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Fiber lasers and amplifiers are quickly replacing conventional bulk optical devices
in a variety of applications. Ytterbium-doped fibers are of particular interest in
high power applications due to their numerous advantages arising from a simple
electronic structure. The behavior of Ytterbium-doped fiber devices is however
strongly influenced by the selection of absorption and emission wavelengths
and other parameters. Careful theoretical analysis is required to optimize
the performance of the fiber device and to estimate the influence of amplified
spontaneous emission, photodarkening and other such phenomena.

The objective of this thesis is to study the amplification process in Ytterbium-
doped fibers experimentally and theoretically, as a preliminary step to designing
a high power pump source. For this purpose, a fiber laser and an amplifier
operating in the continuous wave regime have been experimentally realized based
on Ytterbium-doped double-clad fibers in a free-space configuration. Theoretical
models of these devices have been simulated using a commercial simulation
software.

The influence of various design and fiber parameters on the performance of the
devices have been studied in simulations and good agreement between the results
for both the fiber laser and amplifier is found.

Keywords: Ytterbium-doped fibers, Double-clad fibers, Fiber amplifiers, Fiber
lasers
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1 Introduction

The concept of using fiber waveguide structures as optical gain media was first
proposed by Snitzer et al. as early as 1961 [1|. Potential single mode operation
was the main reason for interest in fiber based optical systems since it would
enable excellent beam quality. In 1964, only three years after the proposal, a
Neodymium(Nd)-doped glass fiber laser [2| and a pulsed optical amplifier side-
pumped by a flash tube [3] were demonstrated. Though single mode guidance was
the initial motivation, fiber fabrication technologies and pump sources available
at that time enabled the realization of only multimode fiber devices [3-5|. It took
almost two decades for these technologies to advance sufficiently enough to make
practical realization of single mode fiber systems feasible. The first single-mode
fiber laser was demonstrated by Mears et al. in 1985 [6] using Nd-doped low-loss
silica fibers.

Neodymium was the dopant of interest in initial years due to the high power and
efficiency of the 1060 nm transition and availability of Nd-doped crystalline and
bulk glass laser sources. The success of Nd-doped fiber lasers and development of
simple rare-earth doping procedures in low-loss silica fibers reported in |7,8], led to
further investigation of other rare-earth-doped fibers. In 1987, Erbium (Er)-doped
single mode fiber amplifiers were first demonstrated simultaneously by Payne et
al., from the University of Southampton [9] and Desurvire et al., from AT&T Bell
Laboratories [10]. This marked the beginning of an era of increased interest in
fiber devices and rapid growth of fiber technologies, owing mainly to the operating
wavelength of Er-doped fiber amplifiers (EDFA), which lies in the telecommunica-
tion wavelength region (1.55 pm).

Need for higher output powers and growth of fiber-based applications beyond
the telecommunication industry, triggered the study of other rare earth dopants
such as Thulium (Tm), Ytterbium (Yb), Praseodymium (Pr) and Holmium (Ho).



Ytterbium-doped fibers in particular, were found to have a number of advan-
tages due to their distinctive electronic structure, which favors their use in high
power laser systems. In 1988, Hanna et al. demonstrated a Ytterbium-doped fiber
laser (YDFL) [11], pumped by a dye laser operating at 840 nm. Continuous ad-
vancements in fiber technologies have led to realization of very high power fiber
lasers and two decades after their first demonstration, YDFLs with multi-kW single
mode outputs were demonstrated [12] with a possibility for even further scaling.

Power-scaling, however, leads to the onset of various nonlinear effects and ther-
mal effects in the fibers. Mechanisms such as quenching and photo-darkening are not
yet fully understood. Detailed theoretical studies have become inevitable in order
to fully understand such parameters and to design efficient fiber devices. Though
modeling of Yb-doped fiber systems has received increased interest recently [13-19],
development and implementation of such theoretical models for complex systems are
typically difficult and time consuming for those not in the field of fiber optics. Grow-
ing popularity and diversity of fiber amplifier and laser applications has increased
the need for simple but powerful simulation tools which would enable flexible mod-
eling of fiber devices for understanding and design of such systems. Commercial
simulation tools have thus begun to emerge in the recent years.

The motivation for this thesis is the design and implementation of a multi-stage
high-power pump source based on Ytterbium-doped fibers. As a preliminary phase,
the amplification process in Ytterbium-doped fibers is studied experimentally and
theoretically in this thesis. A fiber laser and an amplifier operating in the continuous
wave regime are experimentally realized using Ytterbium-doped double-clad fibers.
The devices are also theoretically modeled using a commercial simulation software
and the influence of various fiber parameters and design considerations are studied
in simulations.

The work is organized in six chapters. The principles of fiber amplifiers and
lasers are presented in Chapter 2 along with the background information regarding
the unique properties of Ytterbium-doped gain media and the development of fiber
laser technology. The theory of modeling Ytterbium-doped fiber devices is discussed
in Chapter 3 and the performance of the simulation tool is analyzed in comparison
with a simple theoretical model. The experimental amplifier and laser designs are
explained in Chapter 4 and the measurement results are presented. In Chapter 5,
the measurements are compared to the simulated outputs and the effects of various
simulation parameters are discussed. The results and observations are summarized
in Chapter 6.



2 Ytterbium-doped fiber devices

The principles and characteristics of Ytterbium-doped fiber devices are presented
in this chapter. The chapter is organized in the following manner: The principles
of laser and a brief history of the development of rare-earth doped fiber amplifiers
and lasers are presented in the first section. Developments in fiber technologies
which enabled the power scaling of fiber devices are briefly discussed in the second
section. The noise, nonlinearities and other detrimental effects occurring in high
power fiber devices are explained in the third section. Finally, the specific properties
and characteristics of Ytterbium-doped fibers which make them highly attractive for
high power fiber applications are discussed in detail in the fourth section.

2.1 Laser principles

The three main processes occurring in an optically active medium due to interaction
of light and matter are (1) absorption (2) spontaneous emission and (3) stimulated
emission. A simplified schematic of these processes when only two energy levels F;
and Fs, are involved is shown in Fig. 2.1.
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Figure 2.1: Schematic of absorption, spontaneous emission and stimulated emission
in a two-level system.

Consider an atomic or molecular medium whose electrons are in ground-state
E1. When a photon of frequency v with energy E given by Eq. 1,

E:hl/:EQ—El (1)

is incident on such medium, the energy is transferred to the electrons which are
then excited to a higher energy level E5. This process is called absorption and it



can result in population inversion, which is the state where more electrons exist in
the excited energy level compared to the ground level.

The excited electrons can return to the ground-state without the influence of an
external electromagnetic field, by emission of a photon. This process is referred to
as spontaneous emission or luminescence. Spontaneous emission generally occurs in
all direction, resulting in spatially incoherent radiation.

In contrast, when a photon of energy E interacts with the excited electron, a
process equal but opposite to absorption occurs. This results in the emission of an
additional photon with similar phase, frequency, polarization and direction of travel
as that of the incident photon. This process is known as stimulated emission. The
theory of stimulated emission was first described by Einstein in 1917 [20]. When a
medium is prepared in a state of population inversion by pumping and an optical
feedback is provided by a resonator cavity, the stimulated emission can be amplified
to yield a highly coherent beam of light.

The first experimental device realizing the concepts of population inversion and
stimulated emission was reported in 1954 [21]. In this demonstration, ammonia
(NHj3) molecules were used to achieve emission in the microwave region. In 1958,
Schawlow and Townes [22| proposed a system for stimulated emission at infrared
and optical wavelengths and soon after, the first solid-state laser operating at optical
wavelengths was demonstrated in a ruby crystal in 1960 [23].

A typical configuration of a solid-state laser is shown in Fig. 2.2. Pump light
is focused into a solid laser rod/crystal which is sandwiched between two mirrors.
Mirror 1 is chosen to have high reflectivity at laser wavelength and high transmis-
sivity at pump wavelength whereas mirror 2 is partially reflecting to enable output
coupling. The dimensions of the laser rod are typically of the order of a few mil-
limeters in diameter and several centimeters in length.

Despite the many advantages, conventional rod lasers face power-dependent
thermo-optical problems such as thermal-stress induced birefringence and thermal
lensing, which result in poor beam quality at high operating powers. Also, the lack
of waveguiding mechanisms in bulk lasers results in a high beam divergence which
limits the interaction lengths and consequently the gain of the system.
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Figure 2.2: Schematic of solid-state laser.

2.2 Rare-earth doped fiber devices

The guidance of light in fibers/rods was first investigated by Heel in 1954 [24]. In
this work, total internal reflection occurring in glass and plastic fibers with a high
refractive index core surrounded by a lower refractive index cladding was observed.
In 1961 [1], Snitzer et al. proposed the use of such fiber waveguides as laser cavities
for achieving excellent beam quality. Simultaneously, the use of rare-earth ions as
dopants also gained interest in the early 1960s when stimulated emission at opti-
cal wavelengths was observed from such ions in various host media [25,26]. Soon
these ions were embedded in glass fibers and the first experimental demonstrations of
rare-earth-doped fiber laser and amplifier was reported by Snitzer et al. in 1964 [2,3].

