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Abstract

In this PhD thesis an experimental study of modal characterization
methods on large mode area photonic crystal fibers (PCFs) is performed
and the development of a new ytterbium-doped photonic bandgap PCF
rod fiber is presented.

The first focus of this work is to use modal characterization methods
which can accurately resolve propagation modes and their weights in
optical waveguides to examine guiding properties and single-mode (SM)
operation of different PCFs. A spatially and spectrally resolved (S?)
imaging setup is developed to evaluate the SM properties of flexible PCF
with a 40 pm core diameter. The limitations of the method are discussed
and another modal characterization method is introduced. Cross cor-
related (C?) imaging, which can resolve modes in fibers with very large
cores, is described. C? imaging is then successfully employed to verify
the resonant coupling condition between core modes and the cladding
band as the underlying mechanics to ensure SM operation of the new
rod fiber design (85 um core diameter), which was developed during
this thesis work.

The second focus of this work is the study of the new ytterbium-
doped rod fiber design under active operation. Performance of the rod
fiber is evaluated in high power laser and laser amplifier configurations.
The high power rod amplifier setup including the seed source is devel-
oped and characterized. Results obtained from the rod fiber showed
simultaneously SM, near diffraction limited output beam quality with
high average power and pulse energy generation using both laser and
laser amplifier configurations. Modal instabilities (MIs) in high power
fiber amplifiers are discussed, and a memory effect of the MI threshold
level together with a recovery method and evidence of improved perfor-
mance while suppressing MIs are reported. Thermally induced refractive
index changes in the core under high power operation is discussed and
quantified as a shift of the photonic bandgap in the rod fiber design.






Resumé (Danish abstract)

I denne afhandling gennemfgres en eksperimentel undersggelse af modale
karakteriseringsmetoder pa stor-kerne fotoniske krystalfibre (PCFs)
prasenteres udviklingen af en ny ytterbium-doteret fotonisk bandgabs
(PBG) rod fiber.

Det fgrste mal i dette arbejde er at bruge modale karakteriseringsme-
toder, der kan skelne propagerende modes og deres vaegt i en optisk
bglgeleder med stor ngjagtighed, til at undersgge bolgeledende egen-
skaber og single-mode (SM) opfersel af forskellige PCF. En opstilling
til spatially and spectrally resolved (S?) afbildning er udviklet til at
vurdere SM egenskaber af fleksible PCFs. Begraensningerne ved frem-
gangsmaden diskuteres og en anden modal karakteriseringsmetode in-
troduceres. Krydskorreleret (C?) afbildning, der kan skelne modes i fibre
med meget store kerner, beskrives. C? afbildning anvendes derpa med
held til at verificere den resonante koblingsbetingelse mellem kerne- og
kappe-modes som de underliggende mekanismer der sikrer SM opfgrsel
af det nye rod fiber design (85 pm core diameter), som blev udviklet i
lgbet af dette projekt.

Det andet fokusomrade i dette arbejde er et studie af det nye ytter-
bium-doterede rod fiber design nar det opereres som forsteerker. Rod-
fiberens funktionalitet evalueres i laser- og forsteerkerkonfigurationer.
En hgjeffekts rod-forsteerkeropstilling, inklusiv seed-laser, udvikles og
karakteriseres. Resultater opnaet med rod-fiberen viste samtidig SM,
neer diffraktionsbegraenset stralekvalitet ved forsteerkerudgangen, med
hgj gennemsnitlig effekt og pulsenergi i bade laser- og forsteerkerkon-
figurationer. Modale ustabiliteter (Mls) i hgjeffekts-fiberforstzerkere
diskuteres, og en degradering af MI teersklen over tid demonstreres,
sammen med en metode til delvis gendannelse af den oprindelige til-
stand. Forbedret ydelse og MI-undertrykkelse ved brug af denne metode
dokumenteres. Termo-optiske effekter i kernen ved hgj udgangseffekt
diskuteres, og kvantificeres som en forskydning af rod-fiberens bandgab.
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Chapter 1

Introduction

Optical fibers were invented over a hundred years ago but the discoveries
in 1970 [1] revolutionized the modern world, especially in the area of
telecommunications by providing a way to transfer large amounts of
data over long distances [2]. Already by the end of the 1990’s fibers
were used around the world. Their use had rapidly expanded beyond
the area of optical telecommunications to include new applications in
various fields [3]. Rear earth (RE) doping of optical fibers [4] expanded
the use of fiber optics even more and erbium doped fiber amplifiers were
utilized as a part of telecommunication networks as early as the mid
1990’s [3]. However, new RE ions such as neodymium and ytterbium
soon revolutionized methods for material processing [5, 6]. Ytterbium
(Yb) doping of optical fibers soon became the most dominant method
to pursue high power fiber laser operation [7], and after the so called
double cladding design was introduced the output of fiber laser systems
had grown exponentially [8].

Laser transitions can be discovered in many types of materials when
they are doped with active RE ions. Gases, liquids, solid-state materials
and semiconductors can serve as host materials; however, the energy
difference between the pump and laser photons, the so called quantum
defect, causes a thermal load inside the active material. This thermal
load is not homogeneous and typically causes the thermal profile to be
highest in the middle of the active medium. Power scaling will lead to
a thermal lensing and birefringence by thermally induced mechanical-
stress and eventually the beam quality is limited by thermo-optical
effects. Therefore, it has become evident that reducing thermo-optical
distortions is vital for high-power scaling efforts. Typically, solid-state
laser geometries, especially at high power operation, suffer from the
thermo-optical problems but they can be reduced by using thin disk [9]
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or a slab [10] designs. These designs ease the thermo-optical problems,
resulting in a nearly homogeneous temperature profile in the active
medium and giving weaker thermal-lens and birefringence effects [8].
However, output power levels of kilowatts or multi-kilowatts require
alternative methods to overcome the thermo-optical limitations and
distribution of the thermal load over a long propagation length, such as
in a shape of a fiber, is an excellent solution.

