasitic processes to higher
power levels. To ensure that the fiber end preparation did not cause this lasing, they
were repolished after the amplifier characterization with this particular fiber sample was
finished. Moreover, to eliminate defects of this particular fiber sample as the origin, a
second 6.8 m long sample of this PCF was prepaired and implemented into the amplifier.
Still, the output power scaling limit remained at about 300 W. Doubling the seed power
to 16 W led only to a very slight increase of the extracted amplifier output to about
320 W before the parasitic processes set on. Placing the seed-end of the PCF as well as
the preamplifier output end in water-cooled copper v-grooves to thermally stabilize the
seed-beam path did not improve the amplifier performance, either.
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Figure 5.3: (a): Total signal output power at 1064 nm (squares) and fractional TEMgo mode
content of the beam, emitted from the fiber core (triangles), versus absorbed pump power at
976 nm. (b): Output spectrum at 246 W of output power. With a resolution bandwidth of
the optical spectrum analyzer set to 0.5 nm, the SNR, indicating the ASE suppression, was
measured to be >50dB.
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Another possible origin could have been lasing on a higher order mode, enabled either by
TSHB or TMI (Section . In this case, the higher order mode would have experienced
a significantly higher gain compared to the 16 dB of the fundamental mode. On the
other hand, the most prominent manifestation of TMI, a wobbling beam profile, was
not observed for this amplifier configuration. Another argument contradicting the TMI
explanation is the sudden rise in the amplifier RIN at 294 W of output power (Fig. [5.4](a)).
As explained in Section [£.3:2] the overall output power remains constant at the onset of
TMI and only the utilization of an aperture to transversely sample the beam converts the
beam profile fluctuations into intensity noise. Nevertheless, further investigations on this
issue were not carried out at this point, to prevent the fiber as well as all other components
from being damaged.
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Figure 5.4: (a): Evolution of the relative intensity noise with increasing output power. The
sudden rise of the noise level at 294 W of output power was most likely due to the onset
of parasitic laser processes. (b): Optical spectra of the backward propagating signal with
increasing amplifier power. An increase in the Stokes peak (wavelength marked by the dashed
arrow) could not be observed even at the highest output power level, verifying SBS free
operation.

The RIN was actually measured to monitor the possible onset of SBS. This was however
not the case, as confirmed by the evolution of the optical spectra (Fig. [5.4](b)), measured
from the backward propagating light. This consisted mainly of Rayleigh scattered and
back-reflected light with the same wavelength as the signal light, which can be clearly seen
in Fig. [5.4[(b). The SBS induced Stokes peak would have appeared at a frequency shift of
about -15.9 GHz, corresponding to a wavelength shift of about 0.06 nm with respect to the
signal. This wavelength value was measured from SF amplifier operation of a 9m piece of
the same PCF, where the Stokes peak appeared at a power level of 50 W. In Fig. |5.4|(b),
the Stokes wavelength is marked by the dashed arrow. For the amplifier seeded with 16 W,
the backward optical spectra looked alike, indicating operation below the SBS threshold.

To evaluate the beam quality in terms of its modal decomposition and in particular the
power in the TEMgy mode, the nonconfocal three mirror scanning ring cavity described in
Section was used. Due to the excellent PER, the losses at the polarization optics in
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the beam path to the cavity were negligible. However, 9.5 % of the power was contained
in cladding modes. Compared to the seed power, the cladding loss was quite high,
diminishing seed misalignment as possible source. It rather originated from scattering
of the fundamental mode or even a HOM at fiber anisotropies. Fiber anisotropies can
arise either during production of the fiber preform or during the drawing process. NKT
photonics uses a so called stack and draw technique to manufacture photonic crystal
fibers. The core is a composite of several rods, supposedly uniformly doped. Unfortunately,
inhomogeneities occur often, when a new fiber design is fabricated for the first times (a
similar issue will be discussed in Section . In fact, this explanation is much more
likely than bending losses, as the same bending radius was used for another 6.8 m piece
of the same PCF. The performance of this fiber piece in terms of slope efficiency, SNR
and output power limit due to parasitic lasing processes was the same as for the piece
described in the paragraphs above. The amount of residual cladding light, however, was
only about 6 %.

In order to investigate a potential decrease of the overlap between the beam emitted from
the fiber core and the fundamental cavity mode, mode scans were carried out at different
power levels. The corresponding measured TEMgg mode overlap values are inserted in
Fig. |5.3|(a) (blue triangles). At an amplifier output power of 33 W, already 7.2 % of the
power were contained in higher order modes. This value increased only slightly to 7.6 % at
102 W of total amplifier output power. Increasing the amplifier output to 171 W yielded a
HOM overlap of 8.1 % of the core signal.
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Figure 5.5: Mode scan signal on a logarithmic scale at an amplifier output power of 246 W.
The resulting 8.8 % HOM power fraction of the beam, emitted from the fiber core, was
distributed among several higher order cavity modes.

The transmission signal of a complete sweep through one FSR of the mode scanning
cavity at 246 W of output power is presented in Fig. At this power level, 8.8 % of
the core signal could not be coupled to the fundamental cavity mode. Congruently, the
TEMgo mode content of the beam emitted from the fiber core was 91.2 %. This yielded,
together with subtracting the residual cladding light, a fractional TEMgy mode power of
203 W in linear polarization state.
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Interestingly, the measured HOM content of this fiber’s core light was higher than for
the 1.45m long PCF sample from the experiments in Section [.3] There, the HOM content
at an output power level of 73.9 W was measured to be only 5.1 %. That fiber had a
slightly smaller core (38 um instead of 40 um), and was specified with the same MFD
and NA. The critical difference of the fiber geometries, however, was most likely not the
core size but the stress rod size and shape. Fig. shows the cross-sections of the two
fibers for comparison. The problem with the DC-400-40-PZ-Yb fiber was probably related
to the fact that the smaller air holes surrounding the core collapse longer than the air
clad holes during the heating process [202], 206]. Polishing the fiber end so that the air
holes are just sealed might have resulted in an already too long collapse length of the
inner air hole structure, leading to disturbance of the output beam by the boron-doped
cladding region (Section . The stress-rods were larger and more oblong than for the
DC-400-38-PZ-Yb.