The lack of suitable pump sources and fiber fabrication techniques, however,
posed a number of problems to the development of rare-earth-doped fiber devices
was slow in the initial years. Early fiber devices were typically less than two meters
long with core diameters of the order of few microns, pumped by flashtubes, dye
lasers or injection lasers [5]. These fibers were mostly made from glass which had
high losses and hence long fiber lengths were not practical. In 1980s, mainly due to
the efforts of Payne et al., significant advancements in fiber doping techniques were
achieved |7, 8] and extremely long, low-loss silica fibers were manufactured. Simul-
taneous advancements in semiconductor laser technology led to the development of
continuous wave single-mode diode lasers operating at room temperatures. With
availability of uniformly doped, low-loss single-mode fibers and single-mode pump
sources, the first single-mode fiber laser operating in continuous wave regime was
demonstrated by Mears et al. in 1985 [6].

The schematics of a single-clad end-pumped linear-cavity fiber laser and a co-
pumped fiber amplifier are shown in Fig. 2.3. The pump and seed light are both
confined in the single-mode core by total internal reflection, which results in excel-
lent overlap between pump and seed.
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Figure 2.3: Schematic of (a) End-pumped linear-cavity fiber laser and (b)Co-pumped
fiber amplifier.

Fiber lasers and amplifiers can be classified into a number of types depending on
parameters such as operation regime (continuous wave or pulsed), principle (Raman
or upconversion), cavity design (in case of lasers), and pump scheme used.

Laser cavity design

Based on the design of the resonator cavity, fiber lasers are mainly classified into
two categories as (1) linear cavity and (2) ring cavity fiber lasers. A linear cavity
fiber laser consists of a Fabry-Perot cavity. In the simplest case, this cavity can
be formed from the end Fresnel reflections at the fiber facets. For efficient lasing,
linear cavities are formed by butt-coupling highly reflecting dielectric mirrors to the
fiber facets, or forming fiber Bragg gratings (FBG) at fiber ends or using passive
fiber components such as Sagnac loops. In ring-fiber lasers the resonator cavity is
typically formed as a loop with passive fibers and couplers to provide uni-directional
feedback. Some typical designs of laser resonator cavities are shown in Fig. 2.4.
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Figure 2.4: Schematics of different laser resonator cavities: Linear cavity lasers using
(a) Dielectric mirrors, (b) Bragg gratings, (c) Sagnac loop and (d) Ring cavity laser.

Pump schemes

Another important factor in designing fiber lasers and amplifiers is the pump scheme.
Based on the coupling technique, some common pump schemes are side-pumping,
end-pumping and V-groove side-pumping. Based on the direction of pump prop-
agation with respect to seed/laser propagation, the pump schemes are classified
as counter-pumping, co-pumping and bidirectional-pumping. Optical isolators are
used at the input and output ends to protect the seed and pump sources from back-
reflections.

2.3 Power scaling

Though single-clad fiber devices can achieve a very high gain, the maximum output
power is limited due to the power available from single-mode pump sources. High
power pump sources typically have a multi-mode output and hence cannot be used
effectively to pump single-clad fibers. This has led to the investigation of various



alternative fiber designs and architectures [27,28]. Evolution of fiber technologies
which enabled power-scaling are discussed in the following subsection.

2.3.1 Double-clad fibers

To maintain a good beam quality, the core of the active fiber has to be single mode.
Pumping the single mode core with single mode laser diodes would provide ideal
overlap but such laser diodes are limited in power. On the other hand, pumping a
single clad fiber with a high power but multi-mode diode laser is extremely inefficient.

This problem was solved by the development of the 'double-clad’ fiber design,
which was first proposed by Snitzer et al., in 1988 [29]. In this design, the high
power multi-mode pump laser is coupled into a large inner cladding (ic) with re-
fractive index lower than the core but higher than the outer cladding (oc) (nepe >
n;. > N,), so that the pump light is guided in the inner cladding by total internal
reflection. When the pump light overlaps with the core, it is absorbed by the active
dopants in the core and thus enables amplification of the seed light. Thus single
mode beam quality can be maintained despite the use of high power multimode
laser diodes as pump sources. Such fiber systems are said to be 'cladding pumped’.
The schematic of a cladding pumped double-clad fiber amplifier is shown in Fig. 2.5.

Multi-mode

pump input \ Quter cladding
\ Inner cladding Amplified

") ' Single mode core
Input \\ / | output
signal / // signal

Figure 2.5: Schematic of a cladding pumped double-clad fiber amplifier.

The inherent advantage of a single-clad fiber, namely the excellent overlap of
pump modes with the doped area, is lost in case of a double-clad fiber design. The
simple centered circular core geometry shown in Fig. 2.5 is the easiest to fabricate
and use. However, in such a structure, a large number of pump modes in the inner
cladding have poor overlap with the core area, thus resulting in low efficiency of
pump absorption in the core. This in turn reduces the gain and power efficiency of
the active fiber.

Different inner cladding geometries have been proposed in order to increase the
overlap of the pump modes with the core area [30,31]. Some of the commonly used
double-clad fiber designs with non-circular inner cladding geometry are shown in



Fig. 2.6. The octagonal inner cladding is one of the most common geometries used
in commercially available double-clad fibers.
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(c)

Figure 2.6: Different fiber inner cladding and core geometries used for increasing
pump absorption: (a) offset core fiber, (b) octagonal inner cladding, (c¢) "D" shaped
inner cladding, (d) square inner cladding.

2.3.2 Large mode-area fibers

The invention of cladding pumped schemes led to a rapid increase in the achievable
output powers of fiber lasers. At such high powers nonlinear phenomena in the fibers
become prominent. In order to minimize the effect of nonlinearities and to avoid the
damage of the fiber, the core size has to be increased. This led to the introduction
of large mode-area (LMA) fibers.

In general, increasing the mode area affects the single mode operation of the core
and reduces the beam quality. There are two possible ways to maintain single mode
operation while increasing the mode area: 1) the numerical aperture (NA) of the
core should be kept small; 2) the guidance of the higher order modes must be kept
weak. For conventional solid core fiber designs, a low NA core leads to a number
of fabrication challenges and the weak guidance introduces significant losses in the
fundamental mode. This limits the scalability of core area in conventional solid core
fibers. These challenges were overcome by the development of a new class of fibers
known by the term "Photonic crystal fibers", first coined by P. St. J. Russell in
1990s [32]. Light guidance in PCF is achieved either by total internal reflection or
by photonic bandgap effect. PCFs have a closely packed arrangement of tiny holes



surrounding a solid or hollow core. By varying the dimensions of the hole arrange-
ment, the numerical aperture can be tailored, thus enabling single mode operation
over a wide wavelength range.

Combination of photonic crystal fibers and cladding pumped schemes led to the
development of fiber lasers with extremely high output powers [33-36]. Despite
careful fiber design, at such high powers thermal and nonlinear effects can cause
significant damage to the fiber and the performance of the device. Some important
nonlinear effects and noises in fiber devices are briefly described in the following
subsection.

2.4 Noise and nonlinear effects

Apart from amplifying the input seed, an amplifier often produces excess unwanted
components in the output known as noise. In an electrical amplifier the noise is
often caused by thermal effects, whereas in an optical amplifier, the noise usually
occurs in the form of spontaneous emission. Spontaneous emission is caused by the
quantum effects in the gain medium and is typically non-directional. However, in
a fiber-based gain medium, the large aspect ratio and wave guidance can cause a
highly directional amplification resulting in amplified spontaneous emission (ASE).
The most significant noise in optical amplifiers is due to ASE and it often limits the
gain of the device. Apart from ASE, other quantum effects also limit the perfor-
mance of optical amplifiers. One such effect is the excited state absorption (ESA),
which results in loss of available atoms in excited energy levels due to absorption to
higher energy levels, .

The long interaction lengths in fibers combined with the light confinement in a
relatively small core area results in high optical intensities inside the core. Such
high optical intensities lead to various y* nonlinear effects in the fiber such as self-
phase modulation, cross-phase modulation, four-wave mixing, Kerr-effect, Raman
and Brillouin scattering. These nonlinear effects can serve as useful phenomena for
broadening of light in applications such as supercontinuum generation. However, in
most high power amplifier and laser applications, the nonlinearities are unwanted
effects which limit the performance of the device or cause fiber damage.

Careful design of fibers is essential to neglect or tailor the noise and nonlinear
effects. Besides the fiber designs, these effects are also highly dependent on the
nature of the optical gain medium. For example, the spontaneous emission factor
increases with the decrease in number of energy levels involved in the amplification
process.
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2.5 Ytterbium-doped gain media

Though the first Ytterbium-doped fiber laser was demonstrated as early as 1988 [11],
Yb-doped fibers were not commonly used in the beginning. The main reason for
this, was the popularity of Neodymium and Erbium doped fibers. Neodymium
doped fibers exhibit a four-level behavior with highly efficient emission at 1060 nm
wavelength for pumping at 800 nm. Erbium doped fibers have the advantage that
their emission wavelength (1520 to 1600 nm) lies in the telecommunication wave-
length region and they can be pumped at a number of wavelengths from 510 to 1480
nm. However, these systems have certain disadvantages, for example, excited state
absorption in Erbium-doped fibers and limited emission bandwidth in Neodymium-
doped fibers, which limits the gain and applications of such fibers. Therefore the
attention turns to other rare-earth-doped fibers. A detailed study of various advan-
tages of Ytterbium-doped fibers was presented by Paschotta et al., in 1997 [37] and
this served as a door to renewed interest in these fibers. The key characteristics
of Ytterbium-doped gain medium which results in its numerous advantages are dis-
cussed in this subsection.