A fiber design, compared to the solid-state design, has a long gain
medium length while maintaining a small cross-section, which results in
outstanding thermo-optical properties [11]. The large surface-to-active
volume ratio offers good heat dissipation over a long length and at
the same time excellent confinement of the laser light inside the fiber
structure. A fiber can either be core or cladding pumped and can be
easily coiled, allowing for a small footprint and direct beam delivery [7].
Excellent beam quality can be achieved with a single-mode (SM) fiber
design; however, when light propagates under tight confinement over
considerable lengths in the core of a fiber, non-linear effects such
as stimulated Raman scattering (SRS), simulated Brillouin scatter-
ing (SBS), Self-phase modulation, four-wave-mixing and self-focusing
are enhanced [12]. The non-linear effects can be fatal and introduce
fundamental limits to power scaling efforts of fibers. Therefore, a new
era of novel fiber designs has emerged.

Non-linear effects scale with the intensity and the propagation
length of the signal inside the core of the fiber, and thus novel fiber
designs with larger effective core areas and shorter propagation lengths
are needed. Special techniques using coiling or tapering of conventional
step-index fibers can provide SM operation for core diameters up to
40 pm [13]. Other methods such as tailoring propagation loss of higher
order modes (HOMs) for example in chirally coupled core fibers [14] and
leakage channel fibers [15] are also being investigated. More precise
control of the index contrast between the core and the cladding to
manufacture a SM core can be achieved with PCF [16] and core diameters
up to 100 um are feasible [17]. Such a very large core fiber can deliver
extreme peak powers and pulse energies with nearly diffraction limited
output [18-20] without non-linear effect limiting the available power.
However, very large effective core area fibers often support an increasing
number of HOMs, thereby decreasing the beam quality. Requirements
of SM operation of very large core fibers demand novel fiber designs
to suppress any HOMs. One such method has already been shown to
be successful and works by delocalizing the higher-order core modes
[21]. In addition, manufacturability of the fiber designs with acceptable
yield requires designs with more robustness against manufacturing



tolerances.

These high-performance fiber designs with large effective core areas
require new experimental characterization methods to evaluate their
modal properties and identify the SM guiding regime. The usual
method employed to measure beam quality is the so called M? param-
eter, which characterizes among other things the angular divergence
of the beam [22, 23]. However, even when this parameter is close to
the limiting case of unity, which corresponds to a diffraction-limited
Gaussian beam, SM operation is not necessarily guaranteed [24].
Therefore, new alternative methods which can reliably reveal the modal
content of signal light propagating in optical waveguides are currently
under active development.

In this Ph.D. thesis two modal characterization methods spatially
and spectrally resolved (S?) imaging [25] and cross correlated (C?)
imaging [26] are used to examine guiding properties and SM operation
of two photonic crystal fibers (PCFs). An S? imaging setup is con-
structed, calibrated and utilized to characterized a flexible SM PCF
with core diameter of 40 pum. A description of the setup and the
mathematical routines used along the results are shown. The second
modal characterization method, C? imaging, is applied to a new SM rod
type fiber with core diameter of 85 pm. In this work the SM properties
as well as resonant coupling between core modes and cladding band is
investigated. For this purpose a C? imaging system was improved to
accept rod type fibers. This work was performed in collaboration with
Boston University.

The major part of this thesis consists of the development of a new
ytterbium (Yb)-doped SM photonic bandgap (PBG) rod fiber design
pioneered by Thomas T. Alkeskjold [27, 28] and a study of the modal
properties using C? imaging. A fiber amplifier setup including a high
power seed system is built, characterized and used to seed the rod
fiber and high power experiments using the rod fiber in laser and laser
amplifier configurations are performed. Efficiency and modal quality,
as well as study of modal instabilities at high power operation are
described in this thesis. In addition, thermally induced refractive index
changes under high power operation are reported.

All the passive and active step-index large mode area (LMA)
fibers and PCFs used in this thesis work were manufactured by NKT
Photonics, Denmark, Birkergd.

The outline of the thesis is as follows:

Chapter 2 gives an introduction to optical fibers. First, a conventional
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step-index fiber design is described, followed by more advanced fiber
designs: PCF and PBG fiber designs. A rod fiber design together with
an approach to ensure robust SM operation is also discussed.

Chapter 3 gives an introduction to fiber lasers and amplifiers and
why they have become an important part of today’s modern materials
processing industry. Different operational conditions for fiber lasers
and amplifiers are described. The chapter ends with a description of
the limits for power scaling of fiber lasers and amplifiers.

Chapter 4 describes two modal characterization techniques for
two different PCF designs. The chapter also describes the limiting
factors of each characterization technique and a detailed study of SM
properties of the fibers tested.

Chapter 5 describes the development of the new rod fiber design
and its performance in a ns pulse width laser cavity. The chapter
begins with an introduction of a new rod fiber design and a study of
its guiding dynamics is shown together with the SM properties. Then
a description of the experimental laser cavity setup is given. Last, the
high power ns laser results are described and the chapter ends with
frequency doubling and tripling results yielding record high pulse en-
ergies at visible and UV light from a simple Q-switched fiber laser cavity.

Chapter 6 describes the high power amplifier experiments per-
formed with the new rod fiber design. First, the experimental setup
is shown and the seed source and pump module are characterized.
Then, efficiency and mode quality of the rod fiber is investigated
under ultrafast pulse (ps) amplification. Modal instabilities (MIs) in
rod fibers under high power operation are described. A permanent
decay (memory effect) of the MI threshold level is described and
a recovery method shown. In addition, an improvement of the MI
threshold level is reported when the rod fiber is used in a special
guiding regime. The chapter ends with a description of the thermally
induced refractive index change of the core under a high power operation
and physically manifests as a shift of the distinct photonic bandgap edge.