Figure 5.6: Cross-section of the (a): DC-400-38-PZ-Yb and (b): DC-400-40-PZ-YDb used for
the experiments described in Chapters and The most obvious and probably crucial
difference is the size and shape of the boron-doped stress rods, which are larger and more
oblong for the latter fiber. This is most likely the origin for the beam quality’s sensitivity to
the fiber end preparation.

In fact it was found that the TEMgy mode overlap of the beam emitted from this partic-
ular fiber was extremely sensitive to the fiber end preparation. After the aforementioned
repolishing of the fiber ends, the TEMyg mode overlap of the core light was only 87 %.
This value was measured at total amplifier output powers of 103 W, 202 W and 302 W, thus
apparently independent of any absorption and gain effects. Due to this issue, endcapping
of this fiber, which could have prevented the parasitic laser processes, was not an option.
Unfortunately, NKT photonics had used spools with a too small bending diameter (20 cm)
for the DC-400-38-PZ-YD, so that the fiber was very prone to breaking, even untouched
on the fiber spool. All available samples had fiber length <3 m, and power scaling was
limited by TMI at power levels below 200 W.

For a potential GWD laser system, a fiber with a modal performance similar to the
DC-400-38-PZ-Yb is highly favorable compared to the DC-400-40-PZ-Yb. In fact, even
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more advanced PCF designs should be employed, as by the time the experiments presented
in this Section were carried out, the SBS threshold for a very similar fiber geometry was
identified by Robin et al. to be about 400 W [205]. The seed power in this case was about
15W [202], but instead of trying out different external mitigation techniques to increase
the SF output power, they developed a PCF with the same geometric dimensions, but an
intrinsic SBS suppression through acoustic core segmentation [21]. No SBS was observed
even at about 500 W of single-frequency output, but further output power scaling was
limited by the onset of TMI [I84]. In order to overcome this limitation, a third fiber
design was tested. The core of that fiber consisted of doped as well as undoped segments,
yielding preferential gain of the fundamental fiber core mode. Due to the resulting reduced
absorption, a longer fiber length had to be utilized and in order to obtain 990 W of output
power, a bandwidth broadened signal (about 300 MHz instead of a few kHz) had to be
deployed [184]. Hence, to extract about 1kW of kHz-linewidth output from one amplifier
chain, still new fiber designs need to be developed. The current technology’s state of
the art makes coherent beam combination of two acoustically segmented 30um-MFD
PCF amplifiers with about 500 W of single-frequency output much more likely to fulfill
the requirements for a 3'4 generation 1064nm GWD laser system. These developments
in PCF design and fabrication are one of the arguments leading to the conclusion that
further attempts to eliminate the parasitic laser processes, limiting the output power of
the amplifiers analyzed in this Section, would involve a lot of technological effort, but
yielding only marginal scientific output.

Furthermore, the results presented in this Section already indicate that with proper
design (in terms of stress rod geometry), fabrication (to reduce anisotropies in the core
that can cause high fractional power scattering of the fundamental mode into the fiber
cladding) and coiling diameter (rather around 40 cm than 20 cm), a bendable PCF with
a 30 um-MFD at 1064 nm should be able to deliver a TEMgy mode content larger than
90 % at power levels at least up to 300 W. Considering the decrease in TEMgy mode
overlap for increasing total amplifier output power, especially for the DC-400-40-PZ-Yb, no
significant beam quality degradation should occur as long as the amplifier operates below
the TMI power threshold (Section . Thus, 90% TEM(y modal power fraction should
be achievable even at 500 W. Regarding the evolution of the beam quality with increasing
amplifier output, NKT has obviously already improved the fiber design compared to what
has been characterized in Ref. [23]. For that PCF, it had a nominal MFD of 22 pm at
1060 nm, the HOM content of the amplifier output beam increased from only 2% at 28 W
to 7% at the maximum output power of 148 W.

Besides the developments in the PCF design concept, a completely different fiber design
to achieve effective single-mode operation of active LMA fibers was pushed towards larger
core diameters and resulting MFDs during the work for this thesis. From a scientific point
of view the most interesting subject to study at this point was the performance of this
alternative fiber design concept, namely chirally coupled core fibers (Section . These
experiments are presented in the following Section.
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5.2 Amplifiers with CCC fibers

As the nonconfocal ring cavity, used to decompose the beam emitted from the fibers into
the free-space TEM,,,,, modes, was designed for 1064 nm, only CCC fibers operating at
this wavelength could be deployed. Three different fiber geometries were available. Two of
them differed only in the cladding geometry. All design parameters for their round-shaped
core with a diameter of 37 um were the same. About these fibers it was actually known
from pre-tests, carried out by the fiber designer group of Prof. Galvanauskas at the
University of Michigan that they did guide one higher order mode. This was attributed to
a non-optimized production process at the time the fibers were drawn. From a scientific
point of view it was still interesting to see if this higher order mode could be suppressed
by proper excitement of the fundamental mode and how much TEMgy, mode overlap
this yielded. The third active fiber under test had the same core design as the passive
version characterized in Section where the general capacity of the CCC fiber design
concept to obtain an effectively single-mode signal core with a large MFD has already
been demonstrated. In particular, this fiber had a 55 um core diameter, hence larger than
what is available for bendable PCFs. For this core design, direct comparison of an active
to a passive fiber version was possible. For active fibers, the fabrication process in terms
of controlling the different modes’ effective refractive indices and hence their propagation
constants can be aggravated by the doping of the core, as it changes the core’s refractive
index. Furthermore, the implementation of a double- or triple-clad structure to guide the
pump light always enables the guiding of HOMSs, at least in the cladding. Thus it was
interesting to study the impact of these structures on the overlap of the beam emitted
from the fiber and the TEMyy mode.

