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ABSTRACT

Thulium based fiber lasers represent a promising alternative for pulse energy scaling and high
peak power generation with ytterbium based systems at 1pm. Advantages of thulium arise from
the operation at longer wavelengths and a large gain bandwidth (1.8-2.1xm). Nonlinear effects,
such as self phase modulation, stimulated Raman scattering and stimulated Brillouin scattering
generally limit peak power scaling in fiber lasers. The longer wavelength of thulium fiber lasers
and large mode field areas can significantly increase the nonlinear thresholds. Compared to 1um
systems, thulium fiber lasers enable single mode guidance for two times larger mode field diameter
in step index fibers. Similar behavior is expected for index guiding thulium doped photonic crystal

fibers.

In this work a novel thulium doped rod type photonic crystal fiber design with large mode field
diameter (> 50um) was first characterized in CW-lasing configuration and then utilized as final
amplifier in a two stage master oscillator power amplifier. The system generated MW-level peak
power at 6.5ns pulse duration and 1kHz repetition rate. This world record performance exemplifies
the potential of thulium fiber lasers to supersede ytterbium based systems for very high peak power

generation in the future.

As part of this work a computer model for the transient simulation of pulsed amplification in
thulium based fiber lasers was developed. The simulations are in good agreement with the experi-
mental results. The computer model can be used for efficient optimization of future thulium based

fiber amplifier designs.
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CHAPTER 1: INTRODUCTION

Over the last 15 years fiber lasers have experienced an incomparable performance evolution with
nowadays more than 10k CW-output power [1] and~ 15V average power in pulsed operation
[2]. Very high peak powers of more than 41V [3] in the fiber and pulse energies as large as
26m.J [4] have been demonstrated for nanosecond pulse durations. All these accomplishments
were achieved with ytterbium based fiber laser systems at 1um wavelength, which are currently

the preferred gain media by virtue of their efficiency [1].

Fiber lasers in general offer excellent beam quality, broad gain linewidth, high gains and efficien-
cies with often fully fiberized cavities allowing for robust and compact systems. The outstanding
thermo-optical properties of fiber lasers are attributed to the large ratio of surface-to-active volume

that leads to excellent heat dissipation and very stable beam output [2].

Nonlinear effects, such as self phase modulation, stimulated Raman scattering and stimulated Bril-
louin scattering limit peak power scaling in fiber lasers. The impressive achievements with ytter-
bium based fiber lasers primarily result from surmounting nonlinear effects by ultra large mode
area fiber designs and from the double clad design that allows coupling and guiding of the pump
light in the fiber [2]. Another possibility to increase the nonlinear thresholds is a longer operation
wavelength. In fact, a larger operation wavelength has a second advantage. It enables single mode

guidance for larger mode field areas and this in turn increases the nonlinear threshold as well.

Thulium as the active dopant in fiber lasers has gained interest in recent years due to the very
large gain bandwidth of ~ 200nm and the long operation wavelength at 2um. To name some
examples, the long operation wavelength is of interest for applications in medicine, laser ablation
of polymers, light detection and ranging and laser induced breakdown spectroscopy. In addition the

long operation wavelength enables the utilization of thulium based fiber lasers for directly pumped



optical parametric oscillators and the realization of high energy mid infrared sources that require

high peak power, narrow linewidth pump sources [5].

The main objective of this work is the development of a thulium based fiber laser source with high
peak power output and pulse durations in the nanosecond range. Some of the most noticeable
achievements in terms of peak power at 2pm wavelength over recent years are presented in figure
1.1. Most recently Stutzki et al. reported > 150kW peak power from a Q-switched oscillator in a

thulium doped large pitch fiber with > 80um core diameter as active medium [4].

1000 —
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2 100 - > .
o 3
3 = <
< i
*

7?;105 % s

b I 4

] . .

1 I ] I ] I ] I ] I ] I ] I |
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Figure 1.1: Peak power evolution over the past 6 years in thulium based fiber lasers with
nanosecond pulse duration. [6, 7, 8,9, 10, 11, 12, 13, 14, 15, 4].

In this thesis a novel rod-type photonic crystal fiber design is first characterized in CW-lasing con-
figuration and then implemented as final amplification stage in a master oscillator power amplifier
system. The work is structured into 4 subsequent chapters. In the beginning the basic concepts of
laser engineering, fiber design, peak power limitations in fiber lasers and the properties of thulium
doped silica are reviewed. The covered concepts represent the foundation for the experiential

and theoretical part of this work. Subsequently the experimental results of a detailed analysis

2



and characterization of the thulium doped photonic crystal fiber design in lasing and amplifica-
tion configuration are presented and discussed. The theoretical part of this work deals with the
development of a transient simulation tool, that is then utilized for modeling of continuous wave
and pulsed amplification. Finally a summary of the presented work and an outlook about possible

future perspectives for peak power scaling in thulium based fiber lasers are provided.



CHAPTER 2: BASICS

This chapter reviews basic concepts of general laser engineering, fiber design and nonlinear effects
in fiber lasers. The high peak power generation experiments conducted in this work are based on
a Q-switched thulium fiber laser with two subsequent amplification stages. The basic concepts of
Q-switching for the generation of ns-pulses, as well as the concept of a master oscillator power

amplifier are presented in section 2.1.

The laser system in this work utilizes different fiber types, namely a step index fiber as gain medium
in the Q-switched oscillator, a flexible photonic crystal fiber as first amplification stage and a rod
type photonic crystal fiber as final amplifier. The fundamental guiding concepts in these different
fiber designs are summarized in section 2.2. One major challenge of fiber design is the increase of
core and mode field area while maintaining single mode guiding. Large mode field diameter are ad-
vantageous for peak power scaling in fiber lasers, especially in the final amplification stage, where
the highest peak powers are generated. Possible strategies for mode area scaling are additionally

discussed in this section.

Section 2.3 addresses common peak power limitations in fiber lasers. It is of outermost importance
to know and understand the manifestations of nonlinear effects, e.g. self phase modulation, stimu-
lated Raman- and Brillouin scattering, in order to identify them in the laboratory. Moreover optical
fiber damage is a serious threat at the peak powers generated in this work. The experimental reports
on fiber damage thresholds are diverse and it is relatively hard to pronounce a general threshold
definition. Nevertheless, in this section a short summary of recent experiments is provided and a
damage threshold definition is formulated. Not to forget, thermal effects are detrimental for fiber
efficiency and an even more serious issue in thulium based fiber lasers that in some cases suffer

from a relatively high quantum defect. High temperature gradients can cause mode field shrinking



that is caused by thermally induced waveguide changes. Other mechanisms cause mode instability
of the fiber output when a certain threshold average power is exceeded. The thermal load in the
fiber has additional effects on emission and absorption processes, decay rates and population of the
energy level manifolds. The discussion of these effects is fundamental for the improved simulation
model presented at the end of this work and are specifically discussed for thulium doped silica in

the final section 2.4.

The final section 2.4 provides specific information about the energy level structure of thulium
doped silica, cross relaxation and upconversion effects and presents the rate equations for the
selected pumping scheme. Good theoretical insight of the laser and amplification process is nec-
essary in order to understand the physical processes that lead to e.g. The laser efficiency in the
experiment. In addition this section provides the underlying theory for the transient simulation of
pulsed amplification that is presented in chapter 4. The main focus is set on understanding the
cross relaxation and energy upconversion processes and the dependence of decay rates and cross

sections on temperature.

2.1 Generation and amplification of ns- pulses

2.1.1 The laser concept

A simple laser consists of at least three parts, namely the resonator, the active medium and an
energy source, as shown in figure 2.1a. The pump light absorption increases the number of ions in
the upper laser level (excited state) of the active medium. Thus, the pump energy is temporarily
stored in the active medium before it is extracted by non-radiative decay, spontaneous emission
or the photon field ($- number of photons) in the cavity via stimulated emission. Inversion (N) is

achieved, when the upper laser level becomes more populated than the ground state. Hereby the



upper energy level lifetime determines the non-radiative decay rate and consequently the required
pump rate to achieve inversion. When inversion is reached stimulated emission becomes dominant
over absorption and a photon field in the cavity can experience amplification, while the properties
of the already existing photons (e.g. wavelength, phase, direction), are exactly copied by the

additional photons.

Feedback is required in order to achieve lasing and is provided by the resonator. The lasing con-
dition is reached when the gain through stimulated emission exceeds the losses per cycle in the
cavity. The inversion needed to reach this gain level is defined as the threshold inversion Ny, that
corresponds to a specific threshold pump power F,;,. For pump powers beyond the threshold, the
inversion is not increased further in continuous wave (CW-) laser operation. The additional pump
energy is added to the photon field in the cavity and increases the laser output power, as shown in

figure 2.1b [16].

R=100% R /

3 Nyl-=--mmmmmmm N
5 Laser beam /
Gain medium »

1

.
Pumping
Mirror Output
mirror P P
below laser threshold ! above laser threshold
(a) Main components of a CW-laser (b) Evolution of inversion N and number of photons ®

for different pump powers P

Figure 2.1: Working principle of CW-lasers [16]



2.1.2  Q-switching

A common technique for the generation of high energy pulses is the Q-switching of a laser system
with pulse durations ranging from 100ps to ms. The quality factor Q is defined as the ratio of the
energy stored in the cavity to the energy loss per cycle. If the loss in the cavity is low, the quality

factor is high and vice versa [17].

N,®,P P
R=100% Ry
Q-switching
clement 5 Laser beam
Gain medium »
1
.
Pumping

Mirror Output

mirror
low Q high Q
(a) Main components of a Q-switched laser (b) Time evolution of inversion N and number of photons

® in Q-switched operation

Figure 2.2: Working principle of Q-switched lasers [16, 17]

The idea is based on the temporal control of the losses by a Q-switching element that is added to
the cavity as schematically shown in figure 2.2a. Active elements for Q-switching are for exam-
ple acousto-optical modulators (AOM), electro-optical modulators (EOM) or mechanical switches
[17]. Passive Q-switching can be realized by saturable absorbers or saturable absorber mirrors
[17]. Figure 2.2b depicts the temporal evolution of the inversion N and the number of photons
® for low Q (high loss) and high Q (low loss). When the losses are high, the laser threshold is
strongly increased and more inversion is required before lasing occurs. As a result, much more
energy is temporally stored than in high Q operation. The maximum amount of stored energy is

ultimately given by the upper state life time of the laser medium. When the losses are abruptly



reduced, the laser exhibits a gain that greatly exceeds the loss in the cavity and an intense, short
laser pulse can be generated during a single round trip in the cavity. The pulse duration depends

on the photon cavity lifetime and its minimum is ultimately set by the cavity length.

2.1.3 Working principle of an acousto-optical modulator

An acousto-optical modulator (AOM) exploits the modification of the refractive index by the oscil-
lating mechanical pressure of a sound wave [18]. The modulator, as shown in figure 2.3a, consists
of a transparent block of material attached on one side to a piezo-electric transducer and to an
acousto-optic absorber on the other side[16]. The transducer produces traveling sound waves in
the material. The photo-elastic effect causes local changes of the refractive index in the material.
The periodic refractive index modulation induced by the sound wave forms a Bragg grating which

is used to diffract the beam.

Diffracted reflection
beam grating R,
beam block

Laser beam

AOM
w Gain medium »
2

Pumping
Mirror Output
mirror

Piezoelectric

RF voltage transducer

(a) Components of an acousto-optical modulator (AOM) (b) Example for the utilization of an AOM in a Q-
switched cavity

Figure 2.3: Acousto-optical modulator (AOM) for Q-switched operation [16, 17]



The acousto-optic modulator may be implemented as a Q-switch in a high gain system by blocking
the zero order in the cavity and utilizing the first diffraction order to form the cavity, as shown in
figure 2.3b. A reflection grating may be used for wavelength tuning. Whenever there is no grating
formed in the AOM, the cavity losses are high, because the zero order is blocked. When the grating

is formed, the first diffraction order can oscillate in the cavity and the losses are reduced.

2.1.4  Electro-optical modulator for Q-switching

Electro-optical modulators (EOM) can be utilized for the design of very fast and controlled optical
switches. The physical effect exploited by such modulators is the Pockels effect in crystals or
liquids. When an external electric field is applied to such materials, birefringence is induced.
Depending on the applied electric field strength the EOM or Pockels cell may effectively become a
A/4- or A/2-plate. Initially linear plane-polarized light at 45° to the fast an slow axes of the crystal
can become circular polarized or rotated by 90°. An optical switch can be realized in both cases

with slightly different configurations as shown in figure 2.4 [17].

In the first configuration shown in figure 2.4a a voltage V4 is applied to the Pockels cell and a
linearly polarized input beam becomes circular polarized, is then reflected by the rear mirror and
passes again through the Pockels cell. As a result the beam experiences a total rotation of 90° and
is rejected from the laser cavity by the polarizer (high loss). When the voltage is turned off the
beam polarization is not affected (small loss) [17]. In the second arrangement shown in figure 2.4b
a voltage V7, must first be applied to the Pockels cell to achieve low loss in the cavity. In this
configuration the Pockels cell is located between two crossed polarizers. When voltage is applied,
the beam experiences a 90° rotation for every pass through the Pockels cell and is not rejected
by the polarizers. If there is no voltage applied to the Pockels cell, the beam is rejected by the

polarizer closest to the rear mirror and the losses in the cavity are high [17].
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Figure 2.4: Electro optical modulator (EOM) for Q-switched operation [17]

2.1.5 Master oscillator power amplifier

Q-switched laser sources can provide very high energy pulses at relatively short pulse durations.
However, a major limitation of Q-switched fiber lasers is often the long pulse duration in the
order of 100ns due to the long cavity length. Shorter cavities can be achieved by implementing
shorter rod type fibers with enhanced energy storage per length. Very short pulse durations and
fiber lengths can be achieved using heavy doped fibers and core pumping. Nevertheless pulse
durations shorter than 10ns are hard to achieve in Q-switched fiber lasers. Another disadvantage
of Q-switched laser sources is that the pulse duration and the pulse repetition rate can not be

independently set [19].
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In Master Oscillator Power Amplifier (MOPA) sources a seed laser signal produced by a master
oscillator is amplified in one or multiple amplification stages as shown in figure 2.5. Such a con-
figuration allows for separate and independent optimization of the pulse duration and repetition
rate. Subsequent amplification allows the generation of high energy and high peak power pulses.
Of course the master oscillator is not required to be a fiber laser, even though the subsequent am-
plification takes place in fiber amplifiers (Master Oscillator Fiber Amplifier, MOFA). Often times
fiber coupled semiconductor lasers are used as master oscillators. These lasers have the advantage
of active control on the pulse format, including continuous and independent adjustability of pulse
duration, pulse shape and repetition rate. The drawback of such seed lasers is most commonly a
small pulse energy in the nJ range at sub 10ns pulse duration. This requires the following ampli-
fication stages to provide a very large gain and limits the optimization of the amplifier system for

highest peak power.

................................................................................................

Figure 2.5: Concept of a MOPA. Isolators prevent feedback to the oscillator or pre-amplifiers

M2 retardation ®
when voltage applied ®

........................................

Serrrssrssssnrrnnrrnnnnnnt

Polarizer

® linear polarized | linear polarized 90°rotated

Figure 2.6: Pulse slicing and picking utilizing an EOM for pulse duration and repetition rate con-
trol
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Another possibility to control pulse duration and repetition rate independent of the oscillator source
is the utilization of an EOM as pulse slicer and picker, as shown in figure 2.6. The polarized output
of a Q-switched fiber laser source with high energy pulses in the order of 50u.J at 100ns pulse
duration can be used as the master oscillator. Sub 10ns pulses with pulse energies in the order of

some 4./ can be obtained at various repetition rates [20].

2.2 Design of optical fibers and mode field scaling

Optical fibers are wave guiding structures that allow localized and confined light propagation in a
particular direction. They are a special case of dielectric waveguides with cylindrical symmetry.
Most commonly optical fibers are fabricated from either silica or phosphate-based glass for near

infrared wavelengths.

2.2.1 Step index fiber

The simplest optical fiber design is the step index fiber (SIF) with a solid glass core surrounded by
a single cladding (Fig. 2.7). The core has a higher refractive index than the cladding and allows
for total internal reflection. Mathematically the index structure of a SIF is completely described by

n(r) [21].

p

Neore 0<r<a
n(r) - Neladding @ <r< Qel (21)
no g <T

\

The parameters a and a; represent core and cladding radius, respectively. In most cases a,; >> a

12



is valid and the boundary of the cladding structure does not affect the guiding properties in the
core. An ideal cylindrical optical fiber made of an isotropic material does not show birefringence.
Nevertheless mechanical and thermal stress and slight deviations from a perfectly rotational sym-
metric index distribution cause a small birefringence in a real fiber. Therefore the polarization of
an input beam is altered while propagating through the fiber. To prevent this from happening stress
rods can be added to the fiber cladding and induce a controlled birefringence. As a result effects
due to the inherent small birefringence can be reduced. If the polarization direction of a linear
polarized input beam matches the direction of one of the optical axis in the fiber, the polarization
of the beam is maintained at the fiber output. Fig. 2.7 shows a polarization maintaining (PM) SIF

with the optical axis parallel and vertical to the stress rods [22].

TA r
A coating

cladding

L »n n¢——

Figure 2.7: Cross section of a SIF (left) and a polarization maintaining SIF (right)

The geometrical beam path with total internal reflection is shown in Fig. 2.8. The maximum angle
of the incident beam, that still allows coupling into the fiber, is given by the numerical aperture
(NA) of the fiber. Equation 2.2 shows that the acceptance angle ¢, decreases for smaller index
differences between core and cladding. Of course the acceptance angle can be made large by
increasing the index difference, however the number of guided modes is also influenced by the
NA. For step index fibers the well known V-number represents a figure of merit for describing
the modal guiding properties and can be evaluated with equation 2.3. Single mode behavior is

maintained for V < 2.405 [18].
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NA = sin (¢0) "o = \/ngore - ngladding (2.2)

V:%W-a-NA 2.3)

Figure 2.8: Geometrical beam path in a SIF (side view)

In general single mode behavior is desirable for many applications due to the mostly Gaussian
like beam qualities. In order to reduce nonlinear effects in fibers, larger core diameters are desir-
able to reduce the peak intensity while single mode behavior is maintained. The mode field area
(MFA) is influenced by the core diameter as well as the NA and corresponds to the area with 1/¢?-
radius of the intensity for Gaussian beams. A more general expression for the MFA and arbitrary

fundamental modes is given by equation 2.4 [23].

MFA = (f MA)2 (2.4)

[ 12dA ’
To compensate for the larger core radius the NA needs to be reduced for a set wavelength in
order to maintain single mode operation. Mode area scaling of single mode SIFs is limited to
current fabrication technologies (achievable NA > (0.06) [24]. Consequently the largest possible

mode field area (MFA) for such SIFs lies in the order of 200.m? at 1m wavelength. It has been
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shown that reasonable single-mode operation can be achieved in fibers that support few modes, if
appropriate efforts are made to minimize excitation of higher order modes, e.g. fiber bending and

improved coupling, increasing the mode area to roughly 700um? in SIF [25].