Chapter 7 holds the conclusion of this thesis and describes areas
of possible future work.



Chapter 2

Optical fibers

This chapter gives an introduction to the basic properties of conventional
step-index fiber, photonic crystal fiber (PCF), photonic bandgap (PBG)
fiber, rod type fiber and large pitch fiber (LPF), explaining the guiding
mechanism for each fiber type. In the last section, the well established
method to determinate the M? parameter of a beam is discussed.

2.1 Step-index fibers

The simplest form of optical fiber is a step-index fiber made of a doped-
silica glass core which is surrounded by a silica glass cylindrical cladding
consisting of a lower refractive index material. The cladding is typically
surrounded by a polymer based coating providing protection for more
robust handling of the fiber. Figure 2.1 shows a cross section and a
refractive index profile for a typical step-index fiber. The light propa-
gating in the core is confined by total internal reflection (TIR) due to the
refractive index contrast difference between the core and the cladding.
However, the light is only guided in the core if the incident ray angle of
propagation is below the critical angle 8; < 0,4, illustrated in Fig. 2.2.
The angle 0, of the refracted light is defined by Snell’s law as follows
[29]

nosin@; = nysin 6, (2.1)

where ng and n; are refractive indices of the air and the fiber core,
respectively. Internal to the fiber at the core/cladding interface, for an
angle of incidence ¢ such that sin¢ < ny/n; where ny is the refractive
index of the cladding, refraction is possible. The critical angle ¢, within
the fiber is then defined through the relation

N2

sin ¢, = — (2.2)
1
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Figure 2.1: (a) Cross section and (b) refractive index profile for step-
index fiber.
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Figure 2.2: Illustration of total internal reflection in a step index fiber.

Using Egs. 2.1 and 2.2 the maximum angle that the incident light will
experience TIR and propagate along the fiber, can be calculated. The
maximum acceptance angle 6,,4,, which is also known as the numerical
aperture (NA), can be expressed through the following relation [29]

1
Sin Opar = —1/n3 — n3. (2.3)
no

2.1.1 Double cladding fiber structure

A double cladding fiber is an optical fiber which structure has two
claddings surrounding the core. The core is surrounded by an inner
cladding with a refractive index ng, which is surrounded by a second
cladding with a refractive index ng (outer cladding). Each layer of
cladding has a lower refraction than the material it encases, shown in
Fig. 2.3. The second cladding is typically made of a low index polymer
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Figure 2.3: Refractive index profile of a double cladding step-index fiber.

or fluorinated silica, typically resulting in a maximum NA of ~0.48
and ~0.3 respectively [30]. However, the second cladding can also be
realized with a ring of closely-spared air holes [31] enabling much higher
NAs. A cladding NA of up to 0.9 has been demonstrated using this
method [32]. This kind of fiber structure is commonly referred to as
air-clad PCF which is explained in detail in Section 2.3.

2.2 Fiber modes

A fiber can support one or several spatial core modes, and for double clad
fibers the cladding typically guides in the multimode regime, supporting
hundreds of spatial modes. For normal applications guidance of a single
spatial mode is preferable due to the resulting high beam quality and
good pointing stability, and therefore a great deal of developmental work
has been done to maintain the single-mode (SM) operation of large core
fibers. The number of guided core modes in a standard, cylindrically-
symmetric step-index fiber can be described by the V-number

V= Q;CLNA (2.4)

where a is the radius of core of the fiber [2]. A V-number below 2.405 is
typically the criteria necessary to ensure SM operation of an optical fiber.
However, even if the core has a V-number higher than 2.405 it can be
operated such that a single spatial mode exits the fiber by introducing
bend loss for higher order modes (HOMs) or by selective excitation of
only the fundamental mode (FM) using mode matching.
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2.3 Photonic crystal fibers

A photonic crystal fiber (PCF) is a microstructured fiber where the core
light is confined by an arrangement of air holes in the cladding structure
and the core is formed by one or more missing air holes in the middle
of the fiber [16, 33]. Figure 2.4(a) shows a scanning electron micro-
scope (SEM) image of the end facet of a passive solid core PCF. The
distance between each air hole is referred to as pitch and is given by
A while the air hole diameter is denoted d. The air holes in the cladding
structure will effectively lower the refractive index of the cladding and
therefore confine the light in the core by modified TIR [34].

PCFs can be engineered to guide only the FM, and thus perform

(b)

Figure 2.4: (a) SEM image of solid core PCF. (b) SEM image of air-clad
PCF.

under SM operation over all optical wavelengths if d/A < 0.4 [35]. This
endlessly SM behavior can be explained by the modal filter or modal sieve
experienced by the core light produced by the array of air holes [34]. The
fundamental transverse mode with a lobe dimension of ~2A fits into the
core but cannot escape through the gaps between the air holes. On the
other hand, HOMs have much smaller transverse lobe dimensions and
can leak away from the core through gaps between the air holes. When
the diameter of the air holes is increased, gaps between them becomes
smaller, less higher modes can leak away from the core [34] and it is
possible to confine more HOMs in the core. However, PCFs with a d/A
> 0.45 can still be SM. The only caveat is that a cut-off wavelength is
established, and like conventional step-index fibers the fiber appears to
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have both multi mode (MM) and SM regimes of operation depending on
the wavelength of propagated light [16].