5.2.1 37um core diameter fibers

The cross-sections of the two 37 um core fibers are shown in Fig. One sample had
only a double-clad (DC) structure and unfortunately, the cladding had a round shape
(Fig.[5.7(a)). It led to a very low absorption of only about 1dB/m, because a large fraction
of the pump light could propagate through the cladding as helical rays, which do not
cross the core. The other fiber sample had an additional inner cladding, surrounded by an
air-clad, as can be seen in Fig. (b) This air-clad structure was sufficient to break the
symmetry of the fiber geometry, disabling the formation of helical pump light rays. The
parameters of the two 37 um-core fibers are summarized in Table 5.2}

For the amplifier setup, basically the same was used as for the PCF experiments (Fig. ,
but some changes were undertaken regarding the cooling arrangements. Water-cooled
lens mounts were utilized, and the whole fiber was now actively cooled on a water-cooled
aluminum plate. To optimize the contact to the fiber, the aluminum plate was covered
with a thin thermal conduction pad and the fiber was coated with a thin film of thermal
grease. This was especially important for the DC fiber version, as the material for the
coating was primarily chosen to achieve the desired index-difference to the cladding. These
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Figure 5.7: Cross-section of the (a): double-clad version and (b): the air-clad version of the
37um core CCC fiber. The air-clad structure was sufficient to break the symmetry of the
pump cladding geometry and prevent the formation of helical pump rays that do not cross the
core. Accordingly, the absorption at 976 nm was with about 9dB/m much higher than the
1dB/m for the DC fiber with the round pump cladding.

coating materials typically start to burn at lower temperatures than the high-temperature
acrylate that can be utilized when pump-light guiding is obtained through an inner air-clad
structure (Section . Additionally, the coating of a DC fiber is in direct contact with
pump light, potentially absorbing the evanescent cladding modes. This further conduces
to a critical coating temperature at moderate pump power levels, compared to an air-clad
fiber.

First amplifier tests were carried out with a 5m long sample of the DC fiber, coiled to a
diameter of 30 cm and only seeded with 130 mW. The signal output power was increased
from 3.4 W to 19.8 W. Assuming a pump coupling efficiency of 78 %, this corresponded to
absorbed pump power levels of 9.8 W and 33.8 W, respectively, and yielded a differential
optical-to-optical efficiency of about 69 %. The measured PER was for all power levels
between 15dB and 16 dB, while the measured TEMyg mode overlap decreased slightly
from 97 % to 93 % with increasing amplifier output power. These values for the TEMqq
mode content were obtained by optimizing the seed-to-fiber coupling at every power level.
Through misalignment of the seed signal, the presence of the HOM in the amplifier output
beam was clearly observable and led to a significant decrease in the measured TEMgq
mode content. However, these measurements indicate at least a very good overlap of the
fundamental fiber mode with the TEMgy mode. Additionally, a decrease in the TEMqq
mode content of 4% for an amplifier gain of ~22dB is still comparable to what has been
reported [23] or measured (Section with fibers, where the beam quality was less
sensitive to the seed alignment.

For the studies of the modal performance at higher power levels and higher temperatures
due to absorption, a seed power of about 11.5 W, hence a power level one magnitude higher
than before, was utilized. Everything else in the amplifier setup remained unchanged.
In Fig. (a), the amplifier output power is plotted versus the absorbed pump power,
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Table 5.2: Parameters of the active CCC fibers with a round core of 37 um diameter. One
sample had an additional air-clad, the other one only a DC-structure. The low absorption of
the DC-fiber was due to the round shape of the cladding.

core diameter 37 um
MFD 30 pm
core shape round
core NA 0.068
number of satellite cores 1
satellite core diameter 9.8 um
satellite core NA 0.089
edge-to-edge distance of
central core and side cores 3.5 um
helix period 6 mm
recom. bend. diameter 20cm - 30 cm
absorption at 976 nm ~1dB/m & 9dB/m
inner cladding diameter none & 260 um
inner cladding NA none & 0.6
outer cladding diameter 413 um & 440 pm
outer cladding NA 0.46

assuming a pump coupling efficiency of about 78 %. This yielded an optical-to-optical
amplifier slope efficiency of 75 %. The experiments were stopped at about 157 W of output
power due to the high amount of transmitted unabsorbed pump.

Fig. [5.8)(b) shows the measured values for the PER and TEMyy mode content of the
amplified signal at different power levels. The seed alignment was optimized at every power
level for the highest fractional TEMg mode content. For the PER, the measured values were
in the range between 14 dB and 19dB. At 55 W of amplifier output power, corresponding
to a gain of ~6dB, a TEMyy mode content of 93% was obtained. Interestingly, the
cavity transmission was lower as for the low-power seeding at a comparable gain level
(97 % at a gain of about 8dB). This could be caused by a higher seed power fraction
launched into either cladding modes or the higher order core mode, but at this power
level it is indistinguishable what was actually the case. The latter is more likely, as just
launching more power into cladding modes at low pump power levels should yield a higher
fundamental mode content with increasing amplifier output. At 157 W of output power,
corresponding to a gain of ~11dB, a TEMyy mode overlap of only 88 % was measured.
The HOM suppression for this fiber is apparently rather sensitive to the pump power level
and the corresponding absorption. Total gain and inversion on the other hand seem to be
less critical parameters.

For the air-clad fiber version, a 2.2m long sample was deployed, which was sufficient
to get a reasonable absorption. One more change in the setup compared to the DC fiber
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Figure 5.8: (a): Amplifier output power versus absorbed pump power for a 5 m long sample of
the DC fiber, assuming a pump coupling efficiency of 78 %. (b): PER and TEMg mode content
of the amplified signal for different amplifier power levels. The experiments were stopped at
157 W of extracted 1064 nm signal due to the high amount of transmitted unabsorbed pump
light.

experiments was conducted. The focal length of the lens to pre-focus the pump beam
was changed from 100 mm to 300 mm in order to achieve mode-matching into the smaller
pump cladding with larger NA of the air-clad fiber. As for the DC fiber, the first TEMgq
mode content measurements were carried out with low-power seeding of about 130 mW.
At a signal output power level of 4 W, the performance of this fiber was comparable to
the DC version. The measured PER and TEMyg mode overlap were 19dB and 95 %
respectively. Even though the core designs were the same, the modal performance of the
air-clad version decreased with increasing amplifier output power, even though the seed
coupling was realigned for maximum TEMgy mode power extraction. At 34 W of signal
output power and a corresponding gain of about 24 dB, the PER was measured to be only
13dB and the best obtained fundamental mode scan result had decreased to only 88 %.
While the HOM suppression of the DC version was not so much affected by the inversion,
the air-clad fiber’s modal performance was apparently prone to it.