2.5.1 Electronic level structure of Yb3' ions

The electronic structure of Yb** ions is shown in Fig. 2.7 [38], with only the two
main energy levels involved in light amplification, the ground level manifold (*F7,)
and a higher excited manifold (*F5/,). These energy levels are split into sub-energy
levels by the Stark effect and pump and laser transitions occur between various sub-
energy levels as indicated in Fig. 2.7, by red and green arrows, respectively.

The main advantages of Ytterbium-doped gain media arise from the fact that
only one excited state manifold is involved in the laser transition. The relatively
small energy gap between the ground and excited-state results in extremely low
quantum defects. Consequently high power efficiency is possible, and many detri-
mental effects such as thermal effects, quenching and excited state absorption are
significantly reduced [39]. The low quantum defect also results in some disadvan-
tages such as a pronounced quasi-3-level behavior.

Yb-doped fibers exhibit quasi-3-level or 4-level behaviors depending on the pump
and seed wavelengths. For emission wavelengths less than 1080 nm, the lower laser
transition state is located very close to the ground level (see Fig. 2.7) similar to a
quasi-3-level system. There is significant population in this level at thermal equi-
librium, which causes re-absorption losses [39] in the un-pumped gain medium and
consequently, higher laser thresholds are required compared, for instance, to Nd-
doped fibers [40]. Beyond 1080 nm, the laser transitions occur at energy levels
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Figure 2.7: Yb3" energy level structure, consisting of two manifolds, the ground
manifold (*Fy/;) (with four Stark levels), and higher excited manifold (*F5/,) (with
three Stark levels). Approximate energies in wave-numbers above ground energy are
indicated on the left side.

considerably higher than ground-level and hence the system exhibits a 4-level be-
havior. Due to the large energy gap between the ground level and lower laser level,
population inversion is easily achieved and the laser threshold is reduced in this

regime.

2.5.2 Spectroscopic data for Yb-doped fibers

The simple electronic structure of Yb-ions leads to highly pronounced absorption
and emission cross-sections, which are also strongly dependent on the host medium
of the Yb®*" ions. Germanosilicate glass is the most common host medium, which is
typically the material used in Yb-doped fiber cores. The corresponding absorption
and emission cross-sections, as presented in [37], are shown in Fig. 2.8.

The two peaks in the absorption cross-section provide the obvious choices for
pump wavelengths. At 910 nm the absorption cross-section is broad but relatively
low and strong pumping is required to achieve high gain. Nearly 97 % upper state
population can be achieved [37] with strong pumping. However strong pumping can
lead to significant ASE at 975 nm which in turn limits the maximum gain available
for amplification at longer wavelengths. The high absorption cross-section at 975 nm
results in very efficient pumping at this wavelength and the problem of ASE at 975
nm can also be avoided. However, since the absorption and emission cross-sections
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Figure 2.8: Absorption and emission cross-sections of Yb in germanosilicate glass
[37].

are of almost equal magnitude at 975 nm, the maximum upper state population
achievable is only 50 %. The narrow absorption peak also results in greater sensi-
tivity to pump source parameters at this wavelength.

Gain can be achieved either at the narrow 975 nm emission peak or over a broader
1000 nm to 1100 nm range. The broad amplification bandwidth is highly suitable
for ultra-short pulse amplifications. Due to a strong 3-level behavior at 975 nm
amplification wavelength, the re-absorption loss in an un-pumped fiber is very high
and the length of the fiber has to be carefully optimized. Though it was initially
believed that the low quantum defect would avoid quenching effects, strong lifetime
quenching was observed in Yb-doped fibers [41].

Despite the disadvantages such as re-absorption losses and pronounced ASE,
Ytterbium-doped fibers offer many advantages such as high power efficiency, low
thermal effects and high gain bandwidth. These advantages make them especially
attractive for high power and ultra-short pulse propagation applications.
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3 Modeling

Designing an efficient fiber device requires thorough understanding of its behavior
under different conditions. Theoretical studies of such devices become inevitable
in order to avoid time and cost consuming trial and error experimental methods.
Extensive numerical and analytical models were developed in the early 1990s, to pre-
dict the behavior of rare-earth-doped fiber devices [42], in particular Erbium-doped
fiber amplifiers [43-47]. The theoretical model for Ytterbium-doped fiber amplifier
was first adapted from existing EDFA models [37]|, under certain simplifying as-
sumptions. Several theoretical approaches have since been developed to model the
effects of various parameters on the performance of Ytterbium-doped fiber devices
in different configurations [48,49].

The wavelength dependent behavior of Ytterbium-doped systems (as discussed in
Section 2.5) results in a complicated interplay of pump, seed/laser and fiber param-
eters, which affect the gain profile significantly. Development of numerical methods
required to accurately model such systems are typically complex and time consum-
ing. The availability of proven simulation tools which can model such systems with
considerable accuracy, would greatly benefit the research in this field.

The purpose of this chapter is to provide an overview of theoretical modeling
of Ytterbium-doped fiber devices and to compare the performance of the RP-Fiber
Power simulation model with a theoretical model. With this aim, a general two-
level laser system is first described using rate equations and is then extended to a
specific case of fiber waveguide structure where the interaction of light and matter
is described using fiber properties. The light propagation equations and small signal
gain co-efficient of a fiber device are derived and the gain spectrum specifically for
Ytterbium-doped fibers is discussed in detail. Applying the general two-level sys-
tem equations, theoretical modeling of Ytterbium-doped fiber lasers and amplifiers
is explained. The RP-Fiber Power commercial simulation software is then intro-
duced and the output power from the simulated fiber laser model is compared with
the theoretical model.

3.1 Rate and propagation equations

Three-level systems can be described using a reduced two-level model [42], when the
non-radiative relaxations to the meta-stable state are extremely rapid. At 975 nm
pumping the Ytterbium-doped gain medium can be modeled using a simple two-
level laser scheme shown in Fig. 3.1.
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Figure 3.1: Energy level diagram for two-level system.

The relative population of Yb3* ions in upper and lower energy levels are gov-
erned by the local rate equations:

dn

d—; = (R12 + W12>n1 - (R21 + W21 + A21)n2 (2)
dm
— = (R + Wio)m + (Ror + War + Az, (3)

where ny and nsy are the normalized populations in upper and lower energy levels
(n; = N;j/Ny,i = 1,2), Ris and Ry are the pump excitation and de-excitation rates,
Wio and Wy, are the seed absorption and emission rates, respectively, and As; de-
notes the spontaneous emission rate. By applying the energy conservation law, we
arrive at

ny + ng = 1. (4)

Under steady state conditions (dn;/dt = 0),

_ Roy + Wo + A
Rig + Roy + Wig + Wy + Ay

ni
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_ Ryy + Whs (6)
Ris+ Roy + Wia + Waoy + Aoy

no

In a fiber waveguide, the pump and seed transition rates are governed by the absorp-
tion and emission cross-sections of the ions in the host medium and can be written as

Oapl Oepl.
Ry, — Zap7p R, — Jer'p 7
12 hl/p 9 21 th ) ( )
O-CLSIS U@S[S
Wiy = Waop = 8
12 hVS ) 21 hl/s ) ( )

where 04,(0¢p) and o,5(0es) are the pump and seed absorption(emission) cross-
sections, respectively, and I, and I are the corresponding intensities with transition
frequencies v, and v,. The spontaneous emission rate is given by

1
Aoy = — 9
21 7_7 ( )

where 7 is the life time of Yb3T ions in the excited state. For a quasi-two-level fiber
system defined by above equations, the variation of pump power along the fiber
length is given by the propagation equation:

dp,

E = FpJVt(O-ean - Uapnl)Pp(Z)a (10)

where I',, is the pump overlap factor, defined as the ratio of pump core area over
doped area (Sp./Ss) and N, is the total ion density. The propagation of seed along
the fiber length can similarly be written as
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dP,
dz

- PsNt(Uesn2 - O-asn1>Ps(Z)a (11)

where

9(2) = TyNi(0esng — 045m1)), (12)

is the small signal gain co-efficient. The seed overlap factor (I'y) is defined as the
overlap of mode field area with doped area.

3.2 Gain spectrum

The distinct absorption and emission cross-sections of Ytterbium-doped gain media
was discussed in section 2.5. In order to further illustrate the effects of pump and
lasing wavelengths on the small signal gain of the device, the gain spectrum is plot-
ted for different wavelengths. From Eq. 12, the small signal gain at any wavelength
can be calculated from the absorption and emission co-efficients at that wavelength
and the relative population of Yb3* ions in the two energy levels. The relative in-
version (RI) in the two-level system can be written as

RI =ng —ny. (13)

Assuming a total Yb?" ion concentration (N;) of 1?6 m™ and an ideal case
where the light propagates only in the doped area (i.e., I's=1), Eq. 12 can be ex-
pressed as

1e26 (O‘el(l + RI) — Ual(l - RI))

o() = : , (14)

for any wavelength . The gain spectrum at different wavelengths (Eq. 14) is plotted
in Fig. 3.2 for a Ytterbium-doped fiber with absorption and emission cross-sections
as presented in [37], for varying levels of relative inversion, where RI—=1 and RI—-1
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Figure 3.2: Gain spectrum at different wavelengths for varying levels of relative
inversion.

denote complete and zero population inversion, respectively.