PCF technology can be used to manufacture double-clad fibers by
placing a ring of closely spaced air-holes in the outer cladding. One
example of this type of fiber structure is shown in Fig. 2.4(b). This
fiber structure has 19 missing holes in the core region, stress applying
parts (SAPs) comprised of Boron doped silica on both sides of the core
in the cladding which contribute to the polarization maintaining prop-
erties of the core and a ring of air-holes confining the cladding. The
NA of the air-clad is defined by the width of the silica bridges between
the air holes [32]. However, even though a high NA is preferable PCFs
are typically designed to support an NA of ~0.55 — 0.6 due to the diffi-
culty encountered when cleaving fibers with larger NAs and thinner silica
bridges [36, 37].

2.3.1 Photonic bandgap fibers

A PBG fiber is typically PCF with a cladding structure consisting of high
index inclusions which guide the light through the photonic bandgap
effect. The guiding mechanism can be explained by the formation of
photonic bands and bandgaps or by anti-resonant scattering [38, 39|
and has been referred to as an antiresonant reflecting optical waveg-
uide (ARROW) [40, 41]. A cladding structure with high index inclusions
supports a number of discrete optical modes with which light from the
core can couple. The coupling between the core and cladding modes is
due to a power transfer between them, and due to the discrete nature of
the cladding modes this only occurs at certain wavelengths, i.e., the core
only guides light within certain wavelength bands. In the ARROW waveg-
uide, the light can escape from the core at the resonance wavelengths but
between the resonances the light is reflected back and thereby confined
by the core.

2.4 Rod type fibers

Up to 100 pm core diameters can be manufactured using PCF technol-
ogy [17, 18], providing nearly SM operation. The fiber design is no longer
flexible due to the very large core and extremely low NA ~ 0.01. These
very large core fibers are commonly referred to as rod type fibers due
to their physical size and shape and to the fact they cannot be bent.
Figure 2.5 shows an end view of a standard SM step-index fiber together
with a SEM image of rod type fiber with a core diameter of 100 pm. Both
pictures are in the same scale and the rod type fiber has an effective core
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area (A.s;) of ~ 6000 pm?, which is over 200 times more than the stan-
dard step-index fiber. The rod fiber utilizes an air-clad design giving a
large NA to the pump, and when combined with high core absorption
the typical application length can be as short as 70 cm, which is useful
in mitigating non-linear effects. Such a large core can be operated at
significantly high peak powers and pulse energies without reaching non-
linear effect threshold levels. The amplification of signal light and the
gain properties of active fibers is discussed more in Chapter 3.

Figure 2.5: End view of a standard SM step-index fiber (left) and SEM
image of a rod type fiber with a core diameter of 100 pm (right).

2.4.1 Large pitch fiber

A large pitch fiber (LPF) is a new type of PCF rod fiber with improved
SM guidance within core diameters up to 130 pm [21, 42-44]. The core of
the fiber is confined by only two rings of air holes in the cladding struc-
ture and operates via modification of TIR. The improved SM properties
are achieved by delocalizing the HOMs in the core as well as providing
preferential gain for the FM [45]. This structure results in high mode
discrimination with only moderate degradation of beam quality of the
FM [21]. The LPF design is proven to work under high power operation
and provides SM operation; however, extremely high tolerance limits are
necessary for manufacturing. The refractive index of the core and the
cladding has to be matched with less than 5-107° accuracy in order to
maintain the SM operation and acceptable beam quality from the fiber
with mode field diameters (MFDs) of 100 ym and beyond [42].
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2.5 M? parameter

The M? parameter, also referred to as the beam quality factor, is com-
monly used to measure the beam quality of a laser beam. It can be
defined by the half-angle beam divergence 6 in following relation,

M2 =m0 (2.5)
A

where A is the wavelength and wgy is the beam radius at the beam
waist [22, 23]. The M? parameter is a metric used to define how closely a
measured beam behaves compared to an ideally diffraction-limited Gaus-
sian beam with a Gaussian intensity profile along the beam cross-section,
which has the M? parameter of 1. The M? parameter is calculated by
measuring the evolution of the beam radius along its axis of laser prop-
agation and limits how tightly a laser beam can be focused given a
converging optical element. The M? parameter is widely recognized by
the industry as the main method of describing the beam quality of a
laser source. However, it has been shown, that a low M? parameter is
not a guarantee of SM operation [24]. Actually, an output beam with
a M? value less than 1.1 can still show significant HOM content [24].
Therefore, new modal characterization methods which can resolve the
modal weight and content of an output beam of a laser source or a fiber
such as spatially and spectrally resolved (S?) and cross correlated (C?)
imaging have been developed. Both of these characterization techniques
are introduced in Chapterd where experimental results obtained utilizing
both techniques are also reported.

2.6 Summary of chapter 2

In this chapter an introduction to the basic properties of optical fibers
was given. The step-index fiber, PCF, PBG fiber, and LPF were shortly
described and the guiding mechanic for each fiber design was explained.
Finally, the M? parameter, a metric used to determine beam quality,
was described as well as the motivation why new modal characterization
methods are required.






Chapter 3

Fiber lasers and amplifiers

Doping of optical fiber with rare earth (RE) ions started with erbium (Er)
driven by the telecommunications industry, and has been an existing
technology for decades [4]. In 1987, the first modern Er-doped fiber
amplifier was demonstrated [46]. However, power scaling of Er-doped
fibers has proven to be difficult due to concentration quenching and
homogeneous up-conversion [47, 48], but still relatively high output
power levels have been demonstrated; 67W [49] output was achieved
with Er alone and 151 W output was achieved with co-doping with
ytterbium (Yb) [50]. However, Yb ion doping, offers much better power
scaling capabilities even though Yb-doped fibers are not fully free from
limitations such as concentration quenching. Development of Yb ion
doping gained significant attention during the 90’s and soon become
the most dominant fiber type involved in power scaling efforts of fiber
lasers [51, 52].