2.2.2  Photonic crystal fiber

The idea, that light could be trapped inside a hollow fiber core by creating a periodic lattice of
microscopic air holes in the cladding glass, was first proposed in 1991 [26]. All wavelength scale
periodic structures exhibit ranges of angle and color where incident light is strongly reflected.
In photonic band gap (PBG) materials broad “stop bands” are designed to block propagation of
specific wavelengths in every direction [27]. With appropriate design a photonic crystal cladding
along the entire length of the fiber can lead to guidance in a hollow core. First attempts of manu-
facturing such fibers were made in 1995. However, due to manufacturing limits the air holes were
too small to create a PBG and guidance in a hollow core would not have been possible and a solid
glass core was used instead. This fiber became what is nowadays called a photonic crystal fiber
(PCF), although it was initially not clear how light was guided in this fiber [28]. An image of the

first photonic crystal fiber (PCF) is shown in figure 2.9.

Figure 2.9: The first PCF with very small air holes in the cladding and a solid core (left); Far-field
optical pattern when excited by red and green laser light (right) [29]
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The intriguing property of this fiber was the single mode behavior for all wavelengths ranging
from 458 — 1550nm. On one hand the guiding mechanism can be understood by the index contrast
similar to step index fibers because the effective refractive index in the cladding is lower than in the
core due to the air holes. On the other hand there are clear, barrier-free pathways of glass between
the air holes along which light could escape from the core. To understand the guiding properties
of PCF’s in general it is helpful to think of the array of holes as a modal filter or “modal sieve”
[28]. In figure 2.10 the schematic cross-section of a PCF is shown for different guiding situations

of only the fundamental mode and some selected higher order modes (HOM).

N ‘ . ../..’,.'\.. ..f:.’;'.;f

Figure 2.10: Modal sieve concept; different guiding situations of only the fundamental mode
(left) and two selected higher order modes (center and right) [29]

Because the refractive index of air is lower than of glass, the light will experience the air hole
regions (with diameter d) as a barrier and it will decay evanescently in those regions. However,
silica gaps exist between the air holes (spacing A between air holes) that allow, under certain
circumstances, the light to escape from the core region. The fundamental mode, as shown left
in figure 2.10, has only one single lobe and it cannot escape the core region when the spacing A
between the air holes is too narrow. Higher order modes, as shown in the center and right of figure
2.10, consist of multiple lobes with smaller diameter. Therefore they can slip between the gaps and
are not well confined in the core [28]. When the relative hole-size to pitch ration (d/A) is increased,

more higher order modes are trapped in the core region. For many air holes (small hole size and
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small pitch) the guiding behavior becomes very similar to step index fibers and the V-number can

be applied as a figure of merit as well. These fibers are often referred to as index guiding PCF’s.

One of the major advantages of PCF’s in terms of mode area scaling is the design freedom to
achieve very small NA and large core diameter while single mode operation is maintained. Never-
theless bending loss becomes a major issue for very large core diameters because small NA’s lead
to weak guidance in the core. The PCF-rod is a large core fiber design with typically more than
Imm total diameter, which effectively prevents bending. This design enabled large core areas of
more than 1000m? at 1um wavelength [30].
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Figure 2.11: Advanced PCF-based fiber designs for MFA scaling: large pitch fiber (left), leakage
channel fiber (right)

Another large core area design is the so called leakage channel fiber (LCF) [31]. In contrast to con-
ventional PCF’s the first LCF’s consisted of only a small ring of very large air holes and accordingly
large pitch, as shown in figure 2.11 (right). The basic idea is to introduce more propagation loss
to HOM’s than to the fundamental mode. The larger mode discrimination of HOM'’s can lead to
effective single mode operation. This concept gives this design a certain bending resistance and
enables large core areas while maintaining flexibility of the fiber. Further investigations showed,
that designs with two rings of air holes lead to more mode discrimination but at cost of fiber flex-
ibility [32]. To date LCF’s reach mode areas of roughly 1500;:m? when actively doped and more

than 8000.m? in the passive case.
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Significant progress for actively doped fibers was made with so called large pitch fibers (LPF).
This fiber design is a PCF with very large pitch between the air holes (distance ~ 10)), as shown
in figure 2.11(left), and exploits the delocalization of the HOM’s [33]. The HOM'’s experience
only little gain compared to the fundamental mode because the overlap with the doped region is
small. Furthermore the seed signal in an amplification setup is usually a Gaussian beam. Thus, the
power content of HOM’s is generally much smaller than the power in the fundamental mode. It is
important to understand that the fiber is generally speaking a multimode fiber in the passive case.
The very strong preferential gain leads to effective single mode operation with MFA’s exceeding

8000.m? when actively pumped [33].

2.2.3 Double clad fibers

Fiber amplifiers and lasers are most commonly pumped by diode lasers. Major challenges arise
for core pumping schemes because of the small NA and cross section of a single mode fiber.
In 1988 Snitzer and collaborators fabricated the first step index double clad fiber [34]. In PCF
another ring of air holes surrounding the inner core-cladding structure is added, as shown in figure
2.12. The pump light can easily be coupled into the inner cladding (pump cladding) with much
higher NA and cross section than the signal core. All pump rays eventually intersect the doped
core region and can be absorbed. However, for radial symmetry, helical or spiral pump modes
may not intersect the signal core. In order to achieve best pump absorption asymmetric or non
circular (e.g. hexagonal) inner cladding structures can be used. Another way to achieve strong
pump absorption is to place the signal core off center. It is clear that the pump absorption over
propagation length strongly depends on the overlap of doped core area and cladding area (A./A.).
However, decreasing the cladding area reduces the maximum amount of pump light coupled and
increasing the core area eventually leads to guidance of HOM’s. In conclusion the double clad

design allows for the conversion of high power, low beam quality diode laser outputs, to a lower
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power, but diffraction limited beam quality. Because of this specific quality fiber lasers are often

termed “brightness converters” [22].
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Figure 2.12: Index guiding PCF with double clad structure for pump light guidance without (left)
and with (right) stress inducing elements.

2.3 Peak power limitations in fiber lasers

Active fibers as gain media are very attractive for high power lasers mainly due to their outstand-
ing beam quality and their excellent thermal properties. The very good heat dissipation from the
active region arises from the effective length of the fiber. In addition fiber lasers combine high
efficiencies mainly due to efficient pump absorption (double clad design) and good confinement.
However, the fiber geometry itself promotes nonlinear effects, because the light propagates under
tight confinement over considerably long distance. In the following paragraphs the most limit-
ing nonlinear effects for peak power and pulse energy scaling are discussed. The lowest order
nonlinear effects can be divided into those related to an intensity-dependent refractive index (self
focusing, self phase modulation, four wave mixing) and those resulting from stimulated inelastic
scattering (stimulated Raman and Brillouin scattering) [35]. Amplified spontaneous emission lim-
its the extractable energy in fiber amplifier, especially when operated at low pulse repetition rates.

Moreover a very important constraint for peak power scaling in fiber lasers is the optical damage
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threshold of the fiber host material, e.g. the fiber end facet [22]. Furthermore photodarkening and
thermal effects are shortly discussed, since they may reduce the efficiency or beam quality of a

fiber laser.

2.3.1 Self focusing

Self focusing can occur when very intense light with Gaussian like beam profile passes through a
medium. It is a consequence of the nonlinear phase shift that occurs for high intensities and can be
described as a x® nonlinear self effect. The process is always phase matched, because it is a self
effect. Equation 2.5 shows the reduced wave equation related to this process for linear polarized

light in x direction [36]. As a result we find an intensity dependent refractive index (Equation 2.8)

[37].
OB, (w)  i3pocw 3 _ 2
82 - 8TL X:m:xm(w7w7 w,w) |E$<w)| EQE(w) (25)
Ey(w) = Up(w, 2) exp(id(2)) (2.6)
0p(z) 3w G2
5 = 3 PPV U = Roln 2.7)

Using 21(r) = egncUZ(r) the total refractive index can be expressed as:

n(r) = no + An = ng + nal(r) (2.8)

If the spatial intensity distribution was Gaussian, the beam would experience a larger nonlinear
phase shift in the center than at the wings causing the beam to focus or defocus depending on the

sign of ny. Interestingly the self focusing threshold does not depend on the peak intensity but on
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the peak power. The critical power is given by [19]:

)\2
2mnng

1%

PC’V‘

(2.9)

Assuming linear polarized light the critical power in fused silica is reached at 4MW for 1m and

16MW for 2um wavelength [37].

2.3.2  Self phase modulation

Self phase modulation (SPM) is an effect often encountered when propagating intense light pulses
through a nonlinear responsive material and leads to spectral broadening or narrowing. Although
the nonlinear refractive index in fused silica is small (= 3.2-10~2°m?2/W), intense light propagation
through fibers is prone to this effect because of the long propagation distance. It can be considered
the temporal analog of self focusing as discussed in the previous paragraph. The total phase of an

electromagnetic light wave and its first derivative can be written as [37]:

d(z,t) = konz — wt + konol (t)z (2.10)
38_5;5) —w + konzzag(tt) = —(w+ dw) (2.11)

The temporal nonlinear phase shift causes the light frequency to increase at the frontside and
to decrease at the backside of the pulse, as shown in figure 2.13a. For an initially positively
chirped pulse (higher frequencies at frontside and lower frequencies at backside of the pulse) this
leads to broadening of the spectrum when the intensity is increased, as depicted in figure 2.13b.
The dips in the spectrum are caused by interference of the same frequency components that are
produced on each side of the pulse. Depending on the temporal delay, the frequency components

interfere constructively or destructively. The number of observed spectral peaks M is related to the
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maximum phase shift ®,,,,. (equations 2.12 and 2.13) that is anti-proportional to the effective beam

area (equation 2.4) and proportional to the fiber length (equation 2.14) [38]. Therefore shorter fiber

length and large MFA’s are of advantage for the suppression of SPM in fiber lasers and amplifiers.
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(2.12)

(2.13)

(2.14)

SPM by itself only affects the spectrum of a pulse. However, in combination with group velocity

dispersion (GVD) induced chirp effects the pulse shape can be distorted. If this distortion becomes

severe it might cause pulse breaking in the time domain [18].
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(a) time dependent frequency shift due to SPM

(b) Spectral broadening caused by SPM for different
intensities (red:low, green: high) [16]

Figure 2.13: Spectral broadening by self phase modulation. The dips in the broadened spectrum

are caused by interference since all the new frequencies are produced twice at different points in
time. [16]
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2.3.3 Four wave mixing

Four wave mixing (FWM) is a third order nonlinear process where energy transfer can occur be-
tween four distinguishable beams (Ey, F», E3, F4). Equation 2.15 includes all relevant terms for

this process in the third order nonlinear polarization [36].

pmz%mmwmm%wa@@+wwﬁgm@ (2.15)

For simplification only the first term (6E7 E5 E'3) will be discussed in the following. In general
FWM only occurs when photons from one or more waves are annihilated and new photons are
created at different frequencies while energy and momentum conservation is satisfied. In mathe-

matical terms (w-frequency, k-wave vector):

w1+ Wy = ws + Wy (2.16)

ke + kg = kg + Ky (2.17)

In most cases it is difficult to satisfy the above phase-matching condition in optical fibers. However,
in the case of w, = w; = wq, where two pump photons w, are annihilated and two photons at ws
and w, are created, it is relatively easy to achieve phase matching. This specific degenerate case is
most relevant for optical fibers and it has similar similarities to stimulated Raman scattering (SRS)
[37]. Two sidebands with a frequency shift of {2 = w; — w3 = wy — wy (assuming w, > w3) are

formed and are also referred to as Stokes and anti-Stokes bands in analogy to SRS (section 2.3.4).

There are different physical mechanisms in optical fibers that can lead to fulfillment of the phase
matching condition. The major contributors (equations 2.18-2.20) are material dispersion Ak,

waveguide dispersion Aky, (only in multimode fibers or single mode fibers with large NA) and
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nonlinear effects Akyy, (e.g. self or cross phase modulation). In order to realize phase matching

one of these contributors needs to be negative.

1

Aky = —[nsws + nywy — 2n,w,) (2.18)
c
1

Aky = E[Angwg + Angwy — 2An,w,) (2.19)
2

Akyp = 2% p (2.20)
CAeff

Phase matching can be achieved in birefringent fibers when the nonlinear pump beam is polarized
along the slow axis, that is Aky, < 0. In multimode fibers it is possible to phase match when the
wave guiding contribution Akyy is negative and cancels Aky, + Akyy. In single mode fibers Aky,
is zero and phase matching can only be achieved when Ak,; < 0 is fulfilled, since the nonlinear
refractive index in silica is positive and leads to Akyy > 0 [37]. In general this is only possible
when the optical fiber shows anomalous dispersion at the nonlinear signal wavelength. At 2um
wavelength silica fibers are anomalous and FWM can occur due to the interplay of dispersion, self-
and cross-phase modulation. Consequently FWM can be of importance for thulium based fiber
lasers and amplifiers. The influence of FWM on the amplifier performance becomes enhanced
when a fraction of the main beam power is distributed over secondary, closely spaced spectral
components, such as multiple longitudinal modes. FWM side bands can become effectively seeded
and might set in at much lower peak powers, especially if the initial spectral features are separated

by few tens of gigahertz or less [19].

It is worth mentioning that the Stokes peak is usually stronger than the anti-Stokes although in
FWM there is no preferred gain for either line. However, often there is an interplay between FWM
and stimulated Raman scattering leading to preferred gain of the Stokes line. For highly nonlinear
cases the Stokes line becomes as intense as the pump line itself and creates a new shifted line,

which then can again produce a new line if the pump power is sufficient. This cascaded FWM
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assisted stimulated Raman scattering in combination with self- and cross-phase modulation can be

utilized to generate super continua [37].

2.3.4 Stimulated Raman scattering

Spontaneous Raman scattering is a process where one nonlinear signal photon is converted into
one lower energy or higher energy Raman photon while the energy difference is either carried
away or provided by an optical phonon (lattice vibration). Conversion to a higher or lower energy
Raman photon is called anti-Stokes or Stokes process, respectively (see figure 2.14a). The anti-
Stokes process is usually orders of magnitude weaker than the Stokes process, particularly at low
temperatures. However, strong anti-Stokes light can emerge from four wave mixing if that process
is phase-matched (as discussed in section 2.3.3). For intense signal fields and long interaction
lengths the spontaneously generated Raman light can act as a seed and amplification can lead to

nearly full depletion of the signal beam. This process is called stimulated Raman scattering (SRS).

For CW-operation and pulsed operation with pulse durations greater than 1ns the initial growth of

the Raman wave I, (w;) and depletion of the signal wave I(ws) can be described by [37]:

dl,

dz - gR]s]r - a/rjr (221)
dls s

= gl — ol (2.22)

Losses of the Raman and signal wave are included by «; and «,., respectively, and gr (inverse
proportional to the pump wavelength [37]) describes the Raman gain. The Raman gain spectrum
depends on the fiber core and varies with the use of different dopants and host materials. An
example of a gain spectrum in fused silica at 1m wavelength is depicted in figure 2.14b. Solving

the set of coupled differential Equations gives [37]:
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I,(L) = I,(0) exp(grloLess — L)

(2.23)
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Figure 2.14: Raman Stokes and Raman anti-Stokes scattering [40]

The spontaneous scattering process along the fiber and amplification is similar to injection of a

seed photon at the fiber input and subsequent amplification. With this consideration the Stokes

power P, can be calculated by integration of the energy equivalent of equation 2.23 over the whole

range of the Raman gain spectrum [37].

b [ ot

s —w)lgLesr — oy L)dw

(2.25)

Because the main contribution of the integral comes from a narrow region around the peak, the
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integral can be approximately evaluated at w = w;,..
P. = P explgr(ws — wp)IoLegs — oL (2.26)

Defining the Raman threshold as the point where Stokes power and pump power become equal and

assuming o ~ «., the threshold peak power can be found with:

) . PyLe
Py = P explgrloLesys] = P47 exp [QRA“T”} (2.27)

For a Lorentzian shape of gp the critical pump power is approximately given by:

16Ae s
9rLesy

cr o
0 ~~

(2.28)

The equation for the critical signal power was developed assuming continuous wave (CW-) oper-
ation. This equation holds for pulse durations larger than 1ns and fiber lengths smaller than 10m.
For pulse durations in the ps-range group velocity dispersion effects in the fiber must be taken into
account. For even shorter pulse durations (< 100fs) the dynamical description of SRS becomes

complicated because the response time of the medium has the same order of magnitude.

In conclusion the Raman threshold increases for shorter fiber length and larger effective beam area
(MFA). Because the Raman gain is approximately anti-proportional to the wavelength, the Raman

threshold will increase for longer wavelengths [37].

2.3.5 Stimulated Brillouin scattering

In the case of Brillouin scattering a pump photon is annihilated while a Stokes photon and an

acoustic phonon are created simultaneously. Classically the process can be understood by the
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creation of a refractive index grating through an acoustic wave. The pump field generates this
acoustic wave via electrostriction. The index grating scatters the pump light similar to the well
known Bragg diffraction and the frequency is downshifted due to the movement of the grating at the
acoustic velocity v, (Doppler effect). The main difference between stimulated Brillouin scattering
(SBS) and SRS is the phonon type associated with the scattering process (acoustical phonons for
SBS instead of optical phonons for SRS). In contradiction to SRS stimulated Brillouin scattering
(SBS) occurs mainly in backward direction in a single mode fiber and the Stokes frequency shift
is much smaller (= 10GHz) than for SRS (= 10THz). For the process to occur, both energy and
momentum must be conserved for each scattering event (subsricpts s and b, for signal and Brillouin

photon, respectively) [37].
Waip = Ws — W ka = ko — Ky (2.29)

With the Bragg condition, small k4 and assuming %k, ~ k, an angular dependence of the frequency
shift can be found with equation 2.30. The frequency shift is maximal in the backward direction

(0 = m) and minimal in the forward direction (# = 0).
. (0
Wyib = Vaka = 204k sin 3 (2.30)

The threshold condition for SBS can be calculated in a similar manner as for SRS in the steady

state CW-approximation.

21A,
P A ff

~ (2.31)
0 9BLeys

In pulsed operation the threshold is reduced for pulse durations much smaller than the acoustic
phonon lifetime of ~ 1ns and the Brillouin gain drops below the Raman gain. For pulse durations

much larger than the acoustic phonon life time (> 100ns) equation 2.31 delivers quite accurate
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results. The question of validity becomes more interesting for pulse durations between Ins and
100ns. Then the spectral width of the signal pulse Av, compared to the Brillouin gain bandwidth
Avpg needs to be evaluated, especially if Av, exceeds Avp the Brillouin gain is reduced. In such

case a corrected version of equation 2.31 should be used [37].

21Aeff ( AI/S )
P~ 1+ — (2.32)
O " gpLesy Avp

In contrast to SRS the peak value of the Brillouin gain does not change significantly with wave-
length. Although the central frequency of the gain peak varies inversely with the pump wavelength,
the spectral width reduces quadratically with wavelength. The summation of both effects leads to

a more or less wavelength independent peak gain value.