The plot for RI=0 shows the gain spectrum at 50 % population inversion, which
is achieved in case of pumping at 975 nm wavelength due to equal absorption and
emission cross-sections at this wavelength. For this level of population inversion,
the maximum gain occurs close to 1035 nm. Higher levels of population inversion
(0<RI<1) can be achieved by pumping at shorter wavelengths, where it is seen that
the maximum gain occurs at 975 nm. This limits the gain available for amplification
at higher wavelengths due to strong ASE at 975 nm. The negative gains observed
in case of low levels of population inversion (0>RI>-1) indicate that there is strong
re-absorption at all wavelengths in an un-pumped gain medium. The length of
Ytterbium-doped fiber has to be carefully tailored to avoid this re-absorption.

3.3 Fiber laser theory

A linear cavity Ytterbium-doped fiber laser can be modeled from the two-level sys-
tem equations described in section 3.1, by applying the boundary conditions for
resonator cavity and by setting the net round-trip gain to unity. The schematic of
a counter-pumped linear cavity fiber laser is shown in Fig. 3.3.
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Figure 3.3: Schematic of counter-pumped linear cavity fiber laser.

The boundary conditions for forward(P;") and backward(P; ) propagating laser,
respectively, are

Pf(0) = RyP;(0), (15)
P;(L) = RyP{ (L) (16)

and
P (2)P}(z) = constant (17)

where R; and R, are the reflectivities of the resonator cavity. For the counter-
propagating scheme shown in Fig. 3.3, the gain is obtained by integrating the gain
coefficient g(z) given in Eq. (12) over the length of the fiber as

G = /OLg(z)dz

L
= FsNt/ [Oesno — 0asny]dz.
0
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The stationary condition for a linear cavity fiber laser is given by

RiRyexp(2G) = 1. (19)

By substituting the propagation equations (10) and (11) in Eq. (18) and by apply-
ing the stationary condition as shown in [17], the gain is obtained as

Gy, = In[Py(L)/F,(0)]
(20)

Iyo, n 1 _ OcsOap — OepUas

)

I',N.L.
2FSO'S (R1R2 Os r

From the above equations, the output power of the laser can be obtained as

Pout - (1 - Rl)Ps_(O)
Ap (1= Ry)P5 o
W 21
M- R - VR, + R
P,(0
5O enpl@,) - Gy - TNy L]
p
When P,;=0, Eq. (21) gives the laser threshold power
G "‘ F NtO' L
P — Psat D P ap . 22
=T exp(Gy) (22)
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3.4 Fiber amplifier theory

A simplified analytical solution for EDFA using the two-level model described in sec-
tion 3.1 was first proposed by Saleh et al. in 1990 [43]. This model requires only the
knowledge of two easily measurable fiber parameters namely the attenuation coeffi-
cient (o) and the intrinsic saturation power (Ps,;) corresponding to each wavelength
propagating through the fiber. It was later argued [37,42] that a Ytterbium-doped
fiber amplifier operating at shorter emission wavelengths (<1080 nm) can be de-
scribed using this reduced two-level model.

Certain simplifying assumptions have to be used in these models: 1) The power
extracted by ASE must be negligible, which is valid for a fiber amplifier with input
seed power significantly higher than equivalent ASE noise in the channel. 2) The
field and dopant distributions must be homogeneous, which is typically the case for
single mode doped fiber cores. 3) Excited state absorption must be absent, which
is true for Ytterbium-doped fibers. Under such simplifying assumptions, the upper-
level steady state population can be obtained from Egs. (6)-(8) as:

Oap0s P3Py + 0450, Py (Ps)

- . 23
na2 O'pO'SPpP;at + Upo-sP;at(Ps) + O—po-sP;atPssat ( )
The pump and seed saturation powers P* and P;* are
hv, A
Psat — Vp (24)
P Ipo,T
hvsA
Pt = 2 (25)
[sos7

where A is the effective core area, o,(=0.,+0,,) and os(=0.s+0,s) are the pump
and seed attenuation coefficients, respectively. Substituting Eq. (23) in the pump
and seed propagation equations (10) and (11) and by integrating them over the
length of the fiber L, the coupled equations for the output pump and seed powers
independent of propagation directions can be obtained as:
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' Pin _ Pout + Psm _ Psout
Pt = Pltexp|—o,L + - P Poat ] (26)
p

' Pzn _ Pout + Pzn _ Pout
P = PMegpl—o L + > > Psal b P (27)

Standard root-finding techniques can be applied to solve the coupled equa-
tions [42]. In conditions where the ASE cannot be neglected, the propagation of
ASE must be calculated separately for number of wavelengths and for each propa-
gation direction [37].

3.5 RP-Fiber Power simulation software

The models described in sections 3.4 and 3.3 are for the continuous wave operation
regime. For propagation of a pulsed light through the fiber, nonlinear effects and
dispersion such as group velocity dispersion (GVD) have to be taken into account.
[terative numerical solutions are essential in order to obtain self-consistent solutions
for such systems, and the computation time and complexity are greatly increased.
Multi-level fiber systems and advanced fiber designs further increase the difficulty
in modeling. With increasing popularity of fiber devices, commercial software tools
are beginning to emerge in order to facilitate the understanding and design of such
devices. RP-Fiber Power is one such software for simulating light propagation in
optical fibers. Some key features of the software are presented in this section.

RP-Fiber Power enables the modeling of both passive as well as active fiber
devices from fiber specifications and spectroscopic data. The software includes a
mode-solver feature to analyze the distribution of modes in the fiber. Arbitrary
optical channels for different pump and seed/laser light can be defined by specify-
ing the input powers, wavelength, radial function for intensity profile, losses and
propagation direction (backward or forward). ASE channels can also be defined
in a similar manner where the input powers are spontaneous emission values cal-
culated automatically by the software from fiber cross-section data. Reflectivities
for each of the optical channels can be independently defined. Radial dependence
of doping profile can be accurately modeled in the software by defining the doped
region as individual radial sections. Even in fibers with uniform doping profile, this
functionality can be used to refine the calculations by taking into account the radial
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variation of optical intensities in the core.

Devices can be defined using a graphical form based input or a script editor.
Multistage devices like master oscillator power amplifier (MOPA), can be designed
with flexibility. Numerical solutions of rate equations and propagation equations
are used to model continuous wave and dynamic systems. Ultra-short pulse prop-
agation in the fiber, which is modeled by solving Nonlinear Schrodinger Equation
(NLSE), can also be studied. Evolution of excited state population, variation of
powers along the fiber length, growth of noise, ASE and other nonlinearities, and
the temporal evolution of pulse parameters can be examined using graphical outputs.

3.6 Comparison of simulation and theoretical models

In order to verify the performance of the simulation software, a double-clad fiber
laser similar to the one used in section 3.3 is simulated and the laser output powers
for various pump powers is compared to the outputs calculated from Eq. (21) of the
theoretical laser model. A Ytterbium-doped double-clad fiber with absorption and
emission spectra as presented in [37| and fluorescence life time 0f 0.9 ms is consid-
ered to be the active fiber. The core and inner-cladding diameters are assumed to
be 20 pum and 125 pum, respectively. The numerical aperture of core is assumed to
be 0.1 and the cladding absorption at pump wavelength is assumed to be 12 dB/m.
The fiber length is assumed to be 2 m, and the reflectivities R; and R, are assumed
to be 1 % and 100 %, respectively.

For the purpose of modeling, the pump beam is assumed to have a top-hat in-
tensity profile in the inner-cladding. A 976 nm pump wavelength is used and the
lasing wavelength is assumed to be 1040 nm. For the counter propagating scheme
used, the backward light gives the laser output. The laser output powers from the
simulation and theoretical models are plotted in Fig. 3.4.

The slope efficiency of both theoretical and simulation output was estimated to
be 92.8 %. The laser threshold power was calculated theoretically using Eq. 22 to
be 584 mW and the laser threshold estimated from simulation output was 590 mW.
This give ~ 99 % agreement between the simulation and theoretical models.

23



25 L L B B B B
i —— Simulation ]
20} - - -Theory ]
2 15f ]
5 [
=
o) [
2 10t .
5 [
=3
=)
o 0.5 E
00}
PR S S [ ST T T SO N TR TR T T T SR SR T T NN WO SR TR S [ SO SO S SN N1
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Input pump power (W)

Figure 3.4: Theory versus simulation.

The simulation model can be used to study propagation of powers along the fiber
length, distribution of upper-state population, and effect of fiber length in the form
of graphical outputs. In Fig. 3.5 (a) and (b), the variation of optical powers for
different light along the length of a fiber with zero end reflectivities and with 1 %
(left) and 100 % (right) end reflectivities, respectively, are shown. In case of zero
reflectivities, the pump power decreases almost linearly along the length of the fiber.
The initial excitation level achieved for a 976 nm pump input of 3 mW is close to
40 % and the excitation remains almost constant upto 1 m of the fiber. When the
reflectivities are included, lasing occurs and the overall excitation level achieved for
the input pump power is slightly less than 20 %.