Fiber based systems have been competing with much more mature
technologies such as CO4 and solid-state laser technologies, especially in
the area of material processing. Today fiber based systems are rapidly
replacing them. The fast development of fiber based systems, especially
power scaling due to, among other things, significantly better thermal
management compared to solid-state lasers, has resulted in record
breaking output powers [7, 8, 53, 54]. Fiber based systems typically
offer low running costs, a small footprint, easy beam delivery with high
beam quality and high efficiency. Therefore, in many applications like
marking, cutting and welding of various materials fiber based systems
are widely used.

This chapter gives an introduction to fiber lasers and amplifiers.
Only Yb-doped fiber systems are considered and their advantages and
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disadvantages are described. Different operational conditions and power
scaling capabilities and limitations of fiber lasers and amplifiers are
discussed.

3.1 Fiber lasers

A fiber laser works as a wavelength and brightness converter, i.e. low
brightness pump light from multi mode (MM) pump diodes is converted
to a high brightness single-mode (SM) output, usually at a longer wave-
length. The concept of using a fiber as the gain medium of a laser
cavity was demonstrated as early as 1988 using a neodymium doped
double clad fiber [55, 56]. In the case of double clad RE-doped fibers
it is typical that pump light is coupled to the cladding and the core of
the fiber is doped with RE ions. The pump light has an overlap with
the core and thereby is absorbed by the core, energizing RE ions to an
excited state. The RE ions will then emit light at longer wavelengths
with lower photon energy by spontaneous emission. When a feedback
is provided to the laser cavity and the gain, introduced by the active
ions, compensates for the cavity losses it is possible for the cavity to lase
by stimulated emission [57]. A double clad fiber, by the simplest form
can act as a laser cavity when fiber Bragg gratings are written into the
core to provide the cavity feedback necessary for lasing, as illustrated in
Fig. 3.1

Low brightness
high-power pump

Fiber Bragg grating Fiber Bragg grating
(High reflector) (Qutput coupler)

| '
High brightness
- high-power signal

Pump core Signal core
(High NA) (Rare earth doped)

Figure 3.1: A double-clad fiber laser. The cavity is formed using a Bragg
gratings providing necessary feedback back to the cavity.

3.1.1 Continuous wave operation

A continuous wave (CW) fiber laser is typically constructed by using an
active double clad fiber and a pair of fiber Bragg gratings, which both
form the cavity and lock the lazing wavelength, illustrated in Fig. 3.1.
CW fiber lasers can typically be operated without non-linear effects lim-
iting their power scaling and record high average powers have been
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shown [7]. The only limiting case for power scaling efforts of CW fiber
lasers is single frequency operation, where simulated Brillouin scatter-
ing (SBS) will limit such efforts. Power scaling is driven by both the
development of cheaper high power MM pump diodes [58], optical com-
ponents such as combiners [59] and of course development of the optical
fibers themselves. Large brightness enhancement close to 6 orders of
magnitude is easily achieved with cladding pumped fiber lasers having
a SM core and large outer cladding diameter with high numerical aper-
ture (NA) [50, 60]. Over kilowatts of average output powers have been
reported [7] and commercial products reaching up to 10 kW with a SM
output are available, one for example by IPG Photonics [61]. 10 kW
fiber lasers produced by IPG Photonics operate in a regime where the
quantum defect is greatly reduced, lowering thermal load via the tandem
pumping scheme [62]. In tandem pumping, an Yb-doped fiber laser is
pumped at 1018 nm and the signal is emitted at 1070 nm, giving roughly
half of the quantum defect than in typical diode pumping schemes at
915 nm or 976 nm.

3.1.2 Q-switching: ns pulse generation

Q-switching can be realized in fiber lasers fairly easily by simply modu-
lating the cavity loss using either passive or active Q-switching methods.
The minimum pulse duration is defined by the decay time of the cav-
ity and fiber lasers with pulses up to hundreds of ns in duration have
been reported [7]. The maximum extractable (available) energy from
the fiber laser has been shown to be around ten times the saturation
energy [63]. The available energy scales with the active area of the core
and with very large core fibers (135 um core diameter) 25 mJ/m can be
extracted [64]. Q-switching offers high pulse energy generation from a
fiber laser design but it lacks capabilities to meet the demands for tem-
poral pulse shaping. Therefore, many fiber lasers are constructed using
a so called master oscillator power amplifier (MOPA) structure, where
a low power directly modulated diode laser or an externally modulated
CW fiber laser is amplified. The MOPA structure is described in detail
later in Subsection 3.2.2.

3.1.3 Mode locking: ultrashort pulse generation

In mode-locking, the phase of the various frequency modes of the laser
cavity are locked, resulting in the generation of extremely short pulses.
These mode-locked pulses are phase coherent, which in generally is
not the case in Q-switching. Yb has a broad emission cross section
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of ~100 nm, and therefore it can support generation and amplification
of ultra short pulse down to tens of femtoseconds, and 36 fs pulse gen-
eration from an Yb-doped fiber laser has been reported [65]. Ultrashort
pulses can be generated either with passive mode-locking using a sat-
urable absorber, the typically method for generation of < ps pulses, or
active mode-locking by periodic modulation of the intracavity resulting
ps pulses with a high repetition rate. Semiconductor saturable absorber
mirrors are widely used for passive mode-locking [66] due to favorable
properties such a self-starting, stability and reliability.

3.2 Power scaling

Power scaling of fiber lasers has developed rather quickly due to the
excellent properties of Yb such as the ion’s low quantum defect and the
ability to create gain medium with high doping concentrations resulting
high pump absorption per unit length. Laser amplification technology
has had the benefit of maturing quickly over the last few years, and a
fiber laser can be further power scaled using a fiber amplifier. Several
amplifier stages can be used in series, each of them having unique fiber
designs and the whole system can in most cases be made monolithic.