In the TEMyg mode power scaling experiments, the seed power level was set to 11.5 W
in order to decrease potential issues arising from a high amount of ASE. The amplifier
output power versus the absorbed pump power is plotted in Fig.|5.9[(a). Assuming a pump
coupling efficiency of 73 %, a differential optical to optical efficiency of 75 % was obtained.
Beyond 230 W of signal power, TMI set on, limiting the TEMgy mode power extraction,
and the experiments were stopped. In fact, this represents the first experimental evidence
of TMI occurrence in a CCC fiber.

Fig. [5.9|(b) displays the measured values for the PER and the TEMyo mode overlap
at different amplifier output power levels. A slight increase in the TEMgy mode power
was observed, when the amplifier output power was increased from 19 W to 49 W. This
was due to an increase in the TEMgg mode content from 96 % to 97 %, accompanied by
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Figure 5.9: Amplifier output power versus absorbed pump power for a 2.2 m long sample of
the air-clad fiber, assuming a pump coupling efficiency of 73 %. (b): PER and TEMgg mode
content of the amplified signal for different amplifier power levels. Beyond 230 W of signal
output, the amplifier power scaling was limited by transverse modal instabilities.

an increase in the PER from 18 dB to 20 dB, indicating preferential amplification of the
fundamental mode compared to cladding and higher order core modes. At 78 W, the PER
was measured to be even 22dB, and it remained above 20dB up to a signal power of
196 W. The TEMgg mode overlap decreased already significantly beyond 103 W of amplifier
output. Fig.|5.10|(a) shows the best mode scan result obtained at this power level, which
yielded a TEMgy mode content of still 95%. At 132 W of signal output, only 89 % of
the power could be coupled into the fundamental cavity mode, despite optimized seed
alignment. This value decreased further with increasing signal power. The best mode
scan result at 230 W is shown in Fig. [5.10|(b) and corresponded to only 81 % fundamental
mode content. Together with the measured PER of 16 dB, it yielded a maximum extracted
TEMgp mode power from this amplifier configuration of 182 W. Fig. (b) indicates
that the power in the higher order core mode was rather distributed among several cavity
modes than into a particular one.

Further TEMgg mode power scaling was tried with a 2.6 m long sample of the same
air-clad fiber spool, as a longer fiber length is one parameter to increase the power threshold
for TMI. The modal performance of this fiber sample was nevertheless not as good as the
one characterized above. At 48 W of signal power, the TEMyy mode overlap was 94 %,
hence 3 % lower than for the first air-clad fiber sample. Another indicator of an inferior
HOM suppression was the PER of only 15dB instead of more than 20 dB. Increasing the
amplifier output power to 104 W improved the PER to 16 dB, but for the fundamental
mode content only 91 % was the best obtained result. The highest signal power level,
where mode scans could be carried out, was 211 W. While the measured PER remained at
16 dB, the TEMyy mode overlap had decreased down to only 78 %. Further increase of the
amplifier output led to the onset of TMI. Using an additional upper cold-plate for the
main body of the fiber did not push the TMI threshold to a higher power levels. Thus no
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Figure 5.10: The best obtained mode scans at (a): 103W and (b): 230 W of signal
output power, corresponding to fundamental mode contents of 95 % and 81 % respectively.
This difference can be clearly seen, comparing the height of the higher order cavity modes.
Additionally it shows that the HOM, responsible for the decreased beam quality, was not
matched to one particular cavity mode, but its power fraction was distributed among several
higher order cavity modes.

experiments were carried out beyond this amplifier output power.

The presented experiments reveal an interesting feature of the drawing process. Although
both fiber samples had not only the same design, but were drawn from the same preform,
the HOM was much easier to excite and amplify for the latter sample. Apparently, the
CCC fiber design concept is very sensitive to slight differences in drawing speeds and
temperatures along one fiber spool.

Even though the fiber samples analyzed in particular in this Section are not suitable for
future GWD application, the obtained experimental results indicate a general potential for
this fiber design concept. The TEMgy mode scan results obtained for low-power seeding
of the DC fiber, indicate at least that its fundamental fiber mode has an excellent overlap
with the TEMgy mode. In terms of power scaling, 511 W of 1064 nm SF signal output
have been demonstrated with a fiber sample of the same geometric design, but taken from
another drawing spool [20]. Those amplifier experiments were apparently only limited by
heating of the fiber, as the onset of SBS or TMI was not reported. Considering the results
presented in this Section, such an amplifier should have a fundamental mode content of at
least 80 % at the reported power level. Otherwise TMI should have set on. Unfortunately,
that particular fiber sample was not available anymore.

The insufficient HOM suppression of the fiber samples analyzed in this Section was
attributed to the drawing process [207]. It is still an open question, if this can be optimized
to obtain full HOM suppression. Depending on the degree of HOM suppression, a SF
amplifier deploying the presented fiber design will be limited between 200 W and 500 W,
either by TMI or heating of the fiber. Both issues are of thermal origin, thus their impact
can be reduced by decreasing the absorption. This in turn would require to utilize longer
fiber lengths to obtain reasonable pump light absorption, and eventually SBS will be
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an issue. Fine tuning of the fiber parameters to get the highest SF power scaling limit,
considering critical fiber heating, SBS and TMI will need to be done. Thus, the CCC fiber
technologies with core MFDs of about 30 um is facing the same limitations and trade-offs
as the PCF design concept with roughly the same MFD size. From the current state of
the art, to reach TEMgy mode power levels beyond 500 W, coherent beam combination of
two amplifiers will be most likely the solution for both technologies.