2.3.6 Amplified spontaneous emission

Depending on the number of modes guided in a fiber core a certain amount of spontaneous emis-
sion, that is always present when pumping an active medium, is captured in the core and guided in
both directions along the fiber. If the pump power is sufficient and inversion exists throughout or
in parts of the fiber, this guided spontaneous emission is amplified via stimulated emission. This
amplified spontaneous emission (ASE) becomes an issue for pulsed amplification if the interval
between pulses is large compared to the upper level lifetime. The energy is stored through pump
absorption at times where there is no pulse present. During those times and for relatively high
pump powers ASE will build up and reduce the level of inversion. This limits the amount of stored
energy and consequently the extractable energy E.,; of the amplifier system, which is given by

[19]:
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(2.33)

In this equation G represents the small signal gain and o, /. the absorption/emission cross section
of the active medium. Since light can only be amplified in inverted doped regions, the overlap of
mode field area MFA with the doped area needs to be taken into account. This is represented by

the fraction of the MFA and overlap integral I' between mode field and doping distribution [19].

The build up of ASE can have other detrimental effects. Even a small amount of backward prop-
agating ASE can be very harmful to the amplifier front end (e.g. the master oscillator). More
dangerous is possible feedback from optical components or fiber end facets that could lead to mul-
tiple passes of ASE through the gain medium. Especially for fiber lasers with very large gain this
can lead to very fast build up of ASE and parasitic lasing within the amplifier. Parasitic lasing even-
tually starts in any fiber amplifier of high enough gain, because in-fiber Rayleigh scattering mainly
due to impurities of the glass host will be an intrinsic source of distributed feedback, especially in
long fibers. This will even occur with the implementation of optical isolators and successful sup-
pression of all external feedback. In some cases parasitic lasing results in very energetic forward-
or backward-propagating pulses that are capable of damaging optical components or fiber facets

[19].

2.3.7 Optical damage

Optical fiber damage is one of the major limitations for high peak power and high energy pulse
generation in silica based fiber amplifiers. Unfortunately the literature provides many contradic-

tory and confusing observations of the breakdown behavior of silica and it is difficult to precisely
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predict the optical damage threshold for a fiber laser or amplifier. Moreover most of these obser-
vations are associated with wavelengths smaller or around 1um. First this paragraph provides a
short overview about observed bulk and surface damage thresholds in silica mainly based on quite
recent experiments and simulations by A. V. Smith et al. [41]. Subsequently these results will be

compared to observed damage thresholds in optical fibers.

Bulk and surface damage of silica at 1064nm

A common explanation for the bulk damage is the so called electron avalanche driven by the elec-
tric field of intense light and subsequent energy transfer of hot electrons to the glass matrix, which
is often followed by destructive melting or fracturing. The avalanche process is similar to dielec-
tric breakdown by a DC electric field. Based on this, the threshold irradiance is approximately
5kW /um? for silica. However, many other reports indicate damage ranging 1 to 100 times below
5kW/um?. Large discrepancy of reported damage thresholds exists especially for pulse durations
in the ns range, as shown in figure 2.15. Smith et al. report a damage fluence of 4.1 - 1075.J/ um?
at 8ns pulse duration and verify the calculated threshold of 5k1//um? with the avalanche electron
model [41]. Nevertheless many parameters like pulse duration, focal spot size, stimulated Bril-
louin scattering, self focussing, color center formation, material densification, impurity inclusions,
annealing and cumulative damage when multiple pulses are used can influence the damage thresh-
old and might vary from experiment to experiment. Most importantly in many cases significant
differences exist for bulk and surface damage. Surface damage has been reported to be 2 to 5
times lower than bulk damage. However, Smith et al. proved that fine polishing of the surface can
increase the surface damage threshold to the same level of bulk damage threshold when the right

polishing technique is used [41].
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There are still many open questions about the dependence of the damage threshold on wavelength
and pulse duration. According to the electron avalanche model the damage threshold should de-
crease with increasing wavelength, but opposite observations have been made [42, 43, 44] and
the prediction of a damage threshold at 2pm wavelength is difficult. The scaling of the damage
threshold fluence F};, with pulse duration 7 can be found in various publications to be ' oc 797

[45, 46, 47]. In contradiction to these publications Smith et al. have shown that the threshold

increases more dramatically with increasing pulse duration [41].
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Figure 2.15: Summary of reported damage threshold fluences for silica [41]. Large diversity
about damage thresholds for ns-pulse durations

Optical fiber damage

Similar to the previous paragraph reports on optical damage in fibers with pulse durations in the

ns range are inconsistent in the literature and sometimes even exceed the threshold value found
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by Smith at al. for bulk silica. More than 4.5M W peak power have been reported before optical
damage occurred [3]. This result approaches the expected self focussing limit in silica at 1um
wavelength and was achieved by reduction of the peak intensity in the fiber by increasing the MFA
of the amplified mode. The exact self focussing limit is not known due to the lack of accurate

knowledge about the nonlinear refractive index no.

As mentioned before facets are more fragile and irregularities, roughness or dirt on the fiber facet
can significantly decrease the damage threshold. Consequently a proper end facet preparation of
the fiber amplifier is of outermost importance for the generation of high peak powers and high
pulse energies. A good description for different options of fiber facet preparation is given in an

application note by NKT Photonics [48] and parts of it will be discussed in the following.

As discussed earlier an increase of MFA in fibers reduces the peak intensity and lowers the risk
of optical damage. However, the MFA cannot be arbitrarily increased if single mode guidance of
the fiber is desired. Therefore other damage prevention measures need to be applied in order to
achieve best optimal performance. Since damage occurs most likely at the fiber facet it is very
important to keep the facet clean. Furthermore it is advisable to collapse the air holes to prevent
contamination of the air channels, if a PCF is used. Another way to significantly increase the facet
damage threshold is the utilization of silica end caps. End caps can be fused to the fiber end facet
and can be polished without risking damage of the wave guiding structure. Moreover end caps
allow the beam to expand before exiting the fiber and reduce the peak intensity on the fiber facet.
Self lasing can be successfully mitigated up to very high pump powers when the end facets are
angle cleaved or angle polished and AR coated. The optical damage of fiber end facets or end caps

is often severe and can be seen by viewing the fiber facet in a microscope, as shown in figure 2.16.
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(a) End view of a damaged SIF end facet (b) Side view of a damaged PCF facet on a pol-
ished end cap

Figure 2.16: Microscope images of damaged fiber facets (NKT Photonics) [48]

2.3.8 Thermal limitations and waveguide changes

Strong heating of the fiber core can occur when the pump energy is not efficiently converted to
the laser output. Heating in fibers results primarily from the quantum defect and the quantum
efficiency. The quantum defect is defined as the ratio of signal photon energy to pump photon
energy. The quantum efficiency accounts for a fraction of excited state energy that is lost via non-

radiative relaxations or cross relaxation processes that eventually lead to non-radiative relaxations

[22].

The heat deposited in the fiber, especially in the doped region, can affect the lasing threshold, slope
efficiency and amplifier gain. Elevated temperatures alter the population distributions amongst the
energy levels and change the effective cross-sections of the pump and signal wavelengths. At
high temperatures the population is shifted to higher energy manifolds and reduces effectively the

number of ions available for amplification in the upper laser level.
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Figure 2.17: Mode field area shrinking due to thermally induced index changes in the waveguide
structure of index guiding PCF and LPF [23]

Another thermal phenomenon is mode field shrinking caused by thermally induced waveguide
changes in active fibers [23]. This effect occurs in all fiber types but is most noticeable for very
larger mode area fiber designs (LPF or rod type PCF with MFD> 50um). The temperature rise in
the core causes a parabolic index profile via the thermo-optical effect which can rise the refractive
index by 1-107°/K in silica [23]. For high power operation a thermal gradient from the center of
the core to the outer rim of several Kelvin is certainly possible. The thermally induced index differ-
ence changes the guiding properties of the fiber. The most obvious consequence is the decrease of
mode field diameter with increasing heat deposition in the fiber core. Figure 2.17 shows measure-
ment results of approximate mode field shrinking for different fiber types (index guiding PCF’s:
200/40 and 285/100 and multiple LPF’s) [23]. It can be seen that the mode field diameter may
reduce by more than 20% per 100W/m. This reduction of mode field area needs to be considered

if nonlinear thresholds are calculated to estimate maximal performance of a fiber amplifier.
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Another limitation for average power scaling in single mode high power amplifiers has been ob-
served. An originally single mode high power amplifier shows apparently random relative power
content changes of different transverse modes when a certain power threshold is exceeded. This

effect is called thermal mode instability [49].

&

v

270W Signal 275W Signal
380W Pump 390W Pump

Figure 2.18: Apparently chaotic power content fluctuations between different modes when a cer-
tain average power threshold (in this case 270W) is exceeded [49]

Figure 2.18 depicts two beam images, one before the threshold of mode instability is reached and
one above the threshold, captured when most of the power was transferred to a higher order mode.
Since the discovery of this phenomenon first attempts have been made to physically explain this
effect. A numerical model showed, that mode instabilities may be caused by the temporal evolution
of a temperature grating in the fiber in interplay with thermally induced non adiabatic waveguide
changes [50]. Moreover first mitigation strategies have been successfully tested [5S1]. To date mode
instability seems to be the most limiting factor for average power scaling in ytterbium based fiber
amplifiers. This effect has not been reported in active fibers with alternative dopants (e.g. erbium
or thulium) mainly because average power scaling there is more difficult than in ytterbium based

systems.
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2.3.9 Photodarkening

Photodarkening is a phenomenon that causes broad band absorption loss at visible and near infrared
wavelengths in rare earth doped silica fibers. Most commonly the absorption becomes stronger
over time when the fiber is pumped to high inversion levels [18]. In general losses might be
observed in new fibers [52] or grow during operation of a fiber laser or amplifier [S3]. It is generally
understood that the absorption is associated with clustering effects of the dopants in the core region.
The effect seems to be dependent on the doping material, the doping concentration and the fiber
fabrication conditions. Co-doping with other materials such as phosphorus, fluorine or aluminum
can significantly decrease the photodarkening rate. Although the photodarkening effect appears to
be permanent, there have been demonstrations that the effect can be reversed by fiber heating [54]
or by irradiation with ultraviolet light [55]. The physical origin of the photodarkening effect is not

fully understood and the healing mechanisms can not yet be explained [18].

2.4 Properties of thulium in silica

Neodymium (Nd), ytterbium (Yb), erbium (Er), holmium (Ho) and thulium (Tm) are the most
widely used dopants for active fibers. All these different dopants comprise different spectral prop-
erties with various advantages and disadvantages with respect to lasing wavelength, efficiency and
applications. Nd with lasing wavelength at 1060nm has a very narrow absorption band around
808nm, which requires temperature stabilized diode lasers making the utilization of these fibers
for high power applications very difficult. Erbium provides lasing at 1550nm, which is ideal for
telecommunication applications due to the extremely low loss of silica fibers at this wavelength.
Resonant pumping at 1470nm with novel laser diodes is possible resulting in very low quantum
defect and slope efficiencies > 90%. Erbium based high power fiber laser development is currently

constrained by low electrical-to-optical efficiency of the diode lasers and clustering of erbium ions
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when the doping concentration is increased. Ytterbium has unique properties in terms of simplicity
in the energy level structure compared to all other rare earth ions. With an absorption band ranging
from 920nm-977nm or 1018nm and lasing wavelengths between 1032nm and 1066nm or 1080nm,
respectively, the slope efficiency is usually quite high and can approach 90% [22]. The low quan-
tum defect leads to low heat deposition in the fiber enabling fiber lasers with multiple MW peak
power in the fiber and average power greater than 10kW in CW-operation with quasi single mode

beam quality [1].

In the following paragraph the spectral properties of thulium as a dopant are discussed in more
detail. Subsequently the rate equations of the relevant energy levels are presented and thermal
effects on the emission cross section and on the decay dynamics are reviewed. Finally advantages

and disadvantages of thulium as a dopant in silica fibers for high power lasers are evaluated.

2.4.1 Energy level structure and pump considerations

In order to understand how high power silica fiber lasers based on thulium can be designed, e.g.
what pump schemes can be used and what lasing wavelength can be achieved, it is important to
review the energy level structure of thulium in silica. The most important energy levels for thulium

fiber lasers are 3 Hg,® Fy,> H; and ® Hy, as shown in figure 2.19.

Typical for rare earth ions in glasses are the splittings of each level into multiple sublevels. The
local electric field in the amorphous glass background leads to inhomogeneous broadening. Ran-
dom inhomogeneities in the glass in interplay with the Stark effect cause different ions to have
different energy levels and consequently different transition wavelengths. This effect is the main
reason for the broad band emission in thulium from level 3F} to  Hg. It can be seen that lasing or
amplification may occur for wavelengths between 1.8um — 2.1um, a very broad wavelength range

and a unique property of thulium in comparison to other rare earth ions. However, compared to for
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example ytterbium the energy level structure and the processes involved, that are important for the
lasing or amplification process, are more complex.
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Figure 2.19: Thulium energy level diagram showing possible pump transitions and important
processes for laser emission and energy transfer between two ions [56].

Evaluation of the absorption spectrum of thulium in silica in figure 2.20 reveals, there are three
possible absorption wavelengths that can be used for pumping thulium. Important parameters for
the laser design are the quantum efficiency and the quantum defect. The quantum defect QD is
defined as the theoretical loss associated with quantum conversion from one pump photon to one
signal photon. The higher the quantum defect, the smaller is the maximum achievable efficiency

of a laser and the more pump power goes into heat.
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QD=1-22 (2.34)
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Figure 2.20: Thulium absorption spectrum [57]

In order to minimize the quantum defect it is desirable to pump at wavelengths close to the lasing
wavelength. Consequently the first and best choice seems to be the wavelength range between
1.5pm — 1.9um. Unfortunately there are no high power diode pump sources within this wave-
length range. It is possible to use erbium fiber lasers at 1.55um as pump sources. Often erbium
fibers are co-doped with ytterbium enabling diode pumping at 976nm wavelength with electrical
to optical efficiencies of &~ 40%. Therefore erbium pumps for thulium lasers are rather inefficient
and are mainly used for core pumped thulium fiber lasers. Often the best choice for high power

thulium based fiber lasers is the utilization of high brightness multimode diode pumps at 793nm
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wavelength. This statement might cause confusion at first, because the quantum defect is 40%
for this pump wavelength and efficiencies can be expected to be even smaller due to quantum ef-
ficiency (non radiative transitions). However, efficient cross relaxation may reduce the quantum

defect to about > 20%, making this pumping scheme potentially superior to the others [56].

2.4.2  Cross relaxation and upconversion

3H4 ( 4) 3H4 1 ( 4)
3HS — (3) 3HS — ——————————— (3)
’F, (2) F, —————— 2
*H, =—————+* = () °H, = (1)

CR1 CR2 EM ETU1 ETU2

(a) Cross relaxation processes (CR1, CR2) and energy (b) Energy transfer upconversions (ETU1, ETU2) be-

migration (EM) in thulium doped silica glasses tween a pair of thulium ions

Figure 2.21: Energy transfer between thulium ions for high doping concentrations [56]

In concentrated rare earth doped glasses quenching of the luminescence can occur when energy
between one ion is transferred to a nearby ion. It is important to note that such energy transfer
can generally be of advantage or disadvantage for the performance of a fiber laser. Processes that

are important to the operation of thulium fiber lasers at 2pm wavelength are those based on cross
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relaxation (CR) and energy transfer upconversion (ETU) as already indicated in figure 2.19 and
shown in more detail in figure 2.21. These processes include energy transfer between at least two
thulium ions, which results in either excitation of an electron from the ground state (1) to an excited
state (2) (cross relaxation, CR) or from an already excited state (2) to an even higher state (3 or 4)

(energy transfer upconversion, ETU) [56].

Cross Relaxation

The cross relaxation process in thulium can lead to the excitation of two thulium ions to the upper
laser level with the absorption of only one pump photon at 793nm. The 793nm pump photon
first excites a thulium ion (sensitiser) from the ®H level to the *H, level as sketched in figure
2.19 and again in a little more detail in figure 2.21a. Another nearby ion, still in the ground state
(activator ion), experiences a partial energy transfer and is lifted to the excited state *F}, when
the sensitiser experiences relaxation to a lower excited state, either */; (CR1) or *H5 (CR2). In
silica the 3 H; lifetime is in the order of a few ns and the final sensitiser states of CR1 and CR2 are
effectively the same. Thus, in good approximation both processes can be treated as a single cross
relaxation process. Cross relaxation effectively reduces the 3 H, lifetime (concentration quenching)
and increases the integrated fluorescence ratio 3£, —3 Hg to 3Hy —3 Fy and consequently the
achievable quantum efficiency (> 1) potentially leading to slope efficiencies of nearly 80% [56].
Currently the highest reported optical to optical efficiency in thulium doped silica fiber is 75%

[58].

In general the energy transfer between ions can occur radiatively and non radiatively. However,
only the non radiative energy transfer can lead to concentration quenching. One possibility for
energy transfer is the overlap of electronic orbitals from sensitiser and activator ions that usually

occurs for doping concentrations larger than 4wt.%. For smaller doping concentrations energy
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exchange mainly occurs due to Coulombic interactions such as dipole-dipole or dipole-quadrupole
interactions with probabilities F;; and Py, respectively. The total probability for cross relaxation
Rc g is then given by equation 2.35 (for more detailed calculations compare with [56]) and shows

a strong dependence on the distance r between adjacent ions.

1 1
Rer = Pyg + Pyg = Oddﬁ + qur—g (2.35)

Thus, high doping concentrations are desirable to achieve sufficient cross relaxation in thulium
doped silica fibers. However, the level of doping concentration is strongly limited by clustering
effects that can lead to dominant energy upconversion processes. Co-doping with aluminum has
shown to prevent clustering even for relatively high doping concentrations [59]. One additional
process that may enhance the contribution of cross relaxation to the slope efficiency is energy
migration (EM) as also shown in figure 2.21a. The important feature of energy migration is the
allowed electric quadrupole energy transfer process that might enhance the probability of cross

relaxations in thulium doped silica [58].

Energy transfer upconversion

Energy transfer upconversion (ETU) occurs only between excited ions and does not involve energy
migration. The most important ETU processes for thulium in silica are sketched in figure 2.21b.
Considering the energy difference between initial and final states for these ETU processes reveals,
that ETU1 is highly endothermic (requires phonon annihilation) and ETU?2 is highly exothermic
(requires phonon creation). Consequently both processes are temperature dependent and in general
exothermic processes are more probable than endothermic processes. It was shown that the ETU2
process leads to quite effective emission of 793nm light from the ® H,-level when a thulium doped

(200ppm) silica fiber was illuminated with 1586nm light, which populates the 3 F}-level [60]. At
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first the ETU1 process seems to be less important because it involves the transition >F, —3 Hs,
which lies in the high absorption range of silicate glass. However, if clustering of thulium ions
occurs, the ETUI may contribute significantly to the concentration quenching of the upper laser
level ®F; and reduces the overall population inversion. Moreover, in highly clustered systems the
ion separation is very small and ETU processes may become the dominant ion-ion interactions.
Thus, threshold and slope efficiency might suffer from strong ETU in thulium doped systems

where clustering is not prevented (e.g. by co-doping with aluminum) [56, 59].

In conclusion thulium doping concentrations and aluminum co-doping need to be optimized to find
a trade off between maximization of cross relaxation processes (high thulium concentration) and
minimization of ETU processes (low thulium concentration, aluminum doping to prevent cluster-

ing) [56].