3.2.1 Fiber amplifier

A fiber amplifier is an optical fiber based device in which the core is
doped with RE ions. Typically, low brightness pump light is injected
into the cladding of the fiber, or in the case of core-pumped fibers SM
pump light is injected into the core. Also, the signal to be amplified
is injected into the fiber core. The pump light energizes RE ions inside
the core to the excited state from where they will either naturally decay
or amplify the input signal by the stimulated emission, illustrated in
Fig. 3.2.

3.2.2 Master oscillator power amplifier structure

In one example of a monolithic master oscillator power amplifier (MOPA)
fiber laser configuration, a master oscillator is formed with a pair of fiber
Bragg gratings directly written in the core of a gain fiber pumped with
high power diodes, typically into the cladding. The gratings create a
cavity that generates light at the signal wavelength that is sent into the
power amplifier. The pump power from the pump diodes can be used
to pump both the master oscillator and power amplifier, as illustrated
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Figure 3.2: A double-clad fiber amplifier. A seed signal is injected into
the core of the fiber and high power pump light into the cladding. The
signal is amplified as it travels along the fiber due to the stimulated emis-
sion.

in Fig. 3.3. High output power levels can be reached with fairly simple,
low-part-count, monolithic designs and thermal management is easy e.g.
due to the low number of splices and optical components in the system.

Delivery
fiber

High power
pumps combiner .
Splice  Master oscillator

S TT—Fiber Bra:g\g grating

Figure 3.3: A double cladding monolithic MOPA fiber laser configuration.
A fiber laser (master oscillator) is formed with the two fiber Bragg gratings
written directly in the core. This is followed by a power amplifier. Both

the master oscillator and power amplifier are pumped with the same pump
diodes.

3.3 Limitations of fiber lasers and amplifiers

3.3.1 Gain saturation

A laser medium cannot maintain a constant gain for arbitrarily high in-
put signal. It would require the material to possess an arbitrary amount
of gain which is not physical. Therefore, extractable gain is reduced for
high input signals, which is called gain saturation. The stored energy,
which is proportional to the number of excited ions in the gain medium,
determinates the available gain. As the excited ions posses a certain
lifetime and decay time, the gain has a some finite response [67]. For a
low-gain laser amplifier or laser the saturation power of the signal Pg s
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is defined as [11, 51]

hug
PS7sat = ( (31)

Oem + Uabs)T
where 0., and o4 are the emission and absorption cross sections, re-
spectively. hvg is the signal photon energy, 7 is the lifetime of the excited
state, and A is the active core area. Like gain saturation, the pump ab-
sorption can also saturate as the density of the ions in the ground state
becomes depleted. The pump saturation Pp 4 is defined by [11, 51]

hv, A
PP,sat = ( L

w4 3.2
Oem + Uabs)T G ( )

where hv, is the pump photon energy, G is the geometry factor for
the cross section of the pump light. For single-clad, core pumped fiber

lasers G ~ 1 and for double clad fiber lasers G = (%)2, therefore

the double clad fibers offer much high pump saturation power.

Due to the high gain provided by Yb-doping a signal can experience
a gain of tens of decibels per amplification stage. However, the gain
can be also limited by an amplified spontaneous emission (ASE). ASE
originates in active medium operating with high gain from luminescence
caused by spontaneous emission, which can be further amplified to high
power levels within the fiber via stimulated emission. ASE reduces the
gain available for the signal and increases the noise generated by the
amplifier. However, ASE can be reduced when the fiber amplifier is
operated at a lower gain level by optimizing the fiber length or by using
special fiber designs to suppress it or using using bandpass filters.

3.3.2 Thermal lensing

Thermal lensing is caused by the thermal load in the active medium
which modifies the refractive index of the material, eventually affecting
the beam quality. Typically the gain medium is hotter along the axis of
propagation of the signal, causing a transverse gradient of the refractive
index towards the outer surfaces of the material. As a result, the mate-
rial may experience a thermally induced mechanical stress [68].

Yb-doped fiber lasers are largely immune to thermal lensing due to
the excellent heat dissipation properties of optical fibers and having a
large surface-to-volume ratio. However, significant heating of the fiber
still occurs due to the quantum defect associated with the gain medium
in high power operation. In general, for fibers the thermal lensing is
not the main limiting factor of power scaling efforts but when the core
size gets very large and the thermal load is extreme the thermal lensing
starts to play important roles [69].
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3.3.3 Photodarkening

Photodarkening can be described as a loss mechanism in Yb-doped glass
through which the glass experiences a decreased transmission for the sig-
nal light propagating in the core [70] and thereby introduces larger ther-
mal load. The physical origin of the mechanics behind photodarkening
is still under debate and many theories have been posited, such as color
center formation [70-75]. Photodarkening was considered one of the
imminent threats of future power scaling efforts of fiber lasers and am-
plifiers, especially in their reliability, but new co-dopants such as Al, Ce
or P have shown significant photodarkening resistance in fibers [76, 77].

3.3.4 Non-linear effects

The peak power of an amplified pulse is generally the limiting factor of
ultrashort pulse amplification due to non-linear effects such as stimu-
lated Raman scattering (SRS) and SBS, self phase modulation (SPM) and
four-wave mixing. The standard step-index fiber widely used in telecom-
munications networks has a SM core diameter of 6 ym and a cladding
diameter of 125 pum resulting an effective core area (A.;f) of ~ 28 um?.
Such a small effective area will enhance non-linear effects such as SRS,
which is caused by scattering of signal photons by the molecular struc-
ture within optical fiber. The threshold power Prgman(th) is estimated
by [78],
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P th) ~
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(3.3)
where L.y is the effective length of the fiber and gr the Raman gain.
Stimulated Brillouin scattering is also enhanced in fibers with small
effective areas in much the same way, and the threshold power of
Ppritiouin(th) is estimated [78],
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where gp(Av) is the Brillouin gain which depends on the laser signal
linewidth Av. The Brilloin wave is generated when a high intensity sig-
nal generates an acousto-optical wave in the fiber. The refractive index
of the fiber is modified by the acousto-optical wave, creating a grating
which reflects the signal light in the direction opposite of signal prop-
agation. SBS is the limiting factor for narrow signals (single frequency
operation) but with broader signals SRS becomes the dominant limit of
output power.
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The Kerr effect causes a non-linear phase delay with the same ge-
ometric shape as the propagating optical intensity, resulting in a non-
linear change of the refractive index and therefore spectral broadening
of the pulse through self phase modulation (SPM). A pulse having a
time-dependent power profile P(t) generates the non-linear phase ¢(t)
across the pulse which can be defined as [2, 7],