Further increase of the MFD would allow for the utilization of longer fiber lengths,
enabling a reduction in the absorption and pushing thermal issues to higher amplifier power
levels. For the PCF design concept, however, the MFD of bendable fibers is restricted to
about 30 um. Increasing the core diameter yields only larger MFDs, if the fiber is kept
straight. Otherwise, the bending induced mode area shrinking diminishes the advantages of
the larger core size [206} [208]. Moreover, in order to ensure effective single-mode operation,
PCFs with larger cores require very low NAs, which makes the fiber’s FM very sensitive
to bending induced loss [50]. Therefore, PCFs with core diameters of 70 um and larger are
rod-type fibers, typically of length no longer than 1m [199]. This design is very suitable
for short-pulse amplification due to the high power thresholds for nonlinear effects and the
short pulses deliver enough peak intensity to saturate the highly doped rods. Deploying
such a rod-type fiber in a SF signal amplification system designed to deliver more than
500 W of TEMgyy mode power would require seed power levels probably between 50 W and
100 W, resulting in increased amplifier system complexity. Additionally they are currently
limited by TMI mostly below 500 W [177, [I85]. For the CCC fiber design concept on the
other hand, mode area scaling of bendable fibers is still investigated. A prototype fiber
sample with a 55 um core diameter could be analyzed within the work for this thesis. The
experimental results are presented and discussed in the Section below.

5.2.2 55 um core diameter fibers

The active CCC fiber with the 55 um core diameter had the same core design as its passive
counterpart presented in Section It had an octagonal core shape and the nominal
core NA was 0.072. The corresponding MFD at 1064 nm was calculated to be 42um. An
image of the fiber’s cross-section is depicted in Fig. [5.11] revealing 8 satellite cores instead
of 1 for the 37um core fibers. Further differences in the CCC structure can be found
in the helix period and the edge-to-edge distance of central core and side cores, while
satellite core diameter and NA were roughly the same as for the 37um fibers. All fiber
parameters of the 55 um fiber are listed in Table It had a triple clad structure to
obtain an NA of 0.22 for the 312 um diameter inner cladding. Its octagonal shape was
chosen to disable the formation of helical pump rays. Both design parameters together
led to a nominal absorption of 10dB at 976 nm. The outer cladding had a slightly larger
diameter of 368 nm and a higher NA of 0.46. The latter was due to the fact that the fiber
was finally coated with an acrylate coating.

Experiments by the group of Prof. A. Galvanauskas from the University of Michigan had
already revealed some issues regarding the power scaling potential of this prototype fiber.
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Figure 5.11: Cross-section of the 55 um diameter core fiber. It had eight satellite cores and
a triple-clad structure was used to obtain an NA of only 0.22 for the inner cladding. This had
an octagonal shape to prevent the pump light from propagating as helical rays.

Table 5.3: Parameters of the active CCC fibers with a octagonal core of 55 um diameter and
a triple-cladding structure.

core diameter 55 um MFD 42 um
core shape octagonal core NA 0.072
number of satellite cores 8 satellite core diameter 10 pm
satellite core NA 0.088 edge-to-edge distance of
helix period 5.3mm | central core and side cores 7 um
recom. bend. diameter  40-50 cm absorption at 976 nm 10dB/m
inner cladding diameter 312 pm inner cladding NA 0.22
outer cladding diameter 368 pm outer cladding NA 0.46

Depending on the seed power and the coiling diameter, they had obtained a maximum
differential optical-to-optical efficiency of only about 50 %, which is quite low for an
ytterbium-doped fiber. Additionally, they have observed that about one third of the
output power was emitted from the cladding. This value could not be significantly reduced
by further optimizing the seed alignment or increasing the gain factor. Power scaling was
limited to only a few tens of watts due to immense heating of the first few millimeters of
fiber at the pump end. Thus, the experiments presented below were carried out by using
the setup depicted in Fig. but with the additional aluminum cold plate, as described
for the 37 um fibers. Only the 15 mm focal length lens was water-cooled, as the maximum
expected pump power level did not exceed 100 W. Even though the fiber heated up very
fast, neither the upper plate for the water-cooled copper v-groove, mounting the fiber
end, nor the upper plate for the aluminum cold plate for the main fiber body, were used.
Unfortunately, the fiber’s efficiency was very prone to mechanical stress and damaging the
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fiber by the weight of the plates was too risky at the beginning of the experiments.

The length of the operated fiber sample was 2.1 m and it was first coiled to 34 cm and
tested with low-power seeding of 190 mW. Assuming a pump coupling efficiency of 70 %,
the amplifier slope depicted in Fig. |5.12|(a) was obtained. With only 26 %, the optical-to-
optical efficiency was very poor, but this can be attributed to the coiling diameter, which
was smaller than the recommended range. About 30 % of the amplifier output power were
emitted from the cladding and cut off, before a sample of the beam was taken for PER
and mode content measurements. These values are plotted in Fig. |5.12|(b) versus the total
amplifier output power. Turning the amplifier output from 0.8 W to 1.4 W led to a slight
increase in the TEMgp mode overlap from 92 % to 93 %. Meanwhile, the PER improved
from 10dB to 21 dB. Both observations can most likely be related to an improved seed
coupling and mode-matching at the higher power level, which to a certain point alleviates
the alignment. Between about 2W and 3W of amplifier output power, the PER and
TEMgo mode content remained approximately the same, being around 19dB and 92 %,
respectively. At a total amplifier output of 4.6 W, the TEMgy mode overlap had decreased
down to 89 %, while the PER was measured to be still 18 dB.
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Figure 5.12: (a): Total amplifier output power versus absorbed pump, assuming a pump
coupling efficiency of 70 %, for the 2.1 m long sample of the 55 um diameter core CCC fiber.
The seed power level and coiling diameter in this case were 190 mW and 34 cm, respectively.
(b): Measured PER and TEM(y mode overlap of the beam, for the same amplifier configuration.
The presented values have been measured after the cladding light, containing about 30 % of
the power, had been removed with an aperture.