2.4.3 Rate equations

In this subsection the rate equations for the populations of the 4 major thulium energy levels for the
790nm pumping scheme (> Hg —3 H,) and the lasing/ amplification in the 1.8 —2.1.m wavelength
regime are developed, including the role of the previously discussed cross relaxations and energy
upconversion processes. The rate equations include terms for the population of the n’s level N,
radiative spontaneous transition rates from the n’s level to the m’s lower levels R,,,,,, non-radiative
emission rates from the n’s level to the next lower level I',,, stimulated emission rates W,,,,, stim-
ulated absorption rates W,,,, and the nonlinear terms for cross relaxation/ energy upconversion

CRi,[61, 62].
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The light induced transition rates for pump and signal intensities [,,/; with \,/, as the signal and

pump wavelengths, o,/ as the absorption and emission cross-sections are given by [62]:

Iy

Wia = 0a(Ap)Aps - (2.40)
I

W12 = Ua()‘s)/\s% (241)
I,

Wa = O'e()\s))\sﬁ (2.42)

The cross relaxation and energy upconversion rates are represented by C'R; and C'R», that is [61]:

CRy = kaz1aNiNy — k124 N3 (2.43)

CR2 = k3212N3N1 - k2123N22 (244)
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The parameter £;;;; describe the energy transfer processes ¢ — j and £ — [ and depend in general
on the thulium ion concentration and clustering effects in the doped silica glass. According to
reference [61] the cross relaxation parameters have the following dependence (although clustering

effects might change these relations drastically):

]{72124 = 0.084164212 and ]{32123 = 0.5k3212 (245)

Table 2.1: Radiative decay rates, non-radiative decay rates and cross relaxation upconversion con-
stants [61, 63, 64]

radiative R43 R42 R41 R32 R31 RQl
decay ratesin s™*  14.61 58.71 716.9 3.89 181.23 1250

non radiative 'y I's Ty
decay ratesin s7!  80594.3 2.93-107 2670

cross relaxation k4212 k2124 ]{]3212 k2123
in 10~ %4m3s~1 78.3 6.58 3.00 1.50

2.4.4 Thermal effects

The performance of thulium lasers depends strongly on the temperature of the laser material and
significant heating of the active medium for high pump powers can be expected due to the large
quantum defect [65]. With increasing temperature the population distribution within an energy
manifold is shifted from the lower Stark levels to higher Stark levels. In thulium the upper laser
level is usually among the lower Stark levels of F and the ground level of the laser transition is
among the higher Stark levels of ? Hs. Consequently in the case of high temperature in the active

region the available population among the lower Stark levels of *F} will be smaller than for low
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temperature. Similarly the higher Stark levels of 3 Hg will be more populated. Both effects will
reduce the population inversion that is effectively available for lasing or amplification. As a result
lasing threshold and slope efficiency will be reduced for high temperatures. In addition large heat
generation in the doped core region of a fiber may lead to thermal lensing at the fiber output and to

stress induced birefringence causing degradation of beam quality and output power [65].

Temperature dependence of the emission cross-section

Generally the luminescence bandwidths tend to increase with temperature as a result of reduced
emission and absorption cross-sections for higher temperatures [65]. A comparative study of the
temperature dependent properties of thulium was done by Turri et. al [63] and they found that the

emission cross-section is indeed dependent on temperature as depicted in figure 2.22a.

The change of the cross section with temperature is largest at low temperatures. For temperatures
above 100K up to room temperature the temperature dependence appears linear for the peak ab-
sorption value. In this range the cross-section to temperature dependence can be approximated

equation 2.46 while the peak emission wavelength is shifted according to equation 2.47 [63].

2
ok (T) = 5.9 .10 2 em? — 2.3 - 10*24%T(K ) (2.46)

APk (T) = 1871nm — 0.21 %T(K) (2.47)
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Figure 2.22: Temperature dependence of the stimulated emission cross-section in thulium doped
silica [63]

Decay dynamics

As briefly discussed in subsection 2.4.3 the spontaneous decay rates of each level can be sepa-
rated in non-radiative and radiative decay rates. The non-radiative decay rates tend to increase
with growing temperature while the radiative lifetimes are mainly independent of temperature. It
is very likely that the cross relaxation and upconversion processes are also strongly influenced by
temperature. Unfortunately it is very difficult to estimate how temperature changes in the fiber
core affect these two competing processes [65]. However it is possible, to some extent, to de-
scribe the temperature dependence for non-radiative decay rates. The non-radiative lifetimes 7,
generally decrease with increasing temperature. For most rare earth doped glasses the temperature
dependence can be described by:

L ctsnmy  wih w1 =

Tor chv/kT _ (2.48)
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Unfortunately the situation is more complicated for thulium in silica glass. Turri et al. have shown
that the fluorescence decay profile of the F; has a double exponential behavior for temperatures
above ~ 150K. They found a fast (7; = 115us) and a slow (7, = 650pus) lifetime at room
temperature, as shown in figure 2.23 [63]. In general the decay lifetimes appear relatively constant

for temperatures above 200K.
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Figure 2.23: The lifetimes for fluorescence of transition 3£, — 3 Hj of thulium in silica mea-
sured for different temperatures [63]

2.5 Advantages of thulium

In general thulium high power fiber laser sources suffer from lower efficiency compared to ytter-
bium based fiber lasers. Consequently very high average power generation has been limited to
1kW in thulium based systems [66]. Fiber designs that enable sufficient cross relaxation represent
one route to address thermal issues. The development of high power laser diodes for in band pump-
ing would enable more efficient thulium fiber lasers as well. Regardless of the rather bad thermal
properties, thulium based fiber lasers offer unique features that cannot be provided by other rare

earth based fiber lasers.
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The 2um emission wavelength of thulium is of particular interest for mode area and peak power
scaling. First, the 2um wavelength allows theoretically for twice the mode field diameter while
preserving single mode behavior compared to 1m wavelength. This alone may enable peak power
scaling in thulium doped fiber lasers beyond ytterbium doped systems, since nonlinear effects in
the fiber scale with mode field area. Second, nonlinear effects such as stimulated Raman- and
Brillouin-scattering as well as self-focusing are inverse proportional to the wavelength (squared),
stressing the potential of thulium doped fiber lasers to generate peak powers beyond the 10 MW-
level in the future. An important feature of thulium high peak power fiber lasers is the option
of directly pumped optical parametric oscillators (OPO). P. Kadwani et. al have realized directly

pumped OPO mid infrared sources utilizing high peak power thulium based fiber lasers [5].

The very broad emission spectrum of thulium compared to all other commonly used rare earth ions
may enable the direct generation of fs-pulses in mode-locked thulium based fiber lasers by taking
advantage of anomalous dispersion of silica glass at 2m wavelength. High repetition rate, high
average power laser sources at 2um wavelength may be of particular interest for high harmonic
generation (HHG). Limpert et al. have demonstrated HHG with ytterbium based fiber laser systems
at 1pm wavelength and generated attosecond-pulse durations at 150kHz repetition rate [67]. The
longer emission wavelength of thulium can be of advantage for higher energy cutoff HHG. Another
advantage of the long and broad emission wavelengths of thulium are absorption bands in water
and carbon dioxide that can be used for many sensing and medical applications. An example
for a sensing application is light detection and ranging (LIDAR). A tunable thulium laser can be
used to detect absorption resonances of molecules and ranging information can be detected due to
reflection. Coherent Doppler LIDAR is capable of detecting horizontal and vertical wind velocities
in the atmosphere [68]. Medical applications are possible due to the water absorption band in the
range of 1.91um and 1.94um. Since water is often the primary constituent of biological tissue,

thulium fiber lasers are excellent, robust and flexible sources for tissue ablation or cutting [69].
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CHAPTER 3: EXPERIMENTS

The experiments performed in this work focus on the utilization of thulium doped, rod-type, silica
based PCF designs. Two different designs have been characterized in a CW-lasing setup and
utilized for CW- and pulsed amplification in MOPA configuration. The detailed specifications
and a modal analysis, kindly provided by Clemence Jollivet and the fiber laser group of Prof. Axel

Schiilzgen at CREOL, UCF [70], are presented in subsection 3.1.

Because of the novelty of thulium PCF rods with very large core area, the chemical design as
well as the fiber design are not optimized. As discussed earlier it is very important for fiber laser
performance, that clustering effects are avoided in the fiber core. To get a sense of the clustering
in these novel fiber designs, a photodarkening test was performed and the experimental setup and

the results are presented in subsection 3.2.

CWe-lasing tests and ASE measurements were carried out for both PCF rods and the experimental
details are shown in subsection 3.3. As part of these investigations slope efficiency, maximum
output power, beam quality and wavelength tuning range were examined. The results of this work

have been published in Optics Letters [71].

The ultimate goal of this work is to maximize peak power, pulse energy and average output power
by implementing the PCF rod design as a final amplification stage in a master oscillator power
amplifier. The first step to investigate the performance of the thulium doped PCF rod design is the
amplification of a CW-signal as discussed in subsection 3.4. In this section the CW performance of
the master oscillator and the flexible PCF as first amplification stage are discussed. As part of this
section the mode field diameter of rodB was determined and compared to the simulation results
of subsection 3.1. Subsequently the final amplification results for the rod type design as well as a

characterization of beam quality for different output powers are presented. Thermal effects have
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been identified as the main limiting factor for CW-average power scaling.

The last subsection 3.5 presents the results of the pulsed amplification with the afore mentioned
two stage MOPA system. The MOPA characteristics for pulsed operation are shortly discussed in
subsection 3.5.1. Pulsed amplification experiments were conducted for rodB, that is most promis-
ing for peak power scaling due to the large mode field area and excellent beam quality. The final
amplification results for various pulse repetition rates and pulse durations are presented in subsec-
tion 3.5.2. As part of these experiments MW-level peak power was achieved at 1kHz repetition

rate and 6.5ns pulse duration. This world record result has been published in Optics Letters [20].

3.1 Thulium doped rod-type PCF

The advantages of rod-type fiber designs have led to a significant increase of peak power and pulse
energy in 1pum wavelength, ytterbium based systems. Before this work, thulium doped rod-type
PCF had not been investigated but as will be shown, the advantages of the rod design also apply
at 2um wavelength. The first flexible PCF manufactured by NKT Photonics A/S (Denmark) was
characterized in 2011 [72] and showed promising results particularly in terms of beam quality and
mode field diameter (MFD), which is the main feature for potential pulse energy and peak power
scaling in fiber lasers. The slope efficiency achieved in this fiber in lasing configuration was 35%,
thus further optimization of the fiber design is required to achieve efficient cross relaxation with
maximum efficiencies in the order of 70%. Subsequently a Q-switched oscillator was realized with

this fiber design [12] and it was implemented as first amplification stage in a MOPA system [13].

In this work two different thulium doped PCF-rods with 65um (rodA) and 80um (rodB) core
diameters have been characterized. The PCF rods tested were fabricated by NKT Photonics A/S.

Figure 3.1 shows an image of the fiber facet of rodB. The rods have an all-glass double clad design
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and an inner air cladding with > 0.4NA at 790nm. The silica glass cores are doped with 2.5% Tm

and are co-doped with Al (1:8 Tm/Al ratio) to circumvent clustering.

Figure 3.1: Image of the fiber facet, showing the 80um diameter core and part the 220m diameter

inner cladding.

Table 3.1: Detailed specifications of the two thulium doped rod-type PCF’s

RodA RodB
core diameter 65um 80pum
mode field diameter  46um o6um
cladding diameter 180pum  220pum
hole to hole pitch 11.2um  13.7um
hole diameter 217um  2.62um
fiber length 1.27Tm  1.36m

Table 3.1 provides more detailed information about the two different designs. To prevent contam-

ination, the fiber ends were fused to collapse the air holes. Parasitic lasing can become an issue at

high pump powers, especially when utilizing the rods as amplifiers. Hence, the fiber ends of the

rods were cleaved and then polished at an angle of ~ 4° (done by NKT photonics A/S).
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Figure 3.2: Theoretical modal analysis performed by Clemence Jollivet, CREOL 2012 [70]

The theoretical modal analysis of the two rods was performed by Clemence Jollivet in the group
of Prof. Axel Schiilzgen (CREOL, 2012/2013) with the FIMMWAVE software (distributed by
the company Photon Design) [70]. This software provides a full vectorial finite element mode
solver. Using the rod parameters given in table 3.1 and assuming a signal wavelength of 2um
the simulation revealed multi-mode character for both rods. The measured value of the refractive
index in the core regions is 1., = 1.43808 and effective cladding refractive indexes of n¢jadding =
1.43651 (rodA) neadaing = 1.43700 (rodB) can be obtained by averaging over air holes and solid
glass material. Equation 2.2 can be used to find the NA of the fibers with NA=0.067 (rodA) and

NA=0.056 (rodB). Figure 3.2a depicts the guided modes of rodB. The first mode has a Gaussian
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like profile, while the higher order modes show typical spatial intensity distributions as known
from step index fibers, supporting the expected index guiding nature of this PCF rod. RodA has a
similar set of higher order modes and a separate presentation is unnecessary. The guided modes
cut off is shown in figure 3.2b. The simulation reveals that there are 5 guided core modes for rodA
and rodB. Mode number 6 in rodB might be weakly guided, since the effective index of this mode
is very close to the cut off index within the range of possible simulation error. By investigating the
fundamental mode beam profile the effective mode field diameter can be determined as depicted

in figure 3.2c.

3.2 Photodarkening measurement

As briefly discussed in subsection 2.3.9, the photodarkening effect is believed to be related to
clustering effects in the core. These clustering effects can significantly reduce laser or amplifier
performance. One prevention measure is co-doping with other materials, e.g. aluminum. The alu-
minum concentration in the core area of rodA and rodB is approximately 8 times the concentration

of doped thulium. A possible setup to measure the photodarkening in a fiber is shown in figure 3.3.

Powermeter

l:li Computer

HeNe (632nm)

M1

Pump Diode f4

(790nm)

Computer

2
— — Powermeter
ROD - Mount and Cooling System

Figure 3.3: Setup for the measurement of photodarkening in fibers
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In preparation for the photodarkening and future experiments the rod mount and the cooling system
were designed and installed. A metal rail with a centered slit was used to hold the rod under test in
position. Six water cooled metal blocks were distributed along the rail and mounted below and on
top of it. The pump light was extracted from a pump diode at 790nm (DILAS) with a maximum
output power of 100W and coupled to the inner cladding of the fiber using a water cooled imaging
system (f3, f4) and a mirror with high reflectivity at 790nm (M4). A Helium Neon (HeNe) laser at
632nm and SmW output power was chosen to serve as the probe beam. The beam was redirected
by two silver mirrors (M1,M2) and coupled into the core of the fiber using a lens (f1) with a focal
length of Scm. Another mirror with high reflectivity at 790nm was used to extract the pump light
that was transmitted by the fiber. The partial reflection of the probe beam at this mirror was used
to measure possible power fluctuations of the HeNe laser output. The probe beam was imaged and
magnified with a lens of 10cm focal length (f2) after exiting the rod. A pinhole clipped the beam
before it hit the power meter and was adjusted in such a way, that mostly the center (core) part of

the probe beam was transmitted.

»
¢
¥

(a) Image without pinhole (b) Image with pinhole

Figure 3.4: Image of the fiber end facet at maximum light coupling in the fiber core with and
without pinhole (images inverted for better visibility)
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Due to the very small NA of the rod the experimental challenge of this measurement was to couple
the 632nm light into the core. Several attempts were made to couple as much light as possible
into the core using various lenses (focal lengths from 25mm to 100mm) and different laser sources
(green laser diode at 532nm and HeNe laser at 632nm). Best coupling was achieved with a lens
of 50mm focal length and the HeNe laser but most of the light was trapped in the cladding. An
example of the achieved coupling is shown without pinhole in figure 3.4a and with pinhole in figure
3.4b. However, the light power in the core was rather small (= 100x¥) and changed drastically
when pumping the rod. The pumping causes thermal gradients within the rod. This generates

stresses and causes small movement of the rod influencing the coupling.

In order to realize a photodarkening measurement a long term testing at high power is required.
Therefore the power outputs of the HeNe laser and the probe signal were logged over about 9 hours
while pumping the fiber rod with about SOW at 790nm. The used power meter software did not
allow to log the data parallel at the same computer. This issue lead to the use of two computers
and consequently to asynchronicity. To minimize this effect single consecutive automatic mea-
surements have been taken in time steps of 1.5s. However, after 9hours the measurement count
differed by about 100 between the two signals. To receive the final plot data, the measured probe
power was divided by the HeNe signal and then normalized to the average of the resulting data
points. Because of the different measurement counts a previous step was inevitable. The signal

with less measurement counts was interpolated to match the total counts of the other signal.

The photodarkening measurement was carried out for rodB only and the result is shown in figure
3.5. It can be seen that the power fluctuates by about +6% of the average signal. Those fluctuations
are due to the thermal gradients in the fiber and environmental effects like air conditioning, ambient
light in the laboratory and vibrations of the laboratory table. Furthermore the arbitrary change of
the probe signal suggests a rather bad coupling in the core of the rod. There is no indication of

a global decrease of signal power with time. However, the effect might not be observable within
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the achieved signal to noise ratio. The signal to noise ratio could be improved by achieving a
much better core coupling. Additionally stronger pumping and a shorter fiber could lead to strong

inversion throughout the fiber and cause faster aging and formation of color centers.
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Figure 3.5: Normalized Signal Power divided by HeNe Power

It can be concluded that there was no photodarkening observable with the rod under test. Moreover
the rod has been used for several later experiments that required long operation times at high pump

powers close to 250W (subsection 3.4) and a drop of efficiency has not been observed.

3.3 CW-lasing and ASE

One way to characterize an active fiber in terms of efficiency, beam quality, spectrum and tunability
is testing the performance as an active medium in CW-lasing configuration. A similar character-
ization was conducted for the first thulium doped flexible PCF in 2011 [72]. This novel design
with > 1000um? mode field area (MFA) provided single-mode, Gaussian like beam quality with
M? < 1.15 and polarized output with a maximum average output power of 4W. The broad spec-

trum of thulium in the 2,4m range can be exploited in terms of wavelength tunability. Clarksen et.
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al have demonstrated a cladding-pumped thulium doped silica fiber laser with wavelength tuning
from 1860nm to 2090nm at moderate output powers of > 5W [73]. Likewise McComb et. al
have presented a tunable oscillator from 1900nm to 2100nm with output powers > 101 [74]. In
this work more than 20W output power and wavelength tunability from 1810nm to 1990nm were
achieved in a thulium doped PCF rod and some of the results were published in Optics Letters [71].
Recently a thulium doped, silica based large pitch fiber rod reached > 50W average output power

in CW-lasing configuration [75].

Pump Diode
(790nm)

[

ROD - Mount and Cooling System

Figure 3.6: The schematic sketch shows a counter propagating laser cavity. A wedge with 4%
reflectivity at 2um was used as output coupler. For wavelength tuning the mirror at 2um was
replaced by a gold reflection grating. The same pump telescope was used for both rods [71].