00) = 525 P(0) Lugy. (35)

where ns is the second order non-linear index of refraction of the core,
Acsp the effective area and the wave number k = 27/X. Assuming
a logarithmic gain G per unit length of the fiber L, the L.ys can be

written as [7],
1

Lepp = =(1—e CF). (3.6)
G
The non-linear phase inversely scales with the effective area of the core
and therefore by using large mode area (LMA) fibers peak powers up to
1 MW has been demonstrated [15], even higher peak powers have been
reported using rod type fibers, up to multi-megawatts [20].

Four-wave mixing occurs if at least two frequencies components prop-
agate in an optical fiber and as they modulate the refractive index two
new frequency components are generated. Four-wave mixing can cause
significant spectral broadening of pulses in fiber amplifiers which is un-
wanted but when enhanced it can be used for supercontinuum genera-
tion.

3.4 Summary of chapter 3

In this chapter the basic principles of fiber lasers and amplifiers were
given. The power scaling capabilities, including a discussion of the dif-
ferent ways to pursuit higher output powers with fiber based systems.
The limitations of fibers lasers and amplifier caused by gain saturation
and non-linear effects were also described.



Chapter 4

Modal analysis of photonic
crystal fibers

Ytterbium (Yb)-doped large mode area (LMA) fibers have attracted
many new applications both in the scientific and industrial worlds. The
demand for higher output powers has pushed fibers toward having a
larger and larger effective core area (A.;;) to mitigate non-linearities.
With increasing A.;s, fibers easily support an increasing number of
higher order modes (HOMs), which limits the pointing stability and
spatial manageability of the output beam. Photonic crystal fibers have
unique properties compared to standard step-index LMA fibers through,
for example, better index control, and can be engineered to suppress or
not guide HOMs [16, 36]. However, even though a fiber can be designed
to provide single-mode (SM) operation, experimental methods to prove
it are rare, especially for LMA fibers.

The criterion for SM operation is, according to the ANSI/TTA-455-
80-C standard, that the HOMs present should be suppressed by more
than 19.3 dB below the fundamental mode (FM) while the fiber is
coiled with a 28-cm diameter, which is typically measured via the bent
reference cut-off method [79]. This standard describes how to measure
the cut-off wavelength of un-cabled SM fibers by the transmitted
power and is generally accepted in the field of optical fibers as the
common method of quantifying whether a fiber is SM. However, the
cut-off method has been proven to be difficult for LMA photonic crystal
fibers (PCFs) due to the low numerical aperture (NA) of the core and
the strong wavelength dependence of that NA, which for example gives
rise to a short-wavelength bend-loss edge in PCFs [80]. Therefore, new
characterization methods that can analyze the modal content of fibers
are under development and a few methods have already been shown to
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work.

Spatially and spectrally resolved (S?) imaging described by Nichol-
son et al. [81, 82] spatially resolves propagating modes and their relative
intensities. This method can be directly applied for measuring the
power difference between the FM and HOMs and has been demonstrated
with both standard step-index fibers and PCFs [25, 82-86]. However,
the method has its limitations and therefore using it especially with
very large core fibers is challenging, due to the requirements of broad
or tunable sources around 1 pm which are not widely available but
necessary to detect a high number of spectral beatings. Another modal
characterization method, cross correlated (C?) imaging introduced by
Schimpf at al. [26], relies on interference of the modes in a test fiber
and a reference arm and thereby is free of the limits of S? imaging.

This chapter describes the two modal characterization methods,
S? and C? imaging. An S? imaging setup is built and calibrated using
the reference cut-off method. After calibration the SM properties of an
ytterbium (Yb)-doped PCF is evaluated using various input coupling
conditions, e.g. offset input coupling to deliberately excite HOMs. In
Section 4.2, C? imaging is described and its advantages over S? imaging
are discussed. A C? imaging setup is utilized to examine a passive SM
PCF rod fiber (85 pum core diameter) and the guiding dynamics of the
rod fiber are analyzed.

4.1 Spatial and spectrally resolved imaging

Two or more modes propagating in an optical fiber form a spatial and
spectral interference pattern if the modes have different group velocities.
The spatially and spectrally resolved (S?) imaging method analyzes this
interference pattern and can detect small quantities of HOMs as they
interfere with the FM. No prior knowledge of the fiber properties are
required to fully quantify the modal shape of the different modes and
their relative intensities and phases [81]. Two electrical fields (a FM and
a HOM) Eq(z,y,w) and Es(x, y,w) that propagate in an optical fiber are
related in the following way

EQ(:I;?y?w) :a(xvy)El(x7y7w) (41)

where a(z,y) is assumed to be constant and independent of the wave-
length at a given position. The field is propagated assuming the group
delay difference between the modes is independent of frequency,

Ey(x,y,w) = a(z,y)Er (2, y,w)exp(—iwATy), (4.2)
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where 73, is the relatively group delay between the two modes. The
spectral intensity pattern caused by interference between the two fields
is then [81]