Exemplary mode scans at 1.4 W and 4.6 W of amplifier output power are depicted
in Fig. Just as for the passive counterpart, the predominant higher order cavity
mode is located at 0.61 FSR and can be traced back to excitement by the fiber’'s FM
(Section [4.2.3)). This is consistent with the experimental observation that the power
fraction in the cavity mode at 0.61 FSR could not be influenced by seed-alignment or
mode-matching, but was only sensitive to the size of the aperture, used to cut-off the
cladding light. Unfortunately, the origin of the increasing amount of power, distributed
over other higher order cavity modes for 4.6 W (Fig. [5.13|(b)) of amplifier output, compared
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to the case of 1.4 W (Fig. [5.13|(a)) is ambiguous, which is a weakness of the measurement
procedure. A higher order cavity mode content could be a result of an increased amount
of power distributed among higher order core modes. Likewise, either the overall amount
of cladding light or the fraction coupled into the cavity could have become higher with
increasing amplifier power. Unfortunately, ensuring a constant fraction of coupled cladding
light is quite difficult in a laboratory amplifier setup. Slight mechanical vibrations and
thermal issues such as fiber end drifting and MFD shrinking can not be fully inhibited.
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Figure 5.13: Representative mode scan results for 190 mW of amplifier seed power and a
fiber coiling diameter of 34 cm, measured at (a): 1.4 W of total amplifier output, corresponding
to 93 % fundamental mode content and (b): at 4.6 W of total amplifier output, corresponding
to 89 % fundamental mode content. In all scans obtained for the 55 um core diameter fiber
sample, the cavity mode at ~0.61 FSR was the predominant HOM.

Yet, even the best results obtained for this fiber were not meeting the performance of its
passive counterpart presented in Section [£.2.3] The most obvious explanation for this is
related to the ytterbium doping. It raises the refractive index and aggravates the control
of the index difference between core and cladding, which in turn affects the shape and size
of the mode field. It is possible that the fundamental mode of the active fiber had a lower
overlap with the TEMgg mode than the fundamental mode of the passive counterpart.

Increasing the seed power to 1 W did only improve the differential optical-to-optical
efficiency to 40 %. The power fraction in the cladding as well as the PER and TEMjgg
mode overlap values were about the same as for the 190 mW seeding case. At 7.6 W of
total amplifier output, TEMy mode content measurement yielded 91 %, while a PER of
22 dB was obtained. The amplifier was tested up to 12.5 W, where the PER and TEMg
mode content were measured to be 19dB and 89 %, respectively. Changing another setup
parameter, however, did affect the modal power distribution. With a coiling diameter
of 45 cm, which was now in the recommended range, the slope efficiency increased to
~45 %, but the best mode scan result (Fig. [5.14)), obtained at 1.8 W of total amplifier
output, corresponded to only 88 % fundamental cavity mode content. Additionally, the
PER was measured to be only 15dB. These observations can be most likely traced back
to one or a combination out of the following scenarios. The larger coiling diameter
could have increased the propagation losses due to side-core coupling for the fundamental

101



5 Fundamental mode content of single-frequency ytterbium-doped fiber amplifiers

1L —— measurement
- - fundamental mode fit
----- total fit
0.1¢

0.01

1E-3}

1E-4f

Normalized cavity transmission

00 02 04 06 08 1.0
Fraction of free spectral range

Figure 5.14: Representative mode scan results for 190 mW of amplifier seed power and a
fiber coiling diameter of 45 cm, measured at 1.8 W of total amplifier output, corresponding to
88 % fundamental mode content. The cavity mode at ~0.61 FSR was still predominant, but
the power fraction in some other cavity HOMs increased compared to the results obtained
with a smaller coiling diameter.

mode. Furthermore, the losses caused by fiber bending and side-core coupling could have
decreased for potentially emitted HOMs. Another possibility is that the smaller coiling
diameter pushed these HOMs away from the fiber core center, decreasing the overlap with
the doped region and thus their amplification.

A final conclusion about the suitability of 55um core diameter CCC fibers for the
application in future GWD laser systems can not yet be drawn. The experimental results
presented in this Section revealed that still a lot of work needs to be done regarding fiber
design and drawing process. In particular, the overlap of a fiber’s FM with the TEMgg
mode should be considered for design optimization of an active LMA fiber. Effects such
as fiber bending influence on modal shapes, propagation constants and overlap with the
fundamental mode or doped region need to be investigated in order to understand the
origin of the described observations. Moreover, the effect of surrounding a particular
core design with a double- or triple-structure to guide the pump-light on the modal
properties has to be considered. This is true not only for CCC fibers, but for all LMA
fiber technologies. For the latest designs of very large mode area rod-type PCFs (i.e. large
pitch fibers (LPF) [185], 208]), the designers have already started to consider the whole
mode-set for the fiber instead of distinguishing core and cladding modes. This enabled a
straight-forward delocalization of HOMs from the doped region.
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Conceptual design studies for the 3"d generation of earth-based interferometric gravitational
wave detectors (GWDs) indicate that a linearly-polarized single-frequency (SF) signal at
1064 nm with more than 500 W in the TEMgy mode will most likely be required. To allocate
such a laser signal, fiber amplifier systems seem to be the most promising approach. The
major challenge in achieving the targeted parameters arises from the fact that conventional
step-index fibers can only be operated effectively single-mode (SM) at 1064 nm up to mode
field diameters (MFDs) of about 21 um. SF amplifiers employing these fibers are in turn
limited to output powers levels of less than 300 W by the nonlinear effect of stimulated
Brillouin scattering (SBS), even if external mitigation techniques are applied.