The experimental setup for CW-lasing configuration is shown in figure 3.6. Two metal V-grooves
with lengths 1.27m for rodA and 1.36m for rodB were made to support the fiber rods. The V-
groove acts as a heat sink and was cooled to 13°C' by six water-cooled aluminum cuboids. The
rods were pumped with a 793nm, 100W laser diode (DILAS). The pump light was delivered by
a 200pm multimode fiber and was subsequently coupled into the rods by an 1:1 telescope with
f = 100mm and a dichroic mirror reflecting 793nm light and transmitting light at 2um. On the
side opposing the pump input the beam was collimated by an 26mm triplet with anti-reflection
coating at 2pym wavelength. A high-reflectivity mirror at the signal wavelength reflects the signal
light back into the rod. After leaving the rod on the pump coupling side, the signal was collimated

by an uncoated 50 mm doublet lens that introduces a signal loss of =~ 15%. The uncoated surface
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of a 3° wedge (= 4% reflectivity) was utilized as the output coupler and completed the laser cavity.
To investigate oscillator wavelength tunability the high reflectivity mirror M was replaced by a 600

line/mm gold-coated reflection grating [71].

3.3.1 Lasing spectra and ASE

The setup shown in figure 3.6 can not be used for the pure investigation of ASE. Thus, the ASE
experiments were conducted without the use of the 2um mirror M and the out-coupling wedge W.
Clearly ASE should be observable on both output ends, if the pump power level is sufficient to
produce a strong enough signal. Here the ASE was generally weak (in the order of 10th of mW) at
the pump coupling side (counter propagating) and very weak on the other side (co-propagating).
The output power of ASE is limited by parasitic self lasing effects that occur for relatively high
pump powers. The parasitic lasing threshold is mainly determined by the back reflections of the

fiber facets or the lenses.

The ASE spectra at 17W pump power are depicted in figure 3.7a. The spectra extend from 1650nm
to 2050nm for rodA and and 2150nm for rodB, respectively. The peak wavelength of both spectra is
approximately 1900nm. The ASE spectrum of rodA decreases more rapidly for longer and shorter
wavelength relative to the peak wavelength than the ASE spectrum of rodB. The flexible PCF that
was characterized in [72] showed ASE extending only from 1850nm to 2030nm. The difference of
the shorter wavelength edge compared to the rods can be explained by reabsorption and the longer
fiber. However, it seems that the longer wavelength edge is influenced by the MFD. The longer
wavelength edge increases from 2030nm (MFD = 36um) to 2050nm (MFD = 45pm) to 2150nm
(MFD = 80um). Possible explanations could be found in the different guiding properties and gain
per unit length of the different fibers. With increasing MFD the NA of the fibers decreases and the

confinement in the fiber core is changed. A larger MFD increases the ions per unit length and parts
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of the larger mode are more amplified than others. An alternative explanation is the temperature
dependence of the emission and absorption cross sections. The larger the core diameter, the more
ions are present per unit length. Consequently the pump absorption per unit length as well as
the temperature per unit length are increased. As discussed in subsection 2.4.4, the emission and
absorption cross section become smaller for increasing temperature [65]. This leads to a reduction
of peak cross section but to an increase of bandwidth. This is exactly what can be observed in the
ASE spectra in figure 3.7a and might indicate that the temperature in the core varies strongly with
core diameter. One might argue that the difference of core radius between rodA and rodB is not
significant. However, a 1:1 imaging telescope was used to focus the beam from the 200um pump
delivery fiber to the rod facet. Consequently the pump absoprtion in rodA was weaker than for

rodB, since the pump cladding diameter of rodA is only 180um compared to 220m for rodB.
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(a) ASE spectra of rodA and rodB at 17W pump power  (b) Lasing spectra of rodA and rodB at 70W pump power

Figure 3.7: Spectral analysis of lasing operation and ASE

When lasing at 70W pump power, as shown in figure 3.7b, the spectra of the two rods show similar
lasing peaks between 1900nm and 1950nm. Surprisingly the ASE does not disappear while lasing

in either case. The ASE seems reduced in rodA but nearly unchanged in rodB. Interestingly the
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investigation of the flexible PCF in [72] showed no ASE while lasing. The comparison indicates
that the MFD might influence the ASE content while lasing. For large MFD the overlap of the fun-
damental mode with the doped region is smaller than for small MFD. Therefore a relatively large
area remains undepleted by the lasing signal and could lead to the larger ASE content. However,

the ASE power in all cases is at least 30dB smaller than the spectral power of the lasing signal.

3.3.2 Lasing slope efficiencies

The slope efficiencies achieved in lasing configuration were 23.9% and 27.8% for rodA and rodB,
respectively and the plots are depicted in figure 3.8a. This is less than the 36% slope efficiency that
we achieved using a flexible PCF with the same chemical composition in [72]. The differences
in efficiency between the two rods is the result of the different cladding diameters, which makes
pump coupling to rodA more difficult and less efficient. In agreement to this explanation the
lasing threshold of rodA is 22W absorbed power, which is higher than the 17W for rodB. The
absorbed power was calculated from the launched pump power by subtracting pump mirror losses
and transmitted pump power. At 100W pump power the maximum output power was limited to

18W and ;22W for rodA and rodB, respectively.

An additional experiment was carried out for rodB. The ASE output power over launched pump
power was measured at the pump coupling side. The ASE power increases exponentially with
pump power. For pump powers approaching 80W parasitic lasing occurred and the output power
peaked to hundreds of mW. Below 80W pump power the ASE output power did not exceed 50mW.
This result is very promising for pulsed amplification applications, since ASE is an important lim-
iting factor for pulse energy scaling at low repetition rates (subsection 2.3.6). By extrapolating the

observed ASE increase with pump power, we anticipate the ASE power does not exceed 150mW.
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Figure 3.8: Slope efficiency for lasing operation and ASE

3.3.3 Beam quality

M?-measurements were performed for both rods with a pyro-electric array camera (Ophir Pyro-
Cam III) and revealed nearly diffraction limited beam qualities at SW output power. The measure-
ment results are depicted in figure 3.9. Even at highest output power, the beam quality was main-
tained. Our investigations showed that M2 < 1.3 is achieved for output powers up to 18W/22W
[76]. It is worth mentioning that readjustment of the cavity mirrors was necessary to achieve these
results at highest pump powers. This is related to thermal effects in correspondence with the rela-
tively low efficiency and high quantum defect in these thulium PCFs. Due to the smaller focal spot
size of rodA compared to rodB and the limited length of the optical table it was not possible to
use the same lenses for the M/%-measurements. Hence, the beam waist measurements over position
show a different divergence angle for rodA and rodB. The different focal positions of the horizontal
and vertical beam waists are caused by astigmatism that was induced by the pump mirror at the

output.
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Figure 3.9: Investigation of beam quality. Both PCF rods show nearly diffraction limited beam
quality

3.3.4 Wavelength tuning

In order to investigate the tunability of the lasing output in rodB, the high reflectivity mirror of the
lasing setup figure 3.6 was replaced by a 600lines/mm gold reflection grating. As shown in figure
3.10b, the lasing wavelength was continuously tuned from 1810nm to 1990nm before parasitic

lasing occurred.

The slope efficiencies for selected wavelengths were measured with respect to absorbed pump
power and are plotted with respect to wavelength in figure 3.10a. In the same graph the corre-
sponding lasing thresholds are depicted. The slope efficiencies are > 20% and relatively constant
between 1830nm and 1970nm. Compared to the free lasing configuration the slope efficiency is
reduced. This effect can partially be explained by different amplification at wavelengths according
to the emission and absorption spectrum of the active material. In addition the reflection grating

has a reflectivity of &~ 90% and additional losses are introduced to the cavity. At shorter or longer
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wavelengths the slope efficiency drops significantly and the seeding wavelength for amplification
should consequently be within this range. The lasing threshold has its minimum at 1920nm, in

agreement with the center wavelength of the free lasing configuration figure 3.7b.
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Figure 3.10: Investigation of the wavelength tunability in rodB

3.4 CW-amplification

The master oscillator power amplifier (MOPA) configuration enables much higher average output
powers, peak powers and pulse energies than achievable from single oscillators. In addition the
MOPA design allows for improved management of ASE generation and nonlinear effects by utiliz-
ing different fiber designs and fiber lengths in each amplification stage. However, the complexity
is increased and the compactness of the laser system, that is often advertized as a major advantage
of fiber lasers compared to e.g. solid state lasers, is significantly reduced. Noteworthy develop-
ments at 2um wavelength comprise single amplification stage MOPA’s with > 1501/ CW output

power [74], > 100W polarized CW output power [77] and a four stage single frequency MOPA
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exceeding 60011 average power [78]. The work presented here enabled medium average powers

of > 50 in a two stage MOPA configuration based on rodB as the selected final amplifier.

3.4.1 Experimental setup

The setup for both, pulsed and CW-amplification, is depicted in figure 3.11. The signal for subse-
quent amplification is generated in a master oscillator containing a polarization maintaining step
index fiber with 10pm core diameter as active medium, a reflection grating for wavelength tuning
and an AOM (compare with section 2.1.3) for Q-switched operation. The master oscillator can
be operated in CW mode. For pulsed operation an EOM (compare with section 2.1.4) is used for
pulse slicing and picking, providing control over pulse duration and pulse repetition rate. The first
amplification stage is a flexible PCF with 50um core diameter and ~ 2.7m length. The pream-
plified signal is then collimated at the PCF output by an Infrasil lens triplet with 25mm focal
length and subsequently coupled into the final PCF-rod amplifier with another Infrasil lens triplet
f1 = 25mm. The amplified output signal is first collimated and then split into multiple beams by
one or two glass wedges (depending on output power) with 4% Fresnel reflection. The reflected
beams are used for temporal characterization and spectral analysis of the signal with a photodiode
and a spectrometer, respectively. The transmitted beam is used for measurement of the average

output power [20, 76].

Various experiments have been conducted with two pump diodes that required different pump cou-
pling and signal collimation schemes. The 100 pump diode from DILAS utilized a multimode
delivery fiber of 200m core radius. Efficient pump coupling can be achieved with a 1:1 telescope
for rodB with a pump core diameter of 220m utilizing BK7 achromatic lenses f3,, = 100mm,
that are optimized for minimal pump light reflection (figure 3.11a). The pump signal at 793nm is

reflected by a dichroic mirror, while the signal is transmitted and then collimated with a reflection
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coated BK7 lens triplet fo = 50mm. Higher pump power requires larger delivery fibers with core
diameters of 400um and a 1:1 imaging system is not suitable for efficient pump coupling. To
achieve sufficient pump coupling the focal length of f5 needs to be reduced by at least a factor
of 2. It was not possible to implement such a lens because lens mounts, mirror mounts and the

cooling system introduce limitations on the minimal possible focal length in this pump scheme

configuration.
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(a) “Side pumping” configuration, suitable for I00W pump diode (DILAS) only. Separate lenses for pump telescope
and signal output collimation (fo = 50mm).

M Amplification in .
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(50/250pm) P M Photodiode

Pump Diode
(790nm)

ROD - Mount and Cooling System

(b) “Straight pumping” configuration, suitable for 100W (DILAS) or 300W (LIMO) pump diodes. Lens fo = 40mm
is simultaneously used for pump coupling and signal output collimation.

Figure 3.11: Setups for pulsed and CW-amplification

Figure 3.11b shows an alternative pump scheme. Here the aspheric lens f, = 40mm for signal
collimation is simultaneously used for pump coupling. The advantages of this pump scheme are

higher pump powers of up to 300l (LIMO pump diode), less astigmatism in the signal beam
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and more efficient pump coupling. However, no such lenses are available off the shelf and it is
hard to find a lens that has anti-reflection coating for both, pump light (793nm) and signal light
(2pm). The lens chosen here is equipped with an anti-reflection coating (650nm — 1050nm) and
shows nearly no absorption at 793nm. It is S-LAH64 based and absorbs ~ 5% at 2um wavelength.
A major disadvantage is the potentially lower threshold for parasitic lasing since the lens has no

anti-reflection coating at the signal wavelength.

3.4.2 Characteristics of the CW-seed source

The master oscillator and the preamplification stage have been characterized and discussed in
great detail in the PhD thesis of Pankaj Kadwani [5] and a similar discussion is not within the
scope of this work. This subsection provides details on the spectral and temporal characteristics
of the master oscillator and the preamplifier in CW-operation. Moreover the maximum achievable
output power is of interest for seeding the final PCF rod amplifier because parasitic lasing can be

effectively avoided with sufficient seed powers.

The schematic setup of the seed source is depicted in figure 3.12. The active medium of the
master oscillator consists of a polarization maintaining step index fiber with 10um core and 130um
cladding diameter [79]. It is spliced to a beam combiner that connects to a 35W pump diode at
790nm. The cavity consists of a reflection grating for wavelength tuning and the 4% Fresnel
reflection of the fiber end facet and can be Q-switched by an acousto optical modulator (AOM).
The AOM can be operated in CW-mode. The oscillator output is directed through an electro
optical modulator (EOM) that can be utilized as a pulse slicer and picker. This device is turned
off in CW-mode. After passing through a Faraday isolator the beam is eventually coupled into the
preamplifier fiber, a flexible polarization maintaining PCF with 50um core diameter and 250um

cladding diameter [79]. The implemented Faraday isolators prevent backwards propagating light
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to affect the amplifier or oscillator. It is worth mentioning that the PCF fiber used here was doped
with 3.5wt.%. Part of the characterization in [5] was done at 2.5wt.% doping concentration leading

to higher output powers and better performance.

pump diode
7 35W at 790nm \
beam combiner . |:| H AOM .
reflection
grating
. |:| H EOM |:| - . . -
lens |:| half-wave plate -
pump diode
100W at 790nm
B isolator polarizing beam splitter

Figure 3.12: Schematic Setup of the master oscillator and preamplifier. The AOM can be oper-
ated in CW-mode or pulsed mode. The EOM is used as a slicer/ pulse picker and is turned off for
CW-operation

The master oscillator was operated at 650mW CW output power and produced a Gaussian beam
with a spectral width of only 0.3nm (10dB width). The measured spectrum and beam profile
are shown in figure 3.13a. After passing through EOM and isolator 450mW of CW-power were
coupled into the flexible PCF preamplifier. The maximum CW-seed output used for the following
CW-amplification experiments was 4W. Figure 3.13b shows the spectrum and the beam shape at

4W CW-average power. The 10dB linewidth is still below 1nm.

An interesting observation was made when the temporal evolution of the CW-signal was investi-
gated with a photodiode. Although the AOM was switched to CW mode, pulses with a repetition

rate of ~# 1.6 M Hz and ~ 20ns pulse duration were formed in the cavity. Measurements of this
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self pulsation are shown in figure 3.14. The pulses were not stable in terms of peak intensity as can
be seen in figure 3.14a. The stability was strongly dependent on pump power and cavity alignment.
This could be self-pulses from the three-level nature of thulium or might involve soliton formation.

In case of soliton formation the anomalous dispersion of the silica glass in combination with self

phase modulation lead to a stable solution in the fiber cavity.
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(a) Spectral output and beam of the master oscillator at

(b) Spectral output and beam of the preamplifier at 4W

650mW CW output power CW output power

Figure 3.13: CW-performance of the seed system

In conclusion we found that the seed source is not CW and shows self pulsation. The repetition rate
of this self pulsation is in the order of MHz. At this repetition rate the performance of subsequent

amplifiers is most likely very close to the actual CW-performance. Thus, in the following this type

of performance is still called CW-signal or CW-amplification.
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(a) Measurement of self pulsation shows peak intensity (b) The repetitionrate is approximately 1.6MHz with
fluctuations over time pulse durations of ~ 20ns

Figure 3.14: Self pulsation occurs in master oscillator when AOM is set to CW mode

3.4.3 Measurement of the mode field diameter

Before the CW-amplification experiments were conducted in the final amplifier, it was of interest
to find the actual mode field diameter (MFD) of the PCF rod. An easy way to find the MFD is
to couple light into the fiber rod fundamental mode and image the beam output with sufficient
magnification (e.g. 20x). Since the pump core diameter is usually known, it can be used as a
reference. By slightly detuning the input coupling, it is possible to excite significant amount of
light in the pump core. The pump core diameter was determined by counting the camera pixels
illuminated in a single line that passes the center of the fiber core. Using the known pump core

diameter, the actual image pixel size can be determined.

The measurement was done for rodB only. The beam image with the determined pump core di-
ameter are shown in figure 3.15a. The beam was fitted in Matlab by using a Gaussian function

and the MFD’s correspond to 1/e? of the intensity. The fits are shown in figure 3.15b. In order to
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account for small aberrations of the imaging, the image pixel size was calculated for horizontal (x)
and vertical (y) direction. The MFD was found to be ~ 50um and appears slightly smaller than
the theoretical prediction of 56m given in 3.1. Since the measurement was carried out without
pumping the rod, mode field shrinking due to thermally induced waveguide changes did not occur.
However, it is unclear if interference of the fundamental mode with higher order modes (HOM)
could have reduced the actual beam size. Even if the power content in HOM’s is small, they can

still significantly affect the actual beam shape.

1pizel,~(3.10 £ 0.06) um Ipixel,~(2.93 + 0.05)um (3.1)

MFDx = (48.1 + 3.5)um MFDy = (49.7 + 4.5)um (3.2)
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(a) Unamplified beam profile of rodB. The (b) Plot and Gaussian fit of beam profile in horizontal (red) and
orange circle represents the size of the pump vertical (green) orientation
core

Figure 3.15: Measurement of the mode field diameter without amplification
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3.4.4 CW-amplification performance

The slope efficiencies as well as the beam shape evolution with output power for CW-amplification
were characterized for both rods. A M? measurement was only carried out for rodB. In the follow-

ing the results are separately presented for both rods as final amplifiers.

CW-Amplification in rodA

The CW-amplification experiment with rodA was carried out in straight pumping configuration
(figure 3.11b) with a 100mm:40mm telescope for pump coupling and a maximum pump power of
100W at 793nm (DILAS). Higher pump powers could not be coupled into the rod, because proper
aspheric lenses are not commercially available to focus the 400um delivery fiber diameter to the

rather small pump core (180um).

The slope efficiencies were measured for different seed powers while monitoring the spectral char-
acteristic and beam shape of the output. The results are shown in figures 3.16 and 3.17. The
maximum output power achieved was > 18W for 90W launched pump power. The measured
spectrum (figure 3.16b looks clean and shows no sign of nonlinear effects or ASE. The 10dB spec-
tral width is smaller than Inm. The slope efficiency increases with seed power and is ~ 19% at
highest seed input. Compared to the CW-lasing result of ~ 24% the slope efficiency is notice-
ably reduced. The beam quality was not investigated in detail, e.g. no M? characterization was
performed. However, images of the beam shape were recorded for various output powers. The
intensity distribution fluctuates when the pump input power is changed. Those fluctuations can be
compensated by adjustment of the seed coupling. The fluctuations did not severely influence the
achievable output power for a set pump power. The beam shape evolution for different output pow-

ers depicted in figure 3.17 shows relatively strong fluctuations. The coupling was not optimized
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after increasing the pump power. Interestingly the beam deformations seem not related to the total
output power, because the beam quality randomly improves or degrades while changing the pump
power. For example, it can be seen that at highest output power the beam shape looks quite Gaus-
sian again, although the beam quality seemed to degrade before. Possibly the deformations are the
result of thermally induced waveguide changes. Different pump powers cause a different amount
of heat to be deposited in the fiber and the index of refraction changes with temperature. This
index change affects the guiding properties of the fiber and might lead to guidance of higher order
modes. Another possible explanation is thermal lensing of the fiber tip on the pump side. The
radial temperature gradient is mimicked by a refractive index change via the thermo-optic effect
[23]. Thus, the higher temperature in the core center causes a higher positive index change (in

silica) than at the core-cladding transition and the radial index distribution acts like a positive lens.