The effect of the total length of fiber used can be understood from Fig. 3.6. For
the given fiber specifications, it is seen that the input pump power of 3 mW gets
completely absorbed in 2 meters of length. However, the maximum laser output
is obtained for a fiber length of approximately 1.4 m and for longer fiber lengths,
re-absorption of the laser is seen in Fig. 3.6. This graphical output can be used to
obtain information about the ideal length of fiber to be used in the setup.
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4 Experiments

The main objective of this experimental work is to realize a low power fiber amplifier
operating in the continuous wave regime using Ytterbium-doped fibers. As discussed
in section 2, amplified spontaneous emission is the most dominant noise factor in
Ytterbium-doped fibers. The presence of even small reflectivities of the order of few
percentage can cause onset of lasing in ASE spectrum. This can seriously affect
the performance of a fiber amplifier. In order to study the self-lasing in the chosen
active fibers, a simple fiber laser with a Fabry-Perot cavity is first designed and
then an amplifier for low power continuous wave light amplification is designed The
experimental setups for the fiber laser and amplifier and the measurement results
are presented in detail in this section.

4.1 Active fibers

Two different active fibers, Yb1200-20/125DC and Yb600-20/125DC, have been used
for the experiments described in this chapter. Both fibers have a large core diame-
ter of 20 pm with a small numerical aperture, enabling excellent beam quality. The
inner cladding is octagonal shaped in order to optimize pump absorption, with a
flat-to-flat diameter or 125 yum. The Yb1200 fiber has a high doping concentration
resulting in a high cladding absorption of 6.8 dB/m, thus making it suitable for short
length (less than 2 m) applications. In contrast, the Yb600 fiber has a lower doping
concentration and correspondingly a cladding absorption of around 3.2 dB/m thus
making it ideal for low power applications. The specifications of the two active fibers
are summarized in Table 4.1.

Absorption and emission cross-sections for the Yb1200-20/125DC fiber given by
the manufacturer are plotted in Fig. 4.1. They are compared to the cross-sections
of a Yb-doped germanosilicate glass fiber as presented by Paschotta et al. in [37].
Though the general characteristics are the same, slight differences can be observed
in the cross-section values. The absorption and emission cross-sections provided by
Liekki have a slightly lower value at 975 nm, however the emission cross-section is
significantly higher in the 1000 to 1150 wavelength range, compared to typical values.

4.2 Pump sources calibration

The 975 wavelength region is chosen for pumping the active fibers. In this region,
the cross-section is very narrow and hence the system is highly sensitive to the ac-
tual pump wavelength. Thus characterization of the pump source is essential.

26



Table 4.1: Active fibers’ specifications.

Parameter Yb600-20/125DC | Yb1200-20/125DC
Core diameter (um) 20+2 20+2
Core NA 0.08+0.01 0.08+0.01
Cladding shape Octagonal Octagonal
Cladding diameter,
flat to flat (um) 12542 12542
Cladding NA 0.46 0.46
Cladding absorption
at 920 nm (dB/m) 3.4+0.7 6.8+1.7
f———————
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Figure 4.1: Absorption and emission cross-sections of Yb1200-20/125DC fiber given

by Liekki versus the cross-section values for Yb-doped germanosilicate fibers as
presented in [37].

Two different pump sources are used in the experiments. Omne of the pump
sources is a diode laser (UM2800,/50/15) from 'Unique-mode laser technology’, re-
ferred to as UMLD in the following text. The diode laser has a high brightness,
multi-mode continuous wave output which is coupled to a multi-mode fiber of 50
pm core with 0.15 numerical aperture and 125 pm cladding. The maximum output
power was measured to be 2.6 W at 25° C operating temperature. Qutput powers
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and emission spectra of the pump source are measured at selected current inputs and
the values are plotted in Fig. 4.2 (a) and (b), respectively. The emission spectrum
shows slight dependence on driving current, shifting from 972.5 nm at low current
inputs to 973 nm at higher currents. The full-width half-maximum (FWHM) is less
than 5 nm at all current inputs.
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Figure 4.2: Calibration of UM2800/50/15 diode laser (a) Current versus power curve
and (b) Spectrum at different currents.

The other pump source is a diode laser (BLD-98-0.5.25W-06-F-10-M) from "Laser
Components’, referred to as BLD in the following text. The diode laser can provide
continuous wave output up to 25 W at an operating temperature of 25° C, however
for this thesis work, only powers upto 7 W are used. The laser output is fiber cou-
pled to a 105 pm core multi-mode fiber with a numerical aperture of 0.22. Output
powers are measured by varying the driving current and the emission spectra are
observed at selected current inputs. The values are plotted in Fig. 4.3 (a) and (b),
respectively. The laser spectrum has a narrow bandwidth (FWHM less than 3 nm)
and a central wavelength of 975.7 nm at all powers.

4.3 Fiber laser design

A Yb-doped double-clad fiber laser in counter propagating pump scheme, similar to
the theoretical model described in section 3.3, is experimentally realized using a 1.75
m long Yb-1200-20/125DC fiber (specifications: see Table 4.1). The experimental

setup is shown in Fig. 4.4.
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Figure 4.3: Calibration of BLD-98-0.5.25W-06-F-10-M diode laser (a) Current versus
power curve and (b) Spectrum at different currents.
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Figure 4.4: Fiber laser experimental setup.

The laser resonator cavity is formed by end reflections from the fiber facet on
one end and a high reflection metallic mirror (M1) on the other end, referred to as
left and right ends, respectively, in the following text. The fiber facet at the left
end is nearly perpendicularly cleaved and the end reflection is estimated to be be-
low Fresnel reflection value (<4 %). The fiber ends are mounted on xyz-translation
stages for precise alignment. The UMLD laser source is used to pump the active
fiber. The pump light emitted from the multi-mode fiber is collimated by a lens
(L1) of 4.6 mm focal length.
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To separate the emitted laser light from the pump light in the counter-propagating
scheme, a DCM of high transmissivity (T>95 %) at wavelengths less than 1000 nm
and high reflectivity (R>99 %) in the 1000 to 1200 nm wavelength range is placed
between lenses L1 and L2. Pump light is focused into the inner cladding using a
11 mm lens (1.2), which also serves to collimate the output light from the active fiber.

At the right end, laser and residual pump light output from the fiber is collimated
by a 11 mm lens (L3) and reflected back into the fiber by a wavelength independent
metallic mirror (M1) with high reflectivity R>99 %. At the left end, laser output
(bacward propagating) is reflected by the DCM at 20° angle and is aligned parallel
to the optical table using metallic mirrors M2 and M3. A 1000 nm long pass filter
(LPF) with 84 % transmissivity above 1000 nm, is used to block any residual pump
light reaching the power meter.

Measurements

The laser output power is optimized by tuning the pump coupling stage and the
mirror reflection arrangement on the right side. The position and coiling of the fiber
are crucial and can significantly influence the performance of the laser up to 20 %
at higher powers. Fiber coiling is optimized to get the best possible output powers
within the scope of the setup and then kept undisturbed at this position for the
duration of the measurements. The pump powers are varied from 0 to 3 W and the
laser output powers and spectra are measured.

Pump coupling

In order to estimate correctly the actual pump powers coupled into the active fiber,
independent measurements were performed without disturbing the pump alignment
after the laser measurements were recorded. A cut-back approach was used and
unabsorbed pump powers were estimated for different input pump powers, at dif-
ferent fiber lengths between 16 to 50 cm. The fiber was kept straight during these
measurements. As example, the measured data for two different input powers are
plotted in Fig. 4.5.

In the unsaturated regime, the remaining light power P, at the end of an op-
tical fiber can be described according to Beer’s law as

Pout = Pzne*rp(_aL) (28)
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Figure 4.5: Unabsorbed pump powers measured at different lengths for two input
powers.

where P, is the light power at the fiber input, « is the fiber absorption coefficient
and L is the length of the fiber. Operating at pump powers where ASE can be
neglected, the measured light at the fiber output can be assumed to have the same
spectral content as at the input, i.e. the measured output power is equivalent to
the unabsorbed pump power as given by Eq. (22). From fitting Eq. (22) to the
measured data, we can thus extract the coupled input powers. The results are sum-
marized in Table 4.2.

The ratio between P, and the measured power before the fiber yields the cou-

pling efficiency. A weighted average of the measurements yields a coupling efficiency
of 71.1+0.9%.

The average absorption co-efficient is calculated to be 6.89+£0.17 dB/m. This
value is about a factor of two smaller than the specified fiber absorption at 973 nm.
The reason for this can be a shift of pump central wavelength towards 972 nm at
these low powers (see Fig. 4.2), where the absorption cross-section of Liekki fiber is
about 35 % lower than at 973 nm. More accurate absorption measurements require
using longer fiber lengths, where the absorption is not so sensitive on the wavelength.
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Table 4.2: Pump coupling estimation.

Power P, Fit error Pump Error in
before fiber | from fit in P, coupling pump

(mW) (mW) | (£ mW) (%) coupling (+ %)
100 73.6 3.22 73.82 3.23
90 62.87 1.71 70.17 1.91
78 54.93 1.99 70.06 2.55
66 47.27 1.45 71.19 2.19
55 40.16 1.05 72.89 1.9
44 30.25 1.08 68.90 2.46
32 24.67 1.24 77.59 3.89
22 20.51 1.26 94.94 5.82

Measurement results

The measured data is corrected for the transmission efficiency of 1000 nm LPF (84
%) and losses along the output path (5 %). The corrected measurement data is
plotted with respect to the coupled pump powers along with pump coupling error
bars in Fig. 4.6. A linear fit to the corrected measurement data yields a slope
efficiency of 90 % and a lasing threshold of 815 mW.
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Figure 4.6: Fiber laser: Corrected measurement data.
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For selected pump powers, the measured laser output spectra are shown in Fig.
4.7. At coupled pump powers below 0.8 W, a broad spectrum of ASE is observed
in the 1030 to 1050 nm wavelength region. When the lasing threshold is reached,
the spectrum narrows down to a wavelength range of about 4 nm around 1040 nm.
The bandwidth and central wavelength show slight changes with increase in pump
powers. For high input pump powers above 1.5 W, the spectrum stabilizes at a
central wavelength of 1040 nm with a full width half maximum (FWHM) around 6
nm.