To overcome this issue, specialty fibers have been developed. The most promising
candidates to obtain effective SM operation of LMA fibers were and still are bendable
photonic crystal fibers (PCFs) and chirally coupled core (CCC) fibers. More than 500 W
of SF amplifier output has been demonstrated with these fibers, but the overlap with the
TEMgp mode overlap had not been investigated, yet. In fact, the CCC fiber design concept
had not been characterized with TEM,,,,-modal decomposition measurements at all.

The main goal of this thesis was thus to analyze the TEMyg mode power extraction
at 1064 nm from these fiber design concepts. To get a general idea about their modal
decomposition with respect to the TEM,,,,, modes, passive versions were tested first. Their
performance is also of interest when all-fiber system integration or the utilization of
delivery fibers is considered. The tested fibers have up to now the largest core diameters
and MFDs available of their design concept. For the PCF these were about 40 um and
30 um, respectively. The CCC fiber under test had an even larger core diameter of 55 um,
corresponding to a MFD of 42um. TEMg, mode contents of more than 96 % could be
obtained for both fibers. Moreover, they behaved like truly SM fibers, as the TEMgq
mode overlap was insensitive to the launching condition of the transmitted signal. For
comparison, a 30 um-core-diameter standard step-index fiber was analyzed. In this case,
HOMs could get easily excited through external perturbation of the launching conditions.
While the beam quality of the PCF was sensitive to the fiber end preparation, the TEM,,-
modal decomposition of the beam transmitted through the CCC fiber was not affected
by any external perturbations. Consequently, it’s best suitable as possible beam delivery
fiber.

In amplifier operation of active fibers, the implications of gain as well as thermal issues
need to be considered. Therefore, the measured TEMyy mode overlap of the beams
transmitted through the passive fibers cannot be conferred to its active counterparts.
Their performance was tested in SF amplifier experiments. The most promising results
were obtained with the active counterpart of the PCF. The measured TEMyy mode overlap
of the beam emitted from the fiber core was 92 % at a total amplifier output of 33 W. This
value decreased only slightly to 91% at a total amplifier output of 246 W, yielding a record
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SF 203 W TEMgp mode power in linear polarization, after subtracting the unexpected
high amount of power (9.5%) emitted from the cladding. After carrying out additional
tests, this could be related to fiber anisotropies, originating from a non-optimized drawing
process. As a crucial parameter to influence the TEMyg mode overlap for this fiber, the
size and shape of the fibers boron-doped stress rods were identified. They induced high
birefringence to ensure linear polarization output, if the seed signal was launched in the
proper fiber axis, yielding a PER of more than 20 dB at all power levels. Several monitoring
measurements confirmed SBS-free operation, even at the highest output power level at
about 300 W. The power scaling limitation of this particular amplifier was parasitic lasing
processes, which could not be inhibited despite a lot of experimental effort. Nevertheless,
much higher power scaling with this fiber is not expected, as Robin et al. have by now
identified the SBS-threshold of a similar fiber, incorporating the same core design, to be
around 420 W in SF amplifier operation [205].

With respect to the CCC fiber design concept, active fibers with MFDs of about 37 um
and 55um at 1064 nm signal wavelength were available. Both designs were not optimized,
especially regarding the production process. The active counterpart of the 55 um fiber
was a prototype and not suitable for high power extraction due to enormous heating.
Moreover, even the best mode-scan result of 93 % TEMgo mode content, measured at 1.4 W
of total amplifier output, did not meet the performance of its passive counterpart. At
4.6 W of amplifier output, the TEMgg mode overlap had already decreased down to 89 %.
Altogether, the experimental results obtained with this fiber revealed that still a lot of work
needs to be invested into fiber design and production process until a final conclusion about
the suitability for the application in future GWD laser systems of 55 um core diameter
CCC fibers can be drawn. As the TEMggy mode overlap of the fiber’s fundamental mode
is apparently very sensitive to the core NA, special attention has to be given to the
active doping of the fiber core, as it alters the core’s refractive index. Additionally, the
impact of surrounding a particular core design with a double- or triple-structure to guide
the pump-light on the modal properties has to be considered. Moreover, the obtained
results indicate that effects such as fiber bending influence on modal shapes, propagation
constants and overlap with the doped region need to be investigated.

The 37um fiber core guided one HOM, which could not be suppressed anymore at a
certain power level. As a consequence, TEMgy mode power scaling in linear polarization
was in this case limited to 182 W (230 W of total amplifier output) by the onset of a
nonlinear effect, commonly referred to as transverse modal instabilities (TMI). In fact, first
experimental evidence of TMI occurrence in a CCC fiber was obtained during the work
for this thesis. Nevertheless, at amplifier power levels up to 103 W, an excellent overlap
of the fiber’s fundamental mode with the TEMgg mode (95 %) was demonstrated. This
shows the general potential for this fiber design, if the drawing process can be sufficiently
optimized. Furthermore, some features that contribute to the general understanding of this
fiber design concept’s properties and are thus very useful for future design and production
optimization, were identified. While the HOM suppression for a double-clad version of
the fiber was rather sensitive to the pump power level and corresponding absorption, the
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tested air-clad version’s beam quality was prone to the total gain and inversion.

The phenomenon of TMI was discovered by several research groups simultaneously
during the time the work for this thesis was carried out, and is currently still not fully
understood. It manifests itself in a threshold-like onset of modal power fluctuations and
turned out to be a major power scaling limitation for all LMA fiber designs. Consequently,
investigations to understand the characteristics of the threshold and dynamics of this
effect were carried out within the framework of this thesis. The first key result was the
observation of a transient behavior below the TMI threshold. This strongly indicates the
presence of a static grating, which enables modal power transfer, if the equilibrium state
is perturbed by a transient as e.g. increasing the pump power. Furthermore, it was shown
that no relevant decrease in the TEMgy mode overlap of the amplifier output beam occurs
below the TMI threshold, once the transient has decayed. To characterize TMI beyond
the threshold power, a modified version of the utilized nonconfocal scanning ring cavity
needs to be developed. Additionally, the frequency resolved intensity noise spectra below
and above the threshold were measured for the first time directly, revealing two more
key results. First of all, no periodic transition region between stable and chaotic modal
power oscillations were observed. These observations indicate that the appearance of
periodic oscillations are rather a characteristic of TMI in particular amplifier configurations
than a general feature of TMI, as was previously suggested by other research groups.
Moreover, higher and higher frequencies in the RIN spectra were measured with increasing
amplifier power. This feature has only been captured by models based on stimulated
thermal Rayleigh scattering (STRS). Contrary to the static grating models, this process
requires a thermal equilibrium state and is based on a moving grating. Consequently, the
experimental results presented in this thesis clearly demonstrate that there are several
contributors to TMI in real world amplifiers. They assist to identify the abilities and
limitations of the numerical models and underlying physical theories, currently discussed
by the scientific community. Finally it was demonstrated with a fully degraded fiber that
there is an ultimate lower TMI threshold, which can not be further lowered by external
perturbations such as additional amplitude modulation of the pump- or seed-signal.