20 4 seed power dope
1 = 40W 18.6%
16 4 « 10w 16.4%
4 02W 155%

€
2 J
'g 12 — o i
g g 8 -40 ]
2 %7 . / B .50
2,1 .. g
8 d . . . A & -60 —_
0— 22 2 * -70
L L DL L L
0 20 40 60 80 100 1850 1900 1950 2000
launched pump power in W wavelength (nm)

(a) Slope efficiencies of rodA for various seed powers (b) Spectrum at 18W output power

Figure 3.16: CW-amplification performance of rodB with output powers of > 18W
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Figure 3.17: Collimated beam profiles for various output powers. The beam quality fluctuates
with changing pump powers.

CW-Amplification in rodB

The CW amplification with rodB was realized with both pump diodes. First the 100W DILAS

pump diode was utilized in side pumping configuration with a 100mm:100mm coupling telescope,

as shown in figure 3.11a. Subsequently the 300W LIMO pump diode was implemented in straight

pumping configuration as depicted in figure 3.11b with a 100mm:40mm telescope, allowing to

focus a 400um delivery fiber diameter down to < 220um pump core diameter.
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Figure 3.18: CW-amplification performance of rodB with output powers of 20W and excellent
beam quality [71]
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The results based on the 100W DILAS pump diode are presented in the following paragraphs. In
figure 3.18a the output powers with respect to pump power are plotted for various seed powers.
The corresponding slope efficiencies were determined with linear fits and are summarized in figure
3.19a. The maximum output power of ~ 19 was achieved with an input seeding power of 4W
with excellent beam quality, as shown in figure 3.18b. Three things can be concluded from these
systematic measurements. First the slope efficiency increases with seeding power from 14% to
almost 20% and remains quite constant for seed powers larger than 2W. The slope efficiency de-
creased noticeably compared to the measured free lasing slope efficiency of 27%. Furthermore the
gain reduces drastically from 16dB (amplification factor ~ 40) at 200mW seed power to roughly

6dB (amplification factor ~ 5) at 4W seed power.
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Figure 3.19: Characterization of rodB as the final amplification stage

The beam profile did fluctuate slightly when the pump power was changed. Strong deformations
of the beam shape, that occurred for rodA (compare figure 3.17), were not observed at these pump
powers. These small deformations can easily be compensated with a change of coupling conditions

for a specific pump power and are very likely a result of the changing thermal load. In fact, with
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effort to improve the beam quality by changing the coupling conditions, the rod produces nearly
diffraction limited beam quality for all pump powers with M/? < 1.3. This is in agreement with
the results found in the CW-lasing characterization. Figure 3.19b shows a M?-measurement at

~ 20W output power.

The following CW-amplification results were achieved when utilizing the 300W LIMO pump
diode. Figure 3.20a depicts the achieved output powers over launched pump power when seeding
the rodB with 6W CW-average power. The output power evolution with increasing pump power is
linear up to 200W pump power and 40W output power. Within this pump power range the slope
efficiency is ~ 24%. Compared to the slope efficiencies achieved with the 100W DILAS pump
diode this result is much closer to the slope efficiency in free lasing operation (~ 27%). Most
likely the straight pumping configuration, as well as the different pump optics and the different

pump source enabled higher slope efficiency.
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Figure 3.20: Amplification in rodB with more than 250W pump power
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The maximum output power was limited by parasitic lasing to 52W at 250W pump power. It is
worth mentioning that this CW-amplification measurement was performed after pulsed amplifica-
tion experiments, where the rod end facet was damaged multiple times. The rod had to be repaired
several times by “hand”-cleaving only. Eventually the length of the rod was reduced from 1.36m
to roughly 1.0m. The end facets were not sealed or angle polished and parasitic lasing as well as

contamination were more likely to occur. At highest output power the spectrum, as shown in figure

3.20b, looked clean without any indication of strong ASE or nonlinear effects.

Figure 3.21: Beam profiles for various output powers. The beam quality starts to degrade for out-
put powers > 301 and degrades drastically for output powers > 401/

As mentioned before the slope efficiency was significantly reduced when 40W output power was
exceeded. This observation coincides with a degradation of beam quality, as shown in figure 3.21.
The beam degradation has a different character than the deformations observed in rodA (compare
figure 3.17). In the case of rodA and at much lower output powers the beam shape seemed to
deform randomly relative to pump power at any power level. In this case the beam deformation is
proportional to pump power. First signs of beam degradation can be observed for output powers

> 30W, when a weak ring appears around the central Gaussian like lobe.

The beam profile is reminiscent of the first higher order mode shown in subsection 3.1. The power
of the ring increases more rapidly compared to the central Gaussian like mode when pushing the
output power beyond 40W. One possible explanation is transverse spatial hole burning, meaning

that the central part of the beam sees reduced gain due to saturation, while the much weaker
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outer part of the beam is still strongly amplified. Consequently the slope efficiency is only partly
reduced due to spatial transverse saturation effects. However, when the experiment was conducted,
the coupling conditions were changed at the rod input and no significant change of the beam profile
was observed. Multiple modes lead to a beam profile, which is determined by interference. When
the input coupling is altered, the phase accumulation and power in the fiber, as well as the modal
power content is changed and the beam profile should deform as well. Instead the stability of the
output profile suggests, that the HOM content is rather small. Thus, it is possible that the beam
profile is changed by thermal lensing effects, especially at the fiber output facet. Since the fiber
core is hottest at the center, the thermal lens is stronger in the center. Consequently the central
part of the Gaussian like beam is more focused than the wings. In combination with interference
effects this could result in the ring like pattern observed. However, this explanation leaves unclear,
why the slope efficiency was drastically reduced, when the beam deformation started to be clearly
visible. Possibly the pump power level is close to saturation of the fiber. However, slow roll off is

an expected manifestation of gain saturation, rather than a sudden drop of slope efficiency.
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Figure 3.22: Thermal lensing for output powers > 20\
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All the beam deformations were recorded with collimated beam and similar camera positions for
all images. An additional measurement was done later. Instead of looking at the collimated beam,
the beam was focused with a 50cm lens and then recorded right behind the lens (near), in the focus
and after the focus (far). An example of all images is given in figure 3.22a at 40W output power.
We found that the focus position is significantly shifted towards the focusing lens as depicted in

figure 3.22b. This is an indication that thermal lensing caused strong focusing at high powers.

3.5 Pulsed amplification

Fiber lasers generally offer relatively high average power with high spatial beam quality and effi-
cient thermal management. Pulsed laser performance is typically constrained by energy extraction
and peak power limitations. High peak powers can be achieved by decreasing the pulse duration or
by reducing the pulse repetition rate, if the maximum achievable average power is reached. Low
repetition rate increases the energy extraction per pulse in the amplifier, if the time between subse-
quent pulses is smaller or in the order of the upper level life time. For very low repetition rates the
energy extraction saturates and ASE builds up between the pulses instead. Nonlinear effects, such
as SPM, FWM, Raman- and Brillouin-scattering, as well as fiber damage represent serious peak

power limitations and have been discussed in detail in subsection 2.3.

Thulium as the dopant in active fibers has a twofold advantage. First, the 2pm wavelength com-
pared to 1um wavelength allows theoretically for twice the mode field diameter while preserving
single mode behavior. This alone may enable peak power scaling in thulium doped fiber lasers
beyond ytterbium doped systems, since nonlinear effects in the fiber scale with mode field area.
Second, nonlinear effects such as stimulated Raman-scattering and self-focusing are inverse pro-
portional to the wavelength, stressing the potential of thulium doped fiber lasers to generate peak

powers in the fiber beyond 10MW.
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The experimental setup for the generation of high peak power and multi mJ pulse energy ns-pulses
is similar to the CW-amplification setup presented in 3.5 and is shown in figure 3.11a. Compared
to ytterbium based fiber lasers, thulium based systems reach significantly lower average power and
thermal management is more important. Nevertheless, by reducing the pulse repetition rate and
pulse duration it is possible to generate several 100kW peak power at average powers in the order

of 10W [20, 4].

Direct Q-switching of a laser cavity is the easiest way to generate ns-pulses with a doped fiber as
active medium. A rod-type ytterbium-doped PCF with 70xm core diameter produced sub-10ns
pulses with up to 2mJ pulse energy when actively Q-switched with an AOM [80]. The MOPA
configuration enabled further power and energy scaling. ytterbium based systems incorporating
very large MFA PCF rods have generated ns-pulses at near diffraction limited beam quality with
more than 4MW peak power [3] and 26mJ pulse energy [81]. To date, some of the most notable
achievements are the generation of Q-switched ns-pulses with up to 270/ energy with a thulium-
doped double-clad silica fiber [62] and a high average power Q-switched Tm-doped large pitch
fiber oscillator with 2.4mJ pulse energy [4]. A thulium based MOPA all fiber single frequency
system produced ns-pulses with over 78kW peak power [14]. In this work we achieved MW-level
peak power with a two stage MOPA and a rod type PCF as the final amplifier. The results have

recently been published in Optics Letters [20].

3.5.1 Characteristics of the pulsed seed source

The AOM was set to pulsed operation at 20kHz repetition rate. With this setting the master os-
cillator produced polarized ~ 100ns (FWHM) pulses at an average power of 670mW, > 30u.J
pulse energy and 335W peak power. The pulse shape as well as the spectrum at this performance

level are depicted in figure 3.23. The 10dB bandwidth of the output at this power level was 0.7nm
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and is increased compared to the CW-case shown in figure 3.13a. Higher output peak powers are
possible but lead to broader spectra and ultimately to instability of the output signal due to self

phase modulation and modulation instability.
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Figure 3.23: Characteristics of the master oscillator at 670mW average output power and 20kHz
repetition rate
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Figure 3.24: EOM utilized as pulse slicer and pulse picker enabling tunability of pulse duration
between 6ns-100ns and pulse repetition rates between 1kHz-20kHz.

To achieve control over both, repetition rate and pulse duration, an EOM (compare with subsection

2.1.4) was utilized as a pulse slicer and picker. The working principle is schematically shown in
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figure 3.24. The EOM rotates the linear polarized input by 90° when voltage is applied and the
signal passes through the subsequent polarizing beam cube and is coupled into the flexible PCF
amplifier. When no voltage is applied, the signal is reflected by the beam cube and absorbed by

a beam blocker. Repetition rates below 1kHz and pulse durations as low as 6ns can be generated

with this technique.
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Figure 3.25: Characteristics of the flexible PCF output at 250mW average output power and 1kHz
repetition rate

The seed signal was varied in repetition rate and pulse duration in order to characterize the effects
on the performance of the final rod amplifier. One amplification experiment was carried out at
1kHz repetition rate and was optimized to achieve maximum peak power in the final amplification
stage with rodB. The flexible PCF amplification stage enabled amplification of 6ns pulses at 1kHz
to a maximum of 500mW average power. This corresponds to ~ 500u./ pulse energy and 80kW
peak power. However, the spectrum becomes significantly broadened beyond 2nm (10dB width)
and small amounts of ASE are noticeable at the output. In order to minimize ASE and to achieve

narrow linewidth of the signal, the output average power was reduced to 250mW (=~ 40kW peak

83



power). Another EOM was implemented as a pulse picker after the flexible PCF output in order
to characterize ASE content between subsequent pulses. The output was basically free from ASE
at an average power level of 250mW. The EOM was removed before the final amplification ex-
periment was conducted, because the additional optical elements (beam cubes and EOM) caused
significant losses in the signal (~ 20%). Spectrum and pulse shape at this performance level are

depicted in figure 3.25.

3.5.2  Amplification to MW-level peak power

Pulsed amplification experiments were conducted with rodB. The larger mode field diameter of
~ 56m for rodB compared to 46m for rodA was chosen for the generation of high peak powers.
The pulsed amplification in rodB was carried out for 20kHz/10kHz at 100ns pulse duration and
10kHz/1kHz at 6ns pulse duration. The respective final output powers and slope efficiencies are

depicted in figure 3.26.

The highest average output power of ~ 20 was achieved at 20kHz repetition rate and 100ns
pulse duration with 4W seed power. The determined slope efficiency is smaller than 20%, which
was similar in CW-operation at the same average input power. At 10kHz and 100ns pulse duration
the seed power was 2W and the slope efficiency dropped even more significantly compared to the
equivalent CW seed power with a slope efficiency of 16.8%. It is clear that both, reduction in seed
power and the reduction in duty cycle affect slope efficiency. The input pulse energy for these
experiments was kept at 2004/ and indicates that the primary effect on slope efficiency was the

duty cycle of the amplifier.

The amplification experiments at 6ns pulse duration revealed an even stronger reduction of slope
efficiency. At 10kHz repetition rate the seed power was 660mW. At this average power level a

slope efficiency of =~ 15.5% can be expected in CW-operation (compare with figure 3.19a). The

84



achieved slope efficiency of ~ 11% is the result of both, pulse repetition and significantly shorter

pulse duration. Similar arguments account for the relatively small slope efficiency of ~ 9% at

1kHz.
20 — = 20kHz; 100ns
— ] . o 10kHz; 100ns
2B Bl 4 10kHz; 6ns
- / * LkHz Gns
s
a
5 5 — /
%— 4 =1 4 7 f[kHz] width [ns] dopeéefficiency [%] @ error [%]
S g 3¢ % ° 20 100 16.8 0.4
r 1 17 "7 "1 "1 "™ 71 10 100 14.2 0.2
0 20 40 60 80 100 120 6 112 0.2
launched pump power (W) 1 6 9.2 0.2

Figure 3.26: Output power over launched pump power for various repetition rates and pulse dura-
tions. Also shown are the corresponding slope efficiencies and a beam image at 1kHz, 6.5ns with
7.3W average power [20].

Although the slope efficiency and average output power reduce noticeably with lower repetition
rate, the highest pulse energies are achieved at relatively low repetition rates of (= 1kH z). At this
repetition rate the time gap between the pulses is already larger than the upper state lifetime and
the build up of ASE must be considered. Moreover possible ASE seed content can significantly
reduce the energy in the amplified pulse. Consequently the seed signal needs to be of high quality
and should ideally contain pulses without any CW-content. The short length of the fiber rod is of
advantage, since the ASE threshold scales with fiber length. For a given pulse energy the peak
power can be maximized by decreasing the pulse duration. In this experiment high peak powers

were generated at 1kHz and 10kHz with ~ 6ns pulse duration.

At 10kHz repetition rate a maximum average output power of 10.2W was achieved. Assuming

Gaussian pulse shape and 5% cladding light this corresponds to a pulse energy and peak power of
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~ 0.9m.J and ~ 140kW, respectively. An even more conservative calculation for 1kHz repetition
rate results in a record peak power of &~ 890k, by assuming 10% cladding light, 97% of the
energy in the pulses and S00mW ASE content in the output signal. It must be pointed out here, that
the amount of cladding light and the ASE content are strongly overestimated in this calculation.
However, a pulse energy measurement was not performed when conducting these experiments
and the peak power calculation is an estimation only [20]. Nevertheless, this peak power result

represents a tremendous increase of peak power compared to previous thulium based fiber lasers.
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Figure 3.27: Characteristics of the final amplifier output at 7.3W average output power and 1kHz
repetition rate

The pulse shape and spectrum at 1kHz repetition rate and highest output power are depicted in
figure 3.27. The pulse duration and shape were not significantly changed compared to the seed
input. The temporal profile of the pulse is accompanied with a modulation, which is associated
with electrical noise from the high voltage driver for the pulse slicer and not the optical pulse. The

spectrum shows no indication of nonlinear effects or significant ASE.
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All the presented results strongly indicate, but do not prove, the calculated peak powers. In order to
verify the peak powers, better characterization of the output signal is necessary. One possibility is
the utilization of an energy meter for direct pulse energy measurements. Furthermore, the energy
confinement in the pulses can be experimentally investigated with an EOM as pulse picker. Theses
measurements were started and could not be completed because the rod end facet at the the pump
side was damaged. The damage occurred at much lower peak power of (= 200kW). As discussed
in section 2.3.7 the expected damage threshold for silica at 1m wavelength is I; ~ 5kW/um?
or in terms of damage fluence 4.1 - 107°J/um? at 8ns pulse duration. For single mode operation

(MFD = 50pm) the damage peak power can be estimated with equation 3.3.

r2
Py = /[derA ~4.9MW (3.3)

The estimated damage peak power is approximately 5 times higher than the maximum achieved
peak power in this work. However, the damage threshold has only been investigated at 1um
wavelength and is not known at 2pm wavelength. Considering the result in this work, the fluence
F at IMW peak power (peak intensity [, = 1kW/um?) and 7 = 6ns pulse duration is given
by equation 3.4. The result is significantly smaller than the measured damage fluence at 1um

wavelength and 8ns pulse duration.

2¢2
F = /[Oefdt =751- 10*6L (3.4)

pm?

In conclusion the record result of MW-level peak power is within a relatively safe operation regime
and damage can be avoided when the laboratory is kept clean and if the fiber end facet is well
polished. Small dust particles or roughness of the fiber facet can lead to significantly lower damage

thresholds and the damage at 200kW peak power is very likely the result of facet contamination.
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3.6 Summary of experimental results

The experiments conducted in this work represent a thorough characterization of two novel PCF
rod designs with 65um (rodA) and 80um (rodB) core diameters. An initial measurement was
performed with rodB which showed no evidence of strong photodarkening. Subsequently the
CWe-lasing performance in simple cavities was investigated for both rods and maximum slope
efficiencies of ~ 24% (rodA) and =~ 28% (rodB) with maximum CW output powers of > 201/
at very good beam quality with M? < 1.3 were achieved. Efficient cross relaxation did not occur
in either rod and improvements of the fiber designs are required for further average power scaling.
More detailed investigations of the CW-lasing performance of rodB, incorporating a grating as high
reflectivity device in the resonator, revealed a large wavelength tuning range of 180nm between

1810nm and 1990nm.

In preparation for the actual goal of peak power scaling in a pulsed thulium based fiber laser system
both rods were tested as final amplification stages in a CW -amplification MOPA setup. The master
oscillator as well as the first amplification stage were shortly characterized in CW operation. It was
found that self pulsation occurs in the MHz range when the oscillator was operated in CW-mode.
The CW-amplification results showed slightly lower slope efficiencies for rodA compared to rodB.
The slope efficiencies of both rods were lower than for CW-lasing configuration. RodA shows
thermal beam degradation at relatively low pump powers. RodB, however, maintained excellent
beam quality up to 40W average output power. At highest output power of 52W thermal beam

degradation became significant in rodB and limited further amplification.