Power spectral density (dBm/nm)

1020 1025 1030 1035 1040 1045 1050 1055 1060

Wavelength (nm)

Figure 4.7: Laser output spectrum for different coupled pump powers.

4.4 Fiber amplifier design

A low power fiber amplifier operating in the continuous wave region is designed in
a counter-propagating pump scheme. The Ytterbium-doped double-clad fiber used
as active fiber is Yb600-20/125DC. The experimental setup is shown in Fig. 4.8.

A diode laser (Picopower-LD-1064-SF) from "Alphalas’ is used as the seed source.
The diode laser provides a single-mode output at 1064 nm wavelength and can be
operated in the continuous wave regime upto powers of 10 mW. The source is fiber
coupled to a polarization maintaining fiber (PM980) with 6.6 pum mode field diam-
eter and 0.12 numerical aperture.

Seed light from the PM fiber is collimated using a 11 mm lens (L1) and passed

through a Faraday Isolator. A dichroic mirror (DCM1) with 99 % reflectivity at seed
wavelength is used to reflect the output from the isolator at 45° angle and another
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Figure 4.8: Fiber amplifier experimental setup, with inset showing direction and
naming of different light beams propagating in the fiber.

metallic mirror with very high reflectivity (R>99 %) at all wavelengths, is used to
align the beam parallel to the optical table. The seed light is then focused into the
core of the active fiber using a 15.29 mm lens (L2). A 3 m long active fiber is used
and the fiber is coiled with a 15 cm diameter. The left and right fiber end facets are
cleaved with 1° and 3.5° angles, respectively and the fiber tips are mounted on xyz-
translational stages to allow precise coupling of seed and pump light. A free-space
optical setup is used for seed and pump coupling as opposed to an all fiber setup.

Pump light from the BLD source (see section 4.2) feed fiber is collimated using
a 4.6 mm lens (L4) and passed through a dichroic mirror (DCM2) of high transmis-
sivity (T>95 %) at wavelengths less than 1000 nm and high reflectivity (R>99 %)
in the 1000 to 1200 nm wavelength range. Two metallic mirrors (M2 and M3) are
used to align the collimated pump beam parallel to the optical table and a 11 mm
lens (L3) is used to focus it into the right end of the active fiber. L3 also serves to
collimate the output light from the active fiber which then travels the same path
as pump beam and is reflected by DCM2 at 20°. A metallic mirror (M4) is used to
align the reflected light parallel to the optical table and the amplified seed output
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is measured at the detector after a 1064 nm BPF. All metallic mirrors used in the
setup have high wavelength independent reflectivity (R>99 %).

Measurements

In order to attain good amplification, it is essential to minimize the end reflections
from the fiber facets. This can be achieved by various techniques such as use of
index matching liquids in case of fiber to fiber coupling, or by angle cleaving the
fiber facets [3]. In this experimental setup the fiber facets are cleaved with small
angles of (approximately 1° and 3.5° at the left and right ends, respectively) to
reduce end reflections. The effects of these cleave angles are studied by measuring
the outputs from left and right fiber ends (referred to as the backward and forward
light, respectively) for different pump input powers, without any seed coupling.

At the left fiber end, the backward light is measured just behind L3. At the
right fiber end, the forward light is measured after reflection by DCM2 and M4 (see
Fig. 4.8). A 1000 nm LPF is used before the detector during measurements to block
any unabsorbed and back reflected pump light from the left and right ends, respec-
tively. The spectrum is also observed during these measurements. Pump coupling is
estimated to be 75+2 % as typically observed during independent cut-back measure-
ments and all measurements in the amplifier setup are corrected correspondingly.
The output powers and spectra of light measured from the fiber ends are plotted in
Figs. 4.9 and 4.10, respectively.

For coupled pump powers above 1 W, linear increase in output powers were ob-
served in both forward and backward light, which were found to have strong and
narrow spectra in the 1030 to 1040 nm wavelength region for these pump powers .
This indicates that the light measured at left and right fiber ends are the noise due
to ASE propagating in the backward and forward directions, respectively. Also, the
finite reflectivities from fiber end facets cause parasitic lasing of ASE (noise), for
coupled pump powers above 1 W.

The forward and backward light measurements are fitted with linear functions
to estimate the slope efficiencies and lasing thresholds (see Fig. 4.9). Both outputs
have a lasing threshold of about 1 W but the lasing slope efficiency with respect to
coupled pump power is much higher in the forward propagating ASE (76.7 %) com-
pared to the backward ASE (6.2 %). This indicates that the reflectivity at right end
facet, from which the backward ASE is reflected, is much lower than the reflectivity
at the left end facet from which the forward ASE is reflected (Ra<Ry).
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Figure 4.9: Output powers measured at left and right fiber ends in amplifier setup
for zero seed input.
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Thus we conclude that a cleave angle of 3.5 has lowered the reflectivity signifi-
cantly at the right fiber facet but the reflectivity from left fiber facet (with 1° cleave
angle) is high enough to produce strong lasing at ASE wavelength in the forward
direction when no seed is coupled.

The setup is then used to study continuous wave amplification by coupling a 6.7

mW seed input to the left fiber end. The amplified seed output reflected by DCM2
and M4, is measured for different pump input powers. A 1064 nm BPF is used to
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measure the amplified seed without any contribution from the background noise.
Measured output powers are corrected for the filter transmission efficiency and are
plotted in Fig. 4.11, against coupled pump powers.
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Figure 4.11: Amplified seed measurements for 6.7 mW seed input power.
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Figure 4.12: Output spectra for selected coupled pump powers.

In the amplified seed measurements, three distinct regions are observed as in-
dicated in Fig. 4.11: In region 1, at coupled pump powers less than 1.4 W, am-
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plification is exponential, in region 2, for pump powers between 1.4 and 2.8 W,
amplification decreases significantly and deviates from the exponential increase to
a more linear increase and in region 3, for pump powers above 2.8 W, amplification
saturates.

Output spectra for selected values of coupled pump powers in each each of these
regions, are plotted in Fig. 4.12. From the spectra, we observe that at 1.2 W pump
input in region 1, only the amplified seed at 1064 nm is present in the spectrum. At
2.5 W pump input in region 2, noise is observed at around 1034 nm, however the
amplified seed at 1064 nm is higher than the noise. At 3.8 W pump input in region
3, the amplified seed output is observed to be almost at the same level as for 2.5
W pump input, but the amplitude of noise is significantly higher. From the wave-
length of the noise spectra, we conclude that the noise is due to ASE propagating
in forward direction.

To estimate the amount of ASE in the output, a 1000 nm LPF is used instead
of the 1064 nm BPF (in Fig. 4.8) and the measurements are repeated for different
pump powers. The value of ASE is calculated by subtracting the amplified seed
powers measured with 1064 nm BPF from the total power measured with 1000 nm

LPF, taking into account the specified transmissivities. The values are plotted in
Fig. 4.13.
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Figure 4.13: Amplified seed and ASE measurements.

From the Fig. 4.13 we observe that ASE powers are negligible in region 1. ASE
increases in region 2, but is low compared to the amplified seed powers. A linear
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increase in ASE powers is observed in region 3.

This indicates that even in the presence of a seed input, parasitic lasing originates
from ASE at high pump powers, due to the reflectivities from fiber end facets. From
the spectrum and power measurements, we conclude that the saturation observed
in region 3 is due to the gain clamping resulting from onset of strong lasing in the
forward propagating ASE.

The amplification measurements were repeated for a lower seed input of 3.7 mW
and the outputs are plotted in Fig. 4.14, along with the 6.7 mW seed amplification
outputs for comparison. For 3.7 mW seed input, the region 2 is less pronounced and
gain clamping is observed for lower coupled powers (above 2.1 W) than in the case
of a higher seed input. This indicates that the threshold for parasitic lasing reduces
when the input seed power decreases.
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Figure 4.14: Amplified seed measurements for 6.7 mW and 3.7 mW seed input
powers.

To summarize, we observe from the experimental measurements that: Strong
lasing originates at ASE wavelength even due to the small reflectivities from the
fiber end facets. An angle cleave (with angle > 3°) reduces the reflectivity at the
end facet and thus suppresses lasing in the ASE reflected from that facet. With low
power seed input, exponential amplification occurs initially at low pump powers but
saturates at higher pump powers when parasitic lasing at ASE wavelength becomes
dominant, resulting in gain clamping. When the cleave angle at the left facet is
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increased above 1°; coupling the seed input to the low NA fiber core becomes more
difficult. Hence lasing from ASE due to fiber end facet reflectivities cannot be fully
avoided especially at for low input seed powers as used in the experiments.
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5 Analysis

The fiber laser and amplifier devices described in the experimental sections are sim-
ulated using the RP-Fiber Power simulation software. Results of the simulation
models are compared with the corresponding experimental measurements in this
chapter. The effects of various design and fiber parameters are analyzed and esti-
mated by comparing the simulation and experimental results.