In order to push the SBS-limit of SF PCF amplifiers to higher power levels, Robin
et al. have spent a lot of effort by now into developing advanced fiber designs. They
incorporated an acoustic-velocity segmentation into the 40 um PCF core design. 500 W of
SF amplifier output have been demonstrated with that fiber design [184]. Further power
scaling was limited by the onset of TMI. To overcome this issue, the acoustically-segmented
fiber design was modified by tailoring the Yb-doped core to reduce the overlap of the
HOM with the doped region. This led to a reduced absorption per meter and increased
the fiber length necessary for a reasonable overall absorption. Unfortunately, this was
associated with a lowered SBS power threshold and about 990 W of amplifier output could
only be obtained with a broadened signal linewidth of 300 MHz, which is not sufficiently
narrow for interferometric GWDs. Consequently, the ultimate power scaling limit of a
SF signal in a single PCF amplifier will be a trade-off between SBS and TMI. This also
implies that even though the understanding of the SBS process is very sophisticated, it is
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6 Conclusion and outlook

still an issue, at least for the amplification of kHz-linewidth signals. Therefore, one aspect
of SBS that had not been investigated before was analyzed within the framework of this
thesis, namely the impact of ASE. Using an established numerical model it was shown
that the SBS threshold of an amplifier is lower, if a term accounting for ASE is included in
the differential equation for the SBS power. Using a passive fiber, the effect that explains
this observation was demonstrated. ASE within the Brillouin gain bandwidth (BGBW),
counter-propagating to the signal to be transmitted, can seed the SBS process and hence
lower its power threshold. On the other hand it was confirmed that Rayleigh backscattered
ASE from a preamplifier is not sufficient to significantly decrease the SBS threshold of
the following amplification stage, as long as the seed has a signal-to-noise ratio of more
than 15dB (OSA resolution set to 0.5 nm). Altogether, the obtained results demonstrated
that ASE photons within the BGBW and co-propagating to the Stokes signal that are
generated in a fiber amplifier are more likely to decrease the SBS threshold than Rayleigh
backscattered ASE photons, injected from a preamplifier. Therefore it is advisable to use
higher seed power levels to increase the SBS threshold of a high power fiber amplifier.
This also incorporates the advantage of a decreased sensitivity towards parasitic lasing
processes.

Given the fiber technology’s state of the art, the most promising approach to obtain
1kW of a kHz-linewidth signal at 1064 nm, suitable for application in the third generation
of earth-based interferometric GWDs is coherent beam combination of two PCF amplifiers.
The fiber design should be based on acoustic segmentation. Whether additional gain-
tailoring is necessary, will depend on the exact amplifier configuration, including seed
power and fiber length. From the results presented in this thesis it can be anticipated that
a TEMgo mode content of more than 90 % is expected from such a fiber if it incorporates
the analyzed 40 um core design. Especially considering the decrease in TEMgy mode
content with increasing amplifier output power of the analyzed PCF, no significant beam
quality degradation should occur as long as the amplifier operates below the TMI threshold.
Special attention has to be drawn to the stress-rod design and anisotropies in the core
should be inhibited as good as possible during the fabrication process. All in all, this thesis
contributes largely to design fiber amplifier system for the next generation of GWDs, with
targeted laser signal parameters as given in the “Einstein Telescope” design study [12].
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List of acronyms

aLLIGO
ASE
BGBW
BPM
CCC
CW
DBB
DC
DCM
DMF
ET

FM
FSM
FWHM
FWM
GWD
HR
HOM
LIGO
LMA
LPF
MCVD
MFD
MOPA
MI

NA

NL
NPRO
OSA
OVD

advanced LIGO

amplified spontaneous emission
Brillouin gain bandwidth

beam propagation method
chirally coupled core

continuous wave

diagnostic breadboard
double-clad

dichroic mirror

distributed mode filter

Einstein Telescope

fundamental mode

fundamental space filling mode
full width at half maximum
four-wave mixing

gravitational wave detector
highly-reflective

higher order mode

Laser Interferometer Gravitational-Wave Observatory
large mode area

large pitch fiber

modified chemical vapor deposition
mode field diameter
master-oscillator power-amplifier
modal instabilities

numerical aperture

nonlinear

nonplanar ring oscillator

optical spectrum analyzer
outside vapor deposition
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List of acronyms - continued

PANDA polarization-maintaining and absorption-reducing
PBG photonic bandgap

PBS polarizing beam splitter

PCF photonic crystal fiber

PCVD plasma-activated chemical vapor deposition
PER polarization extinction ratio

PM polarization-maintaining

PMD polarization mode dispersion

PR partial reflector

QPM quasi phase matched

RBW resolution bandwidth

RIN relative intensity noise

SF single-frequency

SM single-mode

SMF single-mode fiber

SBS stimulated Brillouin scattering

SRS stimulated Raman scattering

SNR signal-to-noise ratio

STRS stimulated thermal Rayleigh scattering
TIR total internal reflection

TMI transverse modal instabilities

TSHB transverse spatial hole burning

VAD vapor axial deposition

Yb ytterbium
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