Thermal mode instabilities have not been observed at these average output powers, although the
threshold might be lower than in ytterbium based systems due to the thermal origin of the effect.
So far mode instabilities have not been reported in any thulium doped fiber amplifiers, presumably

due to the lower average output powers achievable.
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RodB was implemented as a final amplification stage in a pulsed MOPA configuration. A maxi-
mum average output power of 7.3W at 1kHz repetition rate and 9% slope efficiency were achieved.
With at least 90% of the total power in the core and very conservatively estimating the ASE power
to be < 500mW, the output peak power is > 890kW with 6.4m.J pulse energy. The absence of
energy saturation, roll off, or nonlinear temporal/spectral degradation of the pulses indicates this
thulium doped PCF rod is capable of greater average power, energy and peak power scaling. Ac-
curate simulation models need to be developed to estimate the extractable energy and to optimize
pulse duration, repetition rate and pump power for future peak power scaling beyond 1IMW. To

prevent damage, the rod end facet needs to be equipped with an end cap.
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CHAPTER 4: SIMULATIONS

The promising results in the previous chapter rise the question, if an optimization of the MOPA
system could lead to even higher pulse energy and peak power. Better understanding of influential
parameters, such as fiber length, doping concentration, core diameter, repetition rate, temperature
and ASE generation are of critical importance to exploit the full pulse energy scaling potential of

the fiber amplifier.

Multiple investigations need to be done in order to answer important questions about the charac-
teristics of the amplifier. When does energy saturation occur? Is it possible to achieve efficient
cross relaxation in thulium doped PCF? How can ASE generation be suppressed while energy ex-
traction is maximized? An accurate model could help to answer these questions. However, high
accuracy of the model for large core areas, high peak powers and low repetition rates requires the

implementation of thermal effects on the laser performance and is a challenging task.

Steady state CW models have been developed in the past and were useful for investigations and op-
timization of thulium concentration, fiber length and pump configurations [61, 82]. More advanced
models are required to simulate the transient characteristics of a thulium based fiber amplifier. This
is particularly challenging because of the relatively complicated energy level structure of thulium
and nonlinear processes such as cross relaxation and energy upconversion. Fang et al. presented a
transient model including cross relaxation and upconversion effects [14]. However, this model did
not include the full spectral information or the generation of ASE. This is of particular importance
for the performance optimization (fiber length, core diameter) of an amplifier at low repetition rates

(< 10kH?2).

The modeling approach used here is mainly based on a publication by M. Eichhorn [62]. His

work comprises theoretical modeling of W-level average power in thulium doped Fluoride glass
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(ZBLAN) fiber amplifiers and a direct comparison between experiment and simulation. The model
includes the full spectral information of the laser transition, the generation of ASE, the most im-
portant ionic levels and their decay rates, as well as the most influential cross-relaxation and up-
conversion rates. The model allows calculations for CW-amplification and pulsed amplification.
Moreover it has the potential to be further developed to simulate CW-lasing or Q-switched fiber
lasers. In this work Eichhorn’s algorithm was implemented in Matlab and used for high power

simulations of a silica based, rod type PCF.

An outline of the theory for the model algorithm is presented in subsection 4.1. In subsection
4.2 the CW modeling results are discussed and compared to the experiments. In the experiments
strong pump absorption, pump powers of up to 300W and the lack of efficient cross relaxation in
the PCF rods lead to very high thermal loads in the fiber core and might significantly influence the
amplification performance. A simple analytical model to estimate the radial temperature evolution
in the fiber is introduced in subsection 4.3. The simulation model can be expanded by including
temperature effects on the emission and absorption cross sections. In this respect subsection 4.4
discusses possible ways and a first attempt to improve the model to achieve more realistic modeling

results. Finally the model is used for the simulation of pulsed amplification in subsection 4.5

4.1 Outline of the model

The starting point for the development of the model are the rate equations for the most important
energy levels of thulium in silica and ~ 793nm pump wavelength. The rate equations including
the most important cross relaxation and energy upconversion processes have been discussed in
subsection 2.4.3. From table 2.1 it can be noted that the non-radiative decay rate from level (3) to
level (2) is very large for thulium in silica and corresponds to a decay time of approximately 35ns.

Thus, in good approximation the population of level (3) is approximately O at all times and the en-
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ergy level structure simplifies to a 3-level system. This approximation reduces the modeling effort.

However, the nonlinear cross relaxation and upconversion rate equation terms are challenging and

have to be included in an accurate model. The equations for the pulsed model can be retrieved by

the following retardation transformation [62]:
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The physical translation of this mathematical transformation is a change of the coordinate system

to the time frame of the traveling pulse. This transformation in combination with the integration

over the transverse plane of the fiber leads to the following basic rate equations of the model
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In these equations /N, represents the 1’s energy level population, h is the Planck constant, c is the
speed of light, A, is the pump wavelength, ); is the j’s signal wavelength or ASE wavelength range
with wavelength separations d\ = 1nm and final wavelength A, a is the doped core radius, o, .
are the absorption and emission cross section, respectively, 17 is the radiative decay rate from the
I’s to the k’s energy level and I'; is the non-radiative decay rate for the I’s level. In order to account
for the double cladding design the pump absorption is determined by the overlap function D,, with

the cladding area A,,.

wa?

Dy = - (4.8)

Similarly the overlap D, of the fundamental mode (assuming Gaussian beam) with the doped core

region has been taken into account.
2

D,=1— ¢ wm? (4.9)

The signal/ASE power P; ; evolution of channel j with wavelength A; and pump power P, evolu-

tion for forward (4) and backward (—) propagating light can be described with [62]:

0
@Ppi = Fo, P F 0a(\) Dy Py N, (4.10)
)
%P;j = T, ;P F 0a(Asj) Do PNy F 0e(X) Do PNy 4.11)
2hc?
+ Ue()\j)Dij?d)\sNz
J

The last term in equation 4.11 accounts for spontaneous emission that is assumed as stimulated
emission into a vacuum noise intensity, where the factor A; represents the number of guided
modes at wavelength A;. For simplicity reasons the signal wavelength was assumed to be only
Inm broad and was represented by one wavelength channel. The ASE spectrum was represented

by a total of 460 channels with Inm width, ranging from 1605nm to 2165nm.
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The set of rate equations needs to be solved in conjunction with the power evolution in the fiber not
only in steady state, but for transient behavior. The route to success is the separation of calculations
for population density evolution with time and beam power evolution in the fiber with propagation
distance. The fiber is divided into a number of segments Az (e.g. L = 100) and each segment is
treated as a separate medium with a specific population density as a function of time. A schematic

drawing of the fiber segmentation is shown in figure 4.1.

length of fiber 1, total number of segments L

Prf NG P
N n=1|n=2[n=3|n=4| n=... n=L
P, —> ~P;
——
Az

Figure 4.1: The fiber is divided into segments with width Az and the input pump and signal pow-
ers in forward and backward direction are propagated to the left and right, respectively, through
all L segments at each time step At.

A summary of the modeling algorithm for transient characteristics of a thulium based fiber ampli-
fier is given in figure 4.2. The initial signal and pump powers in backward and forward direction
are predefined as time dependent functions. In the following the ASE seed at the j’s wavelength
in each segment is included in the term signal power or signal field. Initially (t=0) the total popu-
lation V;,; is assumed to be in the ground state Ny = Ny,. For the first time step the initial input
pump and signal powers in forward direction are propagated through each segment to the opposite
end of the fiber by evaluating equations 4.11 and 4.10. For a single pass amplifier with forward
(rightward) seed input the signal power at the end of the fiber already yields the output power of
the first time step. The backward pump and signal fields are also propagated for the first time step
from the right to the left end of the fiber. It is important to note, that at this point of the calculation,
the population is still completely in the ground state. As a second step the pump and signal powers
in forward and backward direction, that are known for each segment and for the first time step, are

used for the evaluation of the rate equations 4.7, 4.6, 4.5 to retrieve the change of the population
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densities in each fiber segment. For this purpose the well known fourth order Runge Kutta method

was used [83]. Now that the population densities are known after the first time step, the input sig-

nal and pump powers of the next time step can be propagated through the fiber and the procedure

starts again from the beginning, where the time dependent input signal and pump powers need to be

changed accordingly. The calculation is continued until a certain simulation time ¢.,,4 is exceeded.

The total simulation time is mainly determined by the input characteristics (repetition rate, peak

power and pump power) and cannot be predetermined. Clearly reliable simulation results can only

be achieved when the quasi-CW regime of a repetitively pulsed amplifier is reached.

signal and pump input as a function of time

the timesteps At are varied depending
on the temporal characteristics of
signal and pump input

initial conditions

=0 Pp(n<L)=0  Psj(n<L)=0
Ni(n)=N,, Pp (n=L)=Pp7(0) Ps; (n=L)=Ps; (0)
Nym=0  Pp'(n>1)=0 Pg i (n>1)=0
Nm)=0  Pp'(n=1)=Pp"(0) Psj (n=1)=Ps;"(0)

beam propagation

propagation of pump and signal power through

each segment n using the calculated population
densities of the previous time step

next time step

t=t+1

change in population densities

AN|(n) calculated for timestep At
including singal and pump powers
in each segment n

Figure 4.2: Schematic summary of the simulation algorithm allowing for transient modeling of
pulsed signal and pump input including ASE generation. First the equations for forward and
backward propagating pump and signal power are evaluated for each fiber segment of length Az
using equations 4.11 and 4.10. Subsequently the change of population densities is evaluated for a
small time step At using the rate equations 4.7, 4.6, 4.5.
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In order to reach the quasi-CW regime the time steps At need to be in the order of 0.01ns when
modeling pulsed amplification with pulse durations of ~ 6ns. For low repetition rates in the
order of 1kHz multiple ms need to be simulated before the calculation converges and millions of
calculation steps were required. A simple way to reduce computational effort is to vary the time
steps with respect to the input signal. Time steps in the order of the pulse duration divided by a
factor 400 are sufficient at times when a pulse is actually propagating through the fiber. The time
step can be chosen much larger between the pulses, roughly 0.001/v,.,, when the pump signal is

continuous and the ASE signal is relatively weak, leading to computation times of ~ 1 hour.

4.2 Modeling CW-amplification

The simulations for CW-amplification were carried out with the specifications for rodB only. The
thulium ion concentration was provided by NKT Photonics and is 2.5wt.%. This corresponds to
an ion density of approximately 8.7 - 102> 3. All important parameters for the simulations have
been taken from tables 3.1 and 2.1.
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Figure 4.3: Simulated signal power evolution with pump power for various seed powers
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The simulated signal power evolution with pump power for various seed powers is depicted in
figure 4.3. The seed powers were chosen to match the CW-amplification experiments with rodB
and a maximum of 100W pump power (compare with subsection 3.4.4). The calculated slope
efficiencies are much higher than the experimental findings. A comparison between simulation
and experiment is given in figure 4.4. Figure 4.4a compares the slope efficiencies for different
seed powers. Qualitatively the simulation and experiment show the same behavior. Quantitatively
the slope efficiencies of the simulation are roughly a factor 2 larger than in the experiments. This
is also reflected in the achievable gain for various seed powers, as shown in figure 4.4b. It is
worth noting that cross relaxation did not lead to efficiencies above 40% in the experiments or
the simulations. Interestingly the found slope efficiencies in the order of 30% were experimentally
confirmed with a flexible PCF [5] with similar glass composition. Moreover Jansen et al. published
slope efficiencies above 30% in a LPF rod also with similar glass composition [75]. At this point it
is unclear why rodA and rodB have lower efficiency. Clearly there must be physical mechanisms

that significantly reduce efficiency and are currently not included in the model.
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Figure 4.4: Comparison of simulated slope efficiency and gain with experimental results.
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The model includes the generation of ASE in forward (co-propagating) and backward (counter-
propagating) direction. Figure 4.5a shows output spectra at 90W pump power for 0.2W and 4W
seed power, respectively. The spectra show that only very weak ASE is present at both seed
powers. This is in good agreement with the experiments. The ASE content is increased for lower
seed power, which is related to the lower energy extraction at lower signal powers in the fiber. The

signal power evolution in the fiber for both cases is depicted in figure 4.5b.
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Figure 4.5: Simulated output spectra and signal propagation for 0.2W (blue) and 4W (green) seed
signal at 90W pump power

Similarly the time evolution of the output signal can be viewed. This was done in figure 4.6a at
90W pump power for 0.2W and 4W seed power, respectively. The total simulation time was set to
Ims in order to safely reach the CW-regime even for relatively small seed powers. The different
energy extraction of the two different seed powers manifests itself in the pump absorption along the
fiber. This can be seen in figure 4.6b. The 4W seed power is depleting the excited state inversion
faster than the 0.2W seed power. Consequently the ground state becomes more populated and the

pump absorption is enhanced.
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Amplified signal power time evolution
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Figure 4.6: Simulated time evolution of the output signal and pump absorption along the fiber for
0.2W (blue) and 4W (green) seed signal at 90W pump power

In addition to the CW-amplification investigation the ASE generation was simulated without input
signal. A total of 6 guided modes were assumed for rodB (compare with equation 4.11). The ASE
powers of experiment and simulation for various pump powers are compared in figure 4.7a. Two
things can be noticed from this graph. First the measured ASE content at pump powers below 70W
is always larger than the simulated ASE power. Second the threshold of the simulated ASE slope
occurs at higher pump power than in the experiment. However, for sufficiently large pump powers
the simulated ASE slope seems larger than in the experiments and it can be expected, that the
total simulated ASE power at higher pump powers (> 80W) is overestimated by the model. For
qualitative comparison the measured ASE spectrum at 17W pump power is plotted in figure 4.7
with the simulated ASE spectrum at similar pump power. To qualitatively compare the shapes of
the spectra, the simulated ASE spectrum was subtracted by 18dBm in order to match the maximum
of the measured spectrum. The measured spectrum does not include the full power content of the

real ASE output. The spectral peaks are in the same range. The wings of the spectrum, however,
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differ. At short wavelength the measured spectrum is stronger and at long wavelength weaker than

the simulated one.

In summary the CW simulation results for rodB deviate from the experimental findings. The
simulated slope efficiencies exceed the measured slope efficiencies by about 40%. The calculated
maximum output powers are similarly about 40% larger than in the experiments. What causes these
deviations? There are multiple possible reasons. First the model does not account for temperature
effects on the wave guiding properties, the emission and absorption cross section and the non
radiative decay rates. Second the cross relaxation and energy upconversion rates are not known
for the fiber under test. If clustering of thulium ions is present in the rod, energy upconversion
might be the dominant process and could significantly reduce the slope efficiency (compare with
subsection 2.4.2). Moreover the emission and absorption cross sections used in this model have

not been measured for this specific rod or the glass preform. The absorption and emission cross

section have been taken from the PhD thesis of T. McComb [64].
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Figure 4.7: Comparison of simulated ASE slope efficiency and spectrum with experimental results
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4.3 Temperature in the fiber core

As discussed in the previous subsection the simulation does not deliver satisfying results and sig-
nificant deviations from the experimental findings can be observed. Consequently the model needs
improvement in order to be used for optimization of the MOPA design. The absence of efficient
cross relaxation in the experiments leads to a considerable heat load in the pumped fiber due to the
large quantum defect. High temperatures in the core region are likely to have a detrimental effect

on slope efficiency and maximum output power.

The thermal population of the excited energy manifold (level (2)) influences the effective number
of available inverted ions for the stimulated emission process. Similarly the absorption is increased
for high temperature, because the high phonon energy levels of the ground state (level(1)) become
more populated. These processes lead to temperature dependent effective absorption and emission
cross sections, that were assumed to be constant throughout the fiber. The temperature dependence
of the effective emission cross section has been experimentally verified in [63] (compare subsection
2.4.4). Unfortunately the dependence has only been measured for temperatures below 300K and is
currently unknown for temperatures well above 300K. Likewise the temperature dependence of the
effective absorption cross section is unknown. Other influential parameters on laser and amplifier
performance, like non radiative decay rates, upconversion and cross relaxation rates, might be
temperature dependent as well. The temperature dependence of the above mentioned parameters

needs to be experimentally investigated in order to achieve more realistic modeling results.

Thus, the fiber core temperature under pumping conditions needs to be known at each segment Az
along the fiber. In the following a simple analytic temperature model is introduced. The modeling
idea is based on a publication by Limpert et al. [84]. In their work this modeling technique was
applied to microstructered fibers with an air-cladding structure similar to the PCF rod design in

this work.
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Heat can be transported by three different mechanisms, namely conductive, radiative and convec-
tive heat flow. These three mechanisms together are used in this model to estimate radial thermal
distribution of a fiber segment Az. Although the longitudinal heat flow has been neglected for
simplicity, the model is still quite accurate for core temperature calculation, because the thermal
gradients in fibers are in general significantly larger in radial than in longitudinal direction. Limpert
et al. have compared the results of this analytic model with more sophisticated models utilizing

the finite element method and found good agreement between them.

heat sink

outer cladding

air cladding

radiative heat flow

inner cladding convective heat flow

core conductive heat flow

Figure 4.8: Heat flow mechanisms in an air-clad microstructured active fiber [84]

Figure 4.8 shows a microstructered fiber and the dominant heat transport mechanisms in differ-
ent regions of the fiber design. Radiative heat flow is present in all regions of the fiber and the
ambiance. Conductive heat flow is dominant in the pure silica regions of the fiber, namely the
core, the inner cladding and outer cladding. The heat transport at the air-cladding is determined by

the number and size of the air holes, where heat flow is prevailed by convection, and the number
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and size of the glass bridges, where heat flow is dominated by conduction. The ambiance can
e.g. be air, moving air or a water cooled heat sink. The convective heat flow needs to be adjusted

accordingly in this region [84].

The temperature of the fiber surface 7}, R, is first calculated by balancing the convective and radia-
tive heat flow @, and ®,.,4 into the ambient air at temperature 7'y with the generated heat H per
unit fiber length Az. The radiative heat flow is given by the Stefan-Boltzmann law with the Stefan
-Boltzmann constant o = 5.6705 - 1078/ K?*m? and the emission factor ¢ = 0.95 for fused silica.
The convective term includes a temperature dependent parameter C, that is determined by the
ambient cooling conditions (e.g. air movement or water cooling) [84]. The temperature 7} cannot

be explicitly calculated. To retrieve T the root of the function needs to be found numerically.

H
0= (I)com; (I)ra — AL
+ Prad Az
T, — T\ "% L . H
=21 R,C ( o, > Ty — Ta) + 27 Ryoe(Ty —Ty) — s (4.12)

The determined temperature 7} can then be used to calculate the temperature 75 at the transition air-
cladding to outer cladding (R,). The dominant heat transfer process in the fiber is heat conduction.
The temperature 75 can be calculated with equation 4.13 including the heat conductivity £ =

1372 in fused silica [84].

H(R4— R3)

Ty=-—2 3
> kn(Ry + Rs)

+ Ty (4.13)

The heat flow through the air-cladding is more difficult to describe. All three heat transfer processes
need to be included, since heat convection occurs through the air in the holes and heat conduction
is involved through the glass bridges connecting the inner and outer cladding. The heat conduc-

tion can be estimated by accounting for the total number of silica glass bridges #riqges ~ 100,

103



the bridge width Wi,iqqe ~ 0.1pm and the bridge length Ly,;q0e ~ 10pum (all values given for
rodB). The temperature at the rim of the inner cladding can be approximated by finding the root of

equation 4.14 [84].