5.1 Fiber laser

The backward pumped Ytterbium-doped double clad fiber laser described in section
4.3 is modeled in RP-Fiber Power simulation software. Fiber dimensions and pa-
rameters are defined according to the specifications of the Liekki Yb1200-20/125DC
fiber (see Table 4.1) and the absorption and emission cross-sections provided by
Liekki (see Fig. 4.1). The lasing wavelength is assumed to be 1040 nm, as observed
during the experimental measurements. Four optical channels are defined in the
core of the active fiber, correspondingly for propagation pump and laser light in the
forward and backward directions. The pump and laser light are assumed to have
radially symmetric top-hat and Gaussian transverse intensity profiles, respectively.
Fluorescence life time of Yb3" ions is assumed to be 0.85 ms, as provided by Liekki.
The complete simulation code for the continuous wave laser model is give in Ap-
pendix 6.

Reflectivities (R; and Rs) of the resonator cavity are one of the most important
experimental parameters affecting the performance of a linear cavity fiber laser.
Particularly when the reflection from fiber end facet is used to form the resonator
cavity at the output coupling end, it is difficult to estimate the exact value of re-
flectivity. For a perpendicularly cleaved and polished fiber end facet, the maximum
reflectivity is given by the Fresnel reflection (4 %) value for air-fiber interface. In
our experimental setup, the fiber facet at the left end was nearly perpendicularly
cleaved but not polished. It can be expected that the reflectivity (R;) from this
fiber facet would be less than 4 %. On the right end of the fiber, an arrangement
of metallic mirror with a very high, wavelength independent reflectivity (R>99 %)
was used (see Fig. 4.4). Allowing for possible misalignment losses, the reflectivity
on the right end (Rg) is estimated to be between 50 to 100 %. With these initial
estimates, different combinations of end reflectivities are used for the simulations
and the results are compared to the measurements in Fig. 5.1.

From the simulation results, the influence of end reflectivities can be summarized

as: Reducing the left end reflectivity (R;) increases the lasing threshold but has no
effect on the laser slope efficiency (S1 and S2 in Fig. 5.1). Reducing the right end
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Figure 5.1: Fiber laser simulations for different reflectivities.

reflectivity (Rg) for constant R; not only increases the laser threshold but also re-
duces slope efficiency (S2 and S3). Reducing Ry and increasing R; further decreases
the slope efficiency but the laser threshold decreases slightly (S2 and S4).

This indicates that it is essential to have high reflectivities on both ends of the
fiber laser to achieve high slope efficiency at a low threshold pump power. By com-
parison with measurements, the slope efficiencies are best matched for the value of
Ry close to 100 %. Whereas, best agreement between the simulated and measured
laser threshold is obtained for R; approximately equal to 1 %. The simulation for
this set of reflectivities is shown separately along with the measurements in Fig. 5.2.

By fitting the simulation result with a linear function, we estimate the slope
efficiency to be 85.44 % and the lasing threshold to be 0.8 W. These values have
an agreement of more than 94 %, with the values obtained from the linear fit to
the measurement data (90 % and 0.815 W, respectively). Thus in the case of a
Ytterbium-doped double-clad fiber laser, we find that the simulation model predicts
the behavior of the experimental device very accurately.

5.2 Fiber amplifier

In the experimental analysis of the fiber amplifier setup without any seed input
(section 4.4), we observed significant lasing originating in the forward and backward
ASE, due to the presence of finite reflectivities at the fiber end facets. The values
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Figure 5.2: Fiber laser: simulation versus measurement.

these end reflectivities can be estimated by comparison with simulations. Hence,
we first use a laser simulation model similar to the one described in section 5.1, to
simulate the output powers of forward and backward light from the fiber for different
sets of fiber end reflectivities.

Compared to the simulation model in section 5.1, the fiber specifications are now
defined according to the values given for Yb600-20/125DC fiber (see Table 4.1). Ab-
sorption and emission cross-sections given by Liekki for the Yb1200-20/125DC fiber
are also used in this case. From the cleave angles of left and right facets (1° and 3.5°,
respectively) it is estimated that the reflectivity R; is higher than Ry. The forward
and backward laser outputs from the simulations are plotted in Fig. 5.3 along with
the corresponding measurements, for different sets of end reflectivities.

From the simulation results, the effect of end reflectivities can be summarized as:
Increasing R; increases the slope efficiency of lasing in forward laser but decreases
the slope efficiency in backward laser. The lasing threshold remain almost same in
both cases (S1 and S2 in Fig. 5.1). Reducing Ry while keeping Ry constant again
increases slope efficiency in forward laser and further decreases slope efficiency in
backward laser. Also, the threshold increases slightly in both cases (S2 and S3).
Reducing R; while keeping Ry at the lower value however, decreases the slope effi-
ciency in forward laser and increases the slope efficiency in backward laser while not
having much effect on the thresholds (S3 and S4). However for any specific set of
reflectivities, it is not possible to attain a good match between the simulation and
measurements simultaneously for both forward and backward lasers.
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Figure 5.3: (a) Forward and (b) Backward laser simulations for different reflectivi-
ties.

In order to further study the disagreement between simulation and measure-
ments, the amplification outputs are analyzed. For this, a continuous wave ampli-
fier is modeled using RP-Fiber Power software by introducing a non-zero seed input.
The code for this model is given in Appendix 6. Since the presence of significant
ASE even with a seed input was observed in the experiments, ASE channels in the
900 to 1100 nm wavelength range are included in the amplifier simulation model in
both forward and backward directions. The amplified seed outputs from the simu-
lation model, for different sets of Ry and Ry and seed input of 6.7 mW are plotted
in Fig. 5.4, along with the corresponding experimental measurements.

By comparing the simulation results with the measurements, we observe: Gain
clamping occurs in all simulation conditions. For high values of Ry, the simulations
show much lower output than measurements in the region where gain clamping is
observed (region 3). By reducing Ry and increasing R;, the output powers in the
gain clamped region can be brought closer to the measured values. For any set of
reflectivities, the simulation predicts considerably higher amplification in region 1
and a sharper transition to gain clamping. These discrepancies could not be cor-
rected by varying only the end reflectivities.

The lower powers observed in region 1 for all simulations indicate that the over-
all emission characteristics of the fiber are poorer than the values assumed in the
simulations. The absorption and emission cross-sections for the Yb600-20/125DC
fiber were not specifically measured. Therefor we study the influence of possible
differences in the cross-sections by using the values presented by Paschotta et al.,
in [37] instead of the values given by Liekki for the Yb1200 fiber. The same set
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of simulations for forward and backward laser as well as amplified seed outputs,
are repeated using the cross-sections presented by Paschotta et al. The results are
presented in Figs. 5.5 and 5.6.

Output power (W)

3'0_ T T T T T T 0'8"'I"'I"'I"'I"I T
t @ Measured forward light I 4@ Measured backward light
25 -_Simulations: [ Simulations:
Tr S1:R,=2.5 %, R,=0.5 % 3 S1:R,;=2.5%, R,=0.5 %
yof—SZR=35% R=05% 08— 52:R=35%, R,=0.5% ]
T F——53:R,=3.5 %, R,=0.02 % S [——S3:R=35%R,=0.02%
[——S4:R.=2.5 %, R =0.02 % g F——S4: R =2.5 %, R =0.02 %
15F 1 2 ] qg) 04 1 2 ]
L o
[ a
10F 1 3
r =
: o %21
05F 3
0.0 = (a) 0.0 "
I S S B S S S R B 1 1 1 1 1 1 1 1
0.0 0.6 1.2 1.8 24 3.0 3.6 4.2 4.8 0.0 0.6 1.2 1.8 24 3.0 3.6 4.2 4.8

Coupled pump power (W)

Coupled pump power (W)

Figure 5.5: (a) Forward and (b) backward laser simulations for different reflectivities
using Paschotta cross-sections.

From the simulations using fiber cross-section given in [37], we observe: Powers

of the forward and backward lasers also match closely for simulations S3 and S4.
Measured and simulated powers in region 1 match closely for all sets of reflectivities.
Simulation S3 yields a better match with respect to the amplified seed measurements

45



0.7 v IR B IR B T T T]
g ~—2- ]
06 IR
: i ]
0'5:_ ot ]
04| * “3 ]

€ Amplified seed measurement

Output power (W)
o
w
T
1

02F Simulations .
¥ S1{R,=2.5 %, R,=0.5 %

0.1F ——S2iR,=35 %, R,=0.5% ]
- ——83;R=3.5%, R,=0.02 %

0.0 IR = - .
Covevns I S L oMRT20 P RF0.02%

0.0 0.7 1.4 21 2.8 3.5 4.2 4.9
Coupled pump power (W)

Figure 5.6: Amplified seed simulations for different reflectivities using Paschotta
cross-sections.

in region 3. Thus with lower emission cross-section values in the 1000 to 1100 nm
wavelength region, we observe good agreement between all measurements and sim-
ulation outputs for the values of R1=2.5 % and Ry,=0.02 %.