- H
0= (I)com) + (I)rad + CDZ(Z);céad - A_Z
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Knowing the temperature 75 at the outer rim of the inner cladding allows for the calculation of
the temperature 77 at the core to inner cladding transition R; by accordingly evaluating the heat
conduction with equation 4.13. Similarly the temperature 7 at the core center can be calculated.
The air holes in the inner cladding have very large bridge widths and the heat flow process can be
estimated with heat conduction through solid silica glass. Of course the heat load is distributed
throughout the core area and the calculated peak temperature 7} at the fiber center is not realistic.
For the implementation in the simulation model of a fiber amplifier the temperature in the core can
be approximated by averaging the temperature at the core center with the temperature at the core

to inner cladding transition.

In the following the modeling results for the radial temperature distribution of rodB in CW-
operation are presented. The used fiber design specifications were previously given in table 3.1.
The heat load per unit length was calculated from the modeled pump absorption at 6W CW-seed
power and 250W pump power. This corresponds to the experiment presented in subsection 3.4.4.
In this experiment strong thermal lensing and a sudden drop of efficiency were observed for output

powers > 40W.
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Figure 4.9 shows the calculated radial temperature distribution for all segments along the fiber. The

ambient cooling coefficient o, was calculated with equation 4.15 and C; = 10W7 /m!™ K175

that is 10 times lower than C; = 100/m!™ K™ for efficient ambient water cooling [84].

T - T 0.25
a, = C} - ( 42R4 A) (4.15)

For the chosen cooling coefficient of =~ 220WW/Km? (e.g. forced air cooling) the average tem-
perature in the core at the tip of the fiber approaches 950K and more than 600K fiber surface
temperature. For comparison the melting point of silica glass is ~ 2100 K. The temperature profile
at the fiber tip cross section is separately depicted in figure 4.11a. Figure 4.10 shows the temper-
ature modeling results for C; = 100/m!' ™ K17, a reasonable value for a water cooled ambiance

[84], corresponding to a cooling coefficient of ~ 1410W/Km?.

It can be observed for both cooling conditions that the air cladding acts as a thermal insulation
layer and prevents heat flow from the inner cladding to the outer cladding and eventually to the
fiber surface. The temperature in the core is significantly reduced by ~ 300K for the improved
cooling conditions. In contrast the thermal gradient is not influenced by the cooling. The temper-
ature step between core and outer cladding is approximately 250K for both cooling coefficients.
Consequently the average temperature in the core will always be at least 250K higher than the

ambiance at this heat load at the fiber tip.
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(a) Temperature at the inner cladding and core area of the fiber

-4 Cooling coefficient ¢ =219.1875 W/m 2K
x10 c

900

800

700

N

[e)]
o
o

Fiber radius in m
Temperature in K

A O
o o
o o

0 0.2 0.4 0.6 0.8 1 1.2
Fiber length in m

(b) Full radial temperature profile of the fiber

Figure 4.9: Radial temperature profile of rodB at 6W seed and 250W pump power. The temperature
in the core reaches ~ 1000/ when not sufficiently cooled.
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Figure 4.10: Radial temperature profile of rodB at 6W seed and 250W pump power. The tempera-
ture in the core is significantly decreased when the cooling conditions are improved.
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(b) Radial temperature profile of the fiber tip when water cooled

Figure 4.11: Radial temperature profile of the fiber tip at 6W seed and 250W pump power for two
different cooling conditions.

4.4 Improved model

As discussed in the previous section the emission and absorption cross sections are temperature
dependent and temperatures vary significantly for different segments in the fiber. In the following

subsection a methodology is introduced, to my knowledge for the first time, that includes the
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temperature dependence of the emission cross section in the previously introduced transient model
for thulium based amplifiers. A common method to calculate the emission cross section from
an experimentally determined absorption cross section is the so called reciprocity method [63].
The reciprocity formula (equation 4.16) allows for the calculation of the emission cross section
at a given temperature if the absorption cross section is known. Unfortunately the temperature
dependence of the absorption cross section in thulium doped silica has so far, to the best of my
knowledge, not been investigated. Nevertheless, as a proof of principle the absorption cross section

is in this work assumed to be constant for all temperatures. The reciprocity formula is [63]:

Z
0o(T, \) = 04(T, \)=Lexp {

E, — he/A
7 —] (4.16)

kT

Therein, o, . the emission and absorption cross sections, Z; and Z,, are host dependent partition
functions, I, is the energy difference between the lowest Stark level energy of the upper and lower
manifold. The energy difference £, for thulium doped silica is 0.69¢V. The ratio of the partition
functions is not known and is strongly dependent on the host material [63]. Here the ratio was
determined to be Z;/Z, = 4.2 by matching the calculated emission cross section at room temper-
ature with the emission cross section from McComb et al. that was determined by fluorescence
measurement [64]. The absorption cross section used for the temperature dependent calculation
of the emission cross section is similar to the one used in the unimproved model in subsection 4.2
and was taken from [64]. The calculated emission cross sections for different temperatures are

depicted in figure 4.12.

The emission peak is shifted to smaller wavelength and is increased. The left wing of the emis-
sion cross section is generally increased with temperature, while the right wing is decreased with
temperature. This is already an indication, that the amplification slope efficiency suffers with

increasing temperature and signal wavelength > 1800nm. The calculated characteristics qualita-
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tively match with the observations in the work of Turri et al., who investigated the temperature of
the emission cross section in thulium doped silica glass below 300K [63]. This work was discussed
in more detail in subsection 2.4.4. The effective emission fluorescence is not increased, because

the overlap with the absorption cross section increases with shorter peak emission wavelength.
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Figure 4.12: Emission cross sections at different temperatures calculated with the reciprocity
method assuming a temperature independent absorption cross section.

The calculation procedure for temperature dependent emission cross sections in conjunction with
the analytical temperature model can now be implemented in the amplification model. Since the
pump power absorption is known throughout the fiber, the heat load per unit length can be calcu-

lated in each fiber segment with the quantum defect 7.

H = P;ffnp -7 “4.17)

Subsequently the core average temperature can be simulated for each fiber segment with the model

presented in subsection 4.3. The reciprocity formula is then used to calculate the emission cross
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section for each fiber segment independently. In order to save simulation time, the emission cross

section was only calculated every 25 time steps.
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Figure 4.13: Simulated signal power evolution with pump power for various seed powers includ-
ing temperature effects in the model.

The CW-amplification simulations were carried out in a similar manner to subsection 4.2 and
the results are shown in figure 4.13. The simulated slope efficiencies are significantly reduced
compared to the modeling results in subsection 4.2. This is due to the afore mentioned reduction
of the emission cross section with temperature at wavelengths > 1800nm. The slope efficiencies
compare better with the experimental findings, as shown in figure 4.14a, and are generally slightly
too large for high seed powers. The deviation from the experiment is likely the result of the
approximation, that the absorption cross section is constant with changing temperature. Moreover
the possible temperature dependencies of cross relaxation and energy upconversion, as well as
the non radiative decay rates have not been accounted for in this improved version of the model.
Nevertheless, the calculated gain of simulation and experiment at ~ 90/ pump power match very

well (figure 4.14b).
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Figure 4.14: Comparison of simulated slope efficiency and gain with experimental results includ-
ing temperature effects in the model.

4.5 Modeling pulsed amplification

The improved model can now be used for the simulation of pulsed amplification in rodB. The
simulations were carried out for the experimentally used repetition rates, pulse durations, seed

powers and pump powers. These parameters and the experimental results for comparison can be

found in section 3.5.

The simulation time for the pulsed amplification modeling is determined by the time required to
reach the quasi-CW regime. The best indication, if the quasi CW-regime is reached or not, is the
investigation of the stored energy time evolution. The stored energy in the fiber can be calculated
with the known inversion in each segment of the fiber at each time step. Figures 4.15 and 4.16
show the time evolution for 1kHz/10kHz and 10kHz/20kHz at 6.5ns and 100ns respectively. The
quasi-CW regime is reached, when the energy extraction with time is similarly repeated for each

cycle. The energy extraction per pulse is strongly dependent on repetition rate and pulse duration.
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The largest energy extraction per pulse is achieved at 1kHz repetition rate, as shown in figure 4.15b.
Longer pulse durations can increase the extractable energy at a given repetition rate. This can be
seen by comparing the 10kHz graphs of figures 4.15b and 4.16b at 6.5ns and 100ns, respectively.

The extracted energy is increased from ~ 1.1m.J at 6.5ns to ~ 1.6m.J at 100ns pulse duration.
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(a) Stored energy evolution with time for 1kHz and
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Figure 4.15: Simulated stored energy for 10kHz and 1kHz repetition rate at I00W pump power.
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Figure 4.16: Simulated stored energy for 10kHz and 20kHz repetition rate at 100W pump power.
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The simulated pulsed slope efficiencies are depicted in figure 4.17 and are too large for 10kHz and
20kHz and slightly too small for 1kHz repetition rate. Part of the differences can be explained with
observed deviation from the experimental results found for the CW-simulation in figure 4.14a. The
model tends to simulate relatively large efficiencies for high seed powers. Similarly in the case of
pulsed simulation, the low seed power at 1kHz repetition rate leads to an underestimation of the
slope efficiency and at high seed power to an overestimation of slope efficiency. The pulsed oper-
ation has only minor effects on the simulated efficiencies for high repetition rates that are reduced
by an absolute of only ~ 1% compared to the CW -results. The experiments showed a more
significant reduction of ~ 2%. At 1kHz repetition rate the simulation reveals a more significant
drop in efficiency to 7.2% from 14% in CW at similar seed average power. In comparison the

experimentally determined efficiency was 9.2%.
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Figure 4.17: Simulated pulsed average power evolution with pump power for various seed pow-
ers, pulse repetition rates and pulse durations.

The peak power evolution with pump power for all seed inputs is depicted in figure 4.18a. The
maximum peak powers simulated were =~ 700k at 1kHz and 180kW at 10kHz repetition rate. In
comparison, the experimental results were ~ 900kW at 1kHz and ~ 150kW at 10kHz repetition

rate and 6.5ns pulse duration. The lower simulated peak power can be ascribed to the low simulated
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efficiency at 1kHz repetition rate. In figure 4.18b the simulated slope efficiencies are compared to
the experiments. Overall the simulated efficiencies are too high for high repetition rates. This
behavior, however, has already been observed for the simulation of CW-amplification for similar
seed average powers. Generally the model supports the potential of this thulium rod for high peak
power generation. Further model improvements are required in order to use this simulation tool

for the optimization of the MOPA design.
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(a) Simulated peak power evolution with pump power for (b) Simulated and experimental slope efficiencies for
1kHz, 10kHz and 20kHz with 6.5ns and 100ns, respec- different seed peak powers.
tively.

Figure 4.18: Simulated maximum peak powers and slope efficiencies

The simulated pulse shape and spectrum at 700k peak power are depicted in figure 4.19 and
are generally in good agreement with the experiments (section 3.5). The temporal pulse center is
shifted and the pulse duration is slightly increased by 0.12ns compared to the input pulse. The
pulse energy was determined by integration and is in agreement with the sum of extracted energy
(4.15b) and the input pulse energy. The pulse spectrum shows a 50dB spectral power difference
between ASE and signal wavelength. The experiment indicated that the spectral power difference

between ASE and signal wavelength is at least 35dB. However, in this simulation it was assumed
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that no ASE was included in the input seed signal. Thus, the model might underestimate the actual

ASE content.
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Figure 4.19: Simulated pulse shape and spectrum at 1001/ pump power, 1kHz and > 700kW
peak power.

The model for pulsed amplification is intended to provide a tool for the optimization of the MOPA
design and it can be used as such for qualitative investigations of the amplifier performance. How-
ever, quantitative accuracy with excellent agreement to the experimental results has not yet been
achieved. As mentioned before, the main reasons are the lack of knowledge about influential pa-
rameters in the rate equations, namely the exact cross sections, non-radiative and radiative decay

rates, cross relaxation rates and their temperature dependence.

Regardless of the above mentioned obstacles a first demonstration, of how the model could be
used for amplifier optimization, is provided in figure 4.20. The peak powers were simulated for
pump powers well beyond 100W for three different seed inputs. The first seed input is, with
1kHz, 6.5ns and 40kW peak power, similar to the seed settings used for the experiments in section

3.5. ASE builds up drastically for pump powers beyond 120W and the energy extraction starts to
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saturate. Similar behavior is observed when the input seed power is doubled. In this case peak
powers > 1MW were simulated for pump powers beyond 120W. However, saturation starts at
similar pump power levels. The generation of ASE is efficiently reduced for larger repetition rates.
Thus, for 40kW seed peak power and a repetition rate of 2kHz similar output peak powers can be
achieved, while the ASE content is reduced. The main challenge is, however, to reach similar peak
powers at twice the repetition rate in the preamplifier. In conclusion the repetition rate of 1kHz
was appropriate for the generation of the highest peak power with the available seed power and a
maximum available pump of 100W. Higher pump powers can not be used to scale the peak power
in this system, if the seed peak power is not increased as well. Average power scaling with higher

repetition rates is generally possible.
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Figure 4.20: Comparison of ASE power and peak power evolution with pump power for different
seed conditions.
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4.6 Summary of the simulation results

In this work an algorithm for pulsed fiber amplification, first published by M. Eichhorn for thulium
doped fluoride glass fibers [62], was successfully implemented in a Matlab code starting from
the general rate equations for thulium doped silica fibers. The model includes the full spectral
information of the laser transition as well as the generation of ASE and is capable of simulating
CW-amplification and transient behavior of pulsed amplification. Cross relaxation and energy
upconversion processes have been taken into account, although the exact degree of clustering in

the simulated fiber is not known.

The model was first tested in CW-operation for rodB and compared to the experimental findings
in section 3.4.4. The CW investigation revealed that this initial model predicts larger slope effi-
ciencies and output powers than the experiments. Various reasons for this observation have been
identified. Generally the exact emission and absorption cross sections, non-radiative and radiative
decay times are not known for the simulated fiber. This and the relatively high temperatures in
the fiber core due to the short absorption length and high quantum defect lead to inaccuracy in
the model. Although cross relaxation processes were included in the model, the simulated slope
efficiencies were significantly smaller than 40%. This indicates, that higher doping concentrations

and modifications of the glass chemistry are required in order to achieve better efficiency.

The radial temperature profile along the fiber was estimated with a mostly analytical model that
was first presented by J. Limpert et al. [84]. It was found that the temperatures in the core might
reach 1000/ when insufficiently cooled at pump powers in the range of 250W. It was shown that
the radial temperature gradient does not change for different cooling conditions, while the absolute

temperature in the core is significantly decreased with water cooling.
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In order to improve the first version of the model, the temperature dependence of the emission
cross section was implemented under the assumption that the absorption cross section remains the
same for all temperatures. This reduced the modeled efficiencies and final output powers leading

to better agreement with the experiments.

The improved model was then utilized for simulation of pulsed amplification in rodB with the same
repetition rates and pulse durations used for the experiments in section 3.5. The results showed
qualitative agreement with the experiments. Quantitative deviations from the experimental results
are similar to the observed differences between CW-simulation and CW-amplification experiments.
The pulsed operation leads to an additional drop of efficiency, especially for short pulse duration

and small repetition rate.

A first demonstration, of how the model can be used for the optimization of the amplifier, was
provided in the last section. The simulation revealed, that energy extraction is clearly limited by
buildup of ASE for pump powers beyond 120W and 1kHz repetition rate. It was shown that an

increase of repetition rate to 2kHz can reduce the amount of ASE without reducing peak powers.
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CHAPTER 5: SUMMARY AND OUTLOOK

In this work the utility of novel thulium doped PCF rods for CW-lasing, CW-amplification and
pulsed amplification was investigated in detail. For the first time in thulium, the rod-type PCF

design has proven to be an excellent tool for the generation of high average and high peak powers.

More than 20W average power are feasible in CW-lasing configuration at 100W pump power and
< 27.8% slope efficiency with excellent beam quality of M2 < 1.3. The broad emission spectrum
of thulium doped silica enabled very broad laser wavelength tuning from 1810nm to 1990nm. The
amplification characteristics in CW operation were investigated for various seed conditions. A
maximum of 52W average power was achieved at 6W seed power and 250W pump power, while
slope efficiencies < 25% were observed to be lower than in CW-lasing configuration. The beam
quality was excellent up to an output power of ~ 40, before thermal effects lead to degradation
of beam quality and drop of efficiency. Strong thermal lensing was identified as the main cause of

beam degradation, while the reduction of efficiency might be related to transverse hole burning.

Pulsed amplification with the rod type PCF design was investigated for selected repetition rates
and pulse durations. The experiments showed that the slope efficiency is already significantly
decreased to &~ 17% at pulse repetition rates of 20kHz and 100ns pulses. The efficiency is reduced
even further to ~ 9% at 1kHz repetition rate and 6.5ns pulse duration. Although the achievable
average power is limited at low repetition rates and pulse durations, the extracted peak power can be
maximized. In this work a pulse energy of 6.4m.J with a record output peak power of > 800kW
was generated at 6.5ns pulse duration and 1kHz repetition rate. This demonstration represents
another significant milestone in the development of high power thulium based fiber laser systems.
In comparison to previous achievements in the field (figure 5.1), this result represents an impressive

increase of peak power by a factor of > 5 and the achievable peak power level in thulium doped
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fiber lasers is now similar to the performance of ytterbium based systems.
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Figure 5.1: Peak power evolution over the past 6 years in thulium based fiber lasers with
nanosecond pulse duration. In this work MW-level peak power was generated for the first time
in thulium based fiber lasers (red marker) [6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 4].

A computer program for the simulation of the transient behavior of pulsed amplification in thulium
fibers has been implemented in Matlab. This model includes the full spectral information of the
laser transition as well as the generation of ASE. In addition cross relaxation and energy upcon-

version have been taken into account.

The program was first used for the simulation of CW-amplification in the PCF rod design. Al-
though the results were qualitatively similar to the experiments, the quantitative accuracy does
not match in terms of final output power and slope efficiency. An analytic model was developed
and used to describe the radial temperature evolution along the fiber. The large quantum defect
in thulium causes significant heating in the core region of the PCF rod with temperatures up to
1000K at 250W pump power. The pulsed amplification model was enhanced, to my knowledge
for the first time, by introducing a temperature dependent change of the emission cross section.

This enhancement lead to more accurate simulation results. The remaining dissimilarity to the ex-
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periments could be reduced, if more accurate input parameters, such as cross sections, decay and
cross relaxation rates, were known for the modeled fiber rod. The model can be enhanced further
by introducing temperature dependencies for multiple parameters. Accordingly, this requires more

testing and experimental investigation of the fiber rod.

The absence of roll off and nonlinear effects in the experiments show the potential of this PCF
rod design to generate even higher peak powers. Better optimization of the entire MOPA system
is required to achieve this goal and the rod needs to be end-capped to prevent facet damage. The
transient model can be utilized as a tool for the optimization of the whole MOPA system. Further
improvements of the model are necessary and accurate, temperature dependent absorption cross
section measurements are required. The optimization of fiber lengths, seed conditions and number
of amplification stages are only some examples of what could be studied with the model. Moreover
the model could be used to explore the option of pulsed pumping and its effect on ASE content at

low repetition rates.

In conclusion this work has two major impacts, namely the feasibility of thulium fiber lasers for
pulsed amplification to MW-level peak power and an improved transient model of pulsed amplifi-
cation that includes temperature effects. The MW-level peak power result exemplifies the potential
of thulium fiber lasers to supersede ytterbium based systems for very high peak power generation

in the future.
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