Based on these observations, we further compare the results of simulation S3
with other measured data. For instance, in Fig. 5.7 the measured ASE powers dur-
ing amplification are compared to the simulated values. Here we observe that the
simulation predicts a well defined lasing threshold at which point the gain clamping
starts in the amplified output. However, in the measurements, a more gradual in-
crease of ASE powers and corresponding decrease in amplification, were observed for
coupled pump powers between 1.4 and 2.8 W. This discrepancy can be attributed
to the nature of experiments.

In Fig. 5.8, the simulation results for 6.7 mW and 3.7 mW seed input are com-

pared with the corresponding measurements. Similar results are obtained for the
lower seed input, where the gain clamping occurs at a lower coupled pump power.
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6 Summary

Fiber amplifiers based on Ytterbium-doped fibers are of particular interest in high-
power applications due to their numerous advantages. To optimize the performance
of such devices, careful analysis of the influence of a wide range of parameters is
required.

In this thesis the amplification in Ytterbium-doped fibers has been studied exper-
imentally and theoretically. For the experimental analysis, a fiber laser and an am-
plifier operating in the continuous wave regime, were designed based on Ytterbium-
doped double-clad fibers. Theoretical studies were performed by modeling these
devices using a commercial simulation software.

We built a fiber laser using a short length of highly doped active fiber, to estimate
the emission characteristics of the Ytterbium-doped gain medium. The resonator
cavity was realized from the Fresnel reflections of the fiber facet on the output
coupling end and a highly reflective mirror on the other end. Lasing was observed
at 1040 nm with a slope efficiency of 90 % corresponding to the coupled pump power.

Further a fiber amplifier was built using an active fiber with a lower doping con-
centration. The fiber facets were angle cleaved to reduce end reflectivities. However,
for zero seed input, strong parasitic lasing originating from ASE was still observed
due to the influence of the finite end reflectivities. For low seed inputs, the measure-
ments showed three distinct amplification regimes depending on the coupled pump
powers. The amplification was exponential at low pump powers, but gradually re-
duced at higher powers reaching a strong saturation above 2.8 W. From the power
and spectra measurements, the amplification was concluded to be gain clamped due
to onset of lasing in the forward propagating ASE.

For theoretical analysis, the fiber devices were modeled using the RP-Fiber Power
simulation software. In the laser simulations, the slope efficiency and lasing threshold
of the output powers, showed a strong dependence on the values of end reflectivities.
The values were estimated by comparison with measurements. An agreement of over
94 % was obtained between simulation and experimental results in case of the fiber
laser.

In the amplifier simulations, the output seed powers showed a strong depen-
dence on not only the end reflectivities but also the fiber absorption and emission
cross-sections. The values of end reflectivities influenced mostly the threshold for
gain clamping, whereas the fiber cross-sections affected the overall amplified seed
powers. In comparison with measured seed powers, the simulation results showed

48



a good agreement in the exponential and gain clamped output regimes. We have
thus been able to verify that the specified simulation tool can be used to accurately
describe the performance of designed fiber devices, but good knowledge of experi-
mental parameters is needed to avoid any discrepancies.

Based on the study of Ytterbium-doped fibers and verification of the simulation
tool, more complex fiber systems can further be designed. Future work involves the
design and implementation of a master oscillator power amplifier (MOPA) system
based on Ytterbium-doped fibers for amplification of picosecond pulses. The de-
vice shall be used as a high-power pump source for generating a supercontinuum
spectrum.
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Appendix A

Simulation code for CW fiber laser:

include Units.inc

; {Basic device parameters:}

L_f:=1.75 {fiber length}
No_z_steps:=100 {number of steps along the fiber}

; {Parameters of the optical channels:}

1_p:=972.5 nm {pump wavelength}
dir_p:=forward {pump propagation direction}

1_s:=1040 nm {laser wavelength}

R1:=0.01 {reflectivity at left fiber end}
R2:=1 {reflectivity at right fiber end}

P_pump_in:=3000 mW {input pump power}
; {Definition of fiber parameters:}

include "Yb-Liekki 1200-20-125DC.inc"

; {Function for defining the model:}

def_model() :=
begin
set_fiber(L_f, No_z_steps, ’Yb’);
for j:=1 to 10 do add_ring(r_corex(j/10), N_Yb);
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pump : =addinputchannel (P_pump_in, 1_p, ’I_p’, loss_p, dir_p);
pump_ref :=addinputchannel(0, 1_p,’I_p’, loss_p, backward);
signal_fw:=addinputchannel(0, 1_s, ’I_s’, loss_s, forward);
signal_bw:=addinputchannel(0, 1_s, ’I_s’, loss_s, backward);
set_R(signal_fw, R1, R2);
set_R(pump, R1, R2);
finish_fiber();
end;

calc def_model()

; {Display outputs in the Output window:}

show "remaining pump: ", P_out(pump):d3:"W"
show "laser output: ", P_out(signal_bw):d3:"W"
show "G_signal: ", sp_gain(signal_bw):d3:np:"dB"

; {Plot laser output powers versus pump input powers:}
diagram 1:

"Laser output power"

x: 0, 2

"Pump input power (W)", @x
y: 0, 3

"Qutput power (W)", Qy
frame

hx

hy

f: (set_P_in(pump, x); P_out(signal_bw)),
step=b, color=blue, width=3,
finish set_P_in(pump, P_pump_in)
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Appendix B

Simulation code for CW fiber amplifier with ASE:

include Units.inc

; {Basic device parameters:}

L_f:=3.05 {fiber length}
No_z_steps:=100 {number of steps along the fiber}

; {Definition of fiber parameters:}
include "Yb-Liekki 600-20-125DC.inc"
; {Parameters of the optical channels:}

1_s1:=1064 nm {seed wavelength}
1 _p1:=975.5 nm {pump wavelength}

P_pumpl_bw_in:=800 mW {input pump power}

P_signall_fw_in:=6.7 mW {input seed power}

R1:
R2:

0.035 {reflectivity at left fiber end}
0.0002 {reflectivity at right fiber end}

; {Definition of ASE channels:}

11_ASE:=910 nm
12_ASE:=1100 nm
dl_ASE:=1 nm
NoModes_ASE:=2
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defarray c_ASE_fw[l11_ASE, 12_ASE, dl_ASE]
defarray c_ASE_bw[11_ASE, 12_ASE, dl_ASE]
P_ASE_fw(x) :=sum(1:=11_ASE to 12_ASE step d1_ASE, P(c_ASE_fw[1],x))
P_ASE_bw(x) :=sum(1:=11_ASE to 12_ASE step d1_ASE, P(c_ASE_bw[1l],x))

; {Function for defining the model:}

def_model() :=
begin
set_fiber(L_f, No_z_steps, ’Yb’);
for j:= 1 to 10 do add_ring (r_core * (j/10), N_Yb);
max_N:=N_Yb;
max_r:=r_core;
P_in_max:=0;
P_in_max:=maxr(P_in_max, P_pumpl_bw_in);
pumpl_bw:=
addinputchannel (P_pumpl_bw_in, 1_pl, ’I_pl’, loss_p, backward);
pump_ref:=
addinputchannel (0, 1_p1,’I_pl’, loss_p, forward);
set_R(pumpl_bw, R2, R1);
P_in_max:=maxr(P_in_max, P_signall_fw_in);
signall_fw:=
addinputchannel (P_signall_fw_in, 1_s1, ’I_s1’, loss_s, forward);
set_R(signall_fw, R1, R2);
for 1:=11_ASE to 12_ASE step d1_ASE
do begin
c_ASE_fw[l]:=
addASEchannel (1, d1_ASE, NoModes_ASE, ’I_ASE’, 0, forward);
c_ASE_bw[l]:=
addASEchannel (1, d1_ASE, NoModes_ASE, °’I_ASE’, 0, backward);
set_R(c_ASE_fw[l1l], R1, R2);
end;
finish_fiber();
end;
calc def_model()

; {Calculation of ASE powers:}
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P_ASE_max():=

begin

var P_max;

P_max:=0;

for 1:=11_ASE to 12_ASE step dl1_ASE

do begin
P_max:=maxr(P_max, P_out(c_ASE_fwl[1l]));
P_max:=maxr (P_max, P_out(c_ASE_bw[1l]));
end;

P_max;

end;

P_ASE_fw_out(l):=

if 11_ASE <= 1 <= 12_ASE

then P_out(c_ASE_fw([1])
P_ASE_bw_out (1) :=

if 11_ASE <= 1 <= 12_ASE

then P_out(c_ASE_bw[1])
P_ASE_fw:=sum(1:=11_ASE to 12_ASE step d1_ASE, P_out(c_ASE_fw[1]))
P_ASE_bw:=sum(1:=11_ASE to 12_ASE step d1_ASE, P_out(c_ASE_bw[1]))
calc (G_ASE:=0; for 1:=11_ASE to 12_ASE step d1_ASE do

G_ASE:=maxr (G_ASE, sp_gain(c_ASE_fw[1])))

; {Display outputs in the Output window:}

show "Output powers:"
P_pumpl_bw_out:=P_out (pumpl_bw)

show "Remaining pump: ", P_pumpl_bw_out:d5:"W"
P_signall_fw_out:=P_out(signall_fw)

show "signall_fw: ", P_signall_fw_out:d3:"W"
G_signall:=sp_gain(signall_fw)

show "G_signall: ", G_signall:d3:np:"dB"

show" ASE powers------ "

show "P_ASE_fw: ", P_ASE_fw:d5:"W"

show "P_ASE_bw: ", P_ASE_bw:d5:"W"
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