I(z,y,0) = Li(z,y,w)[1 + &*(z,y) + 2a(z,y)cos(wAn)].  (4.3)
The Fourier transform of the spectral intensity pattern is

F(‘T7 Y, T) = (1+a2(fL’, y))Fl(x7 Y, T)+a(x7 y)[Fl (xv Y, T—Tb)+F1(CE, Y, T+Tb)]

(4.4)
where F is the Fourier transfer of the optical spectrum of a single mode.
Then the ratio f(x,y) of the two modes with group delay of 7, and 0
can be defined

Fla,yr=n) _ ay)

fla,y) = (4.5)

and finally «(z,y) can be written as

2f(z,y) ' '

The total intensity of each mode is the integral over the entire measure-
ment wavelength range. The relative power of the HOM to the FM can

be written as

J J Bz, y)dzdy
[ [ Lz, y)dady’
where 7 and I represent the intensity distribution of the FM and the

HOM, respectively. If a(z,y) and 7, are frequency dependent, Fourier
integrals can be applied to Equation 4.5

O‘(‘T7y) =

MPI = 10log (4.7)

4.1.1 Measurement setup

The experimental setup is shown in Fig. 4.1. An Yb-doped ampli-
fied spontaneous emission (ASE) source consisting of three core-pumped
stages gives a stable and SM broadband seed signal spectrum between
1040 and 1070 nm. This is used to seed a test fiber and generate in-
terference patterns so that S? imaging measurements can be performed.
The ASE source is free-space coupled into the test fiber and the study of
the modes of the fiber can be achieved by offsetting the input beam and
deliberately exciting HOMs. The test fibers are polarization maintaining,
and a polarizer is used to launch the light along the slow polarization
axis of the test fiber. The orientation of the slow axis in this study
is defined as the horizontal plane parallel to the optical table and the
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stress rods are oriented in the horizontal plane. The test fibers are coiled
to a specific coil diameter along the x-axis. The near-field (NF) of the
test fiber is imaged onto a SM fiber (HI1060) probe with a simple lens
pair with magnification of roughly 13 x. The fiber probe is mounted
on motorized stages to ensure quick and accurate movement within the
cross-sectional area of the output beam and is connected to an optical
spectrum analyzer (OSA). The scanning time of one full measurement
consisting of a 31 x 31 matrix is limited by the speed and spectral res-
olution of the OSA. A polarizer at the output side is used to align the
polarization of the modes along the same polarization axis.

A mathematical routines developed in Matlab are used to ana-

| ASE source | Lense

x 35
Optical spectrum irror
analyzer
motorized xy- Lense Lense Linear
stage f=250mm £220mm polarise

fiber under Mirror
Linear test (FUT) | ense
polariser x8

Figure 4.1: Experimental S? imaging setup.

lyze the captured spectral traces and calculate the HOM suppression
measured with $? imaging. In the data analyzed, all the measured spec-
tra are converted to frequency, then interpolated and resampled to get
equal sample spacing. The spectra are then remodulated by a Hamming
sampling window in order to reduce sample-related broadening, which
increases the effective resolution of the fast Fourier transforms (FFTs).

4.1.2 Calibration of the S? imaging setup

The mathematical routines used when a S? imaging measurement is an-
alyzed were numerically calibrated by constructing an S* emulator us-
ing simulated modes. A commercial finite-element-solver (JCMWave
GmbH, Berlin, Germany) was used to simulate the modal fields and
propagation constants. In these simulations the stress distribution from
the stress elements was included. The simulated modes were propa-
gated along the fiber and the spectral interference pattern at each of the
spatial measurement points was calculated. Figure 4.2(a) shows the sim-
ulated intensity profile after propagating a LP0O1 and LP11 mode in the
PCF when the HOM (LP11 mode) content is 100 times weaker than the
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FM. The Fourier transform of the optical interference spectrum at one
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Figure 4.2: (a) Simulated intensity profile of the FM and a weaker HOM
(100x) after traveling through a PCF with a 40 pm core diameter. (b)
Example Fourier transform, shown as a function of mode spacing, which
is defined by the effective index difference between the interfering modes,
and reconstructed intensity profile of the LP11 mode suppressed by 20 dB.

spatial point of the simulated intensity profile is shown in Fig. 4.2(b).
The Fourier spectrum is shown as a function of mode spacing, which is
defined by the effective index difference between the interfering modes.
The mode spacing is calculated using the relation An = A\2/(A) - L),
where An is the mode spacing, \ is the wavelength, L is the fiber length,
and 1/AM\ is the frequency obtained with an FFT. The Fourier spectrum
in Fig. 4.2(b), shows two spectral components at 0 and 0.23 - 1073
corresponding to the FM and the LP11 mode suppressed by 20 dB, re-
spectively. The inset of Fig. 4.2(b) shows the reconstructed LP11 mode
profile. The reconstructed LP11 mode profile is post-processed by in-
creasing the sampling rate by simply interpolating the gray scale map
index value across the image. This is done after the HOM suppression
is calculated and only done to give a better visualization for the reader,
and therefore does not affect the HOM suppression calculations.

In addition, the S? imaging system was experimentally calibrated by
using a 1-m-length polarization maintaining (PM) step-index LMA fiber
with 0.06 NA and 15 pm mode field diameter (MFD), illustrated in the
inset of Fig. 4.3. The principle here is to use a fiber with known HOM sup-
pression, which can be measured with a standard spectral transmission
measurement and relate these results to the S? imaging measurements.
The modal properties of the fiber were characterized in two different
bent configurations and the relative power difference was measured. A
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slightly bent configuration, where the HOM content was suppressed by
20 dB at 1045 nm is defined as follows. The wavelength was chosen mea-
suring the transmission spectrum for the fiber both when it was straight
and when slightly bent with a minimum radius of curvature of 65 cm.
Figure 4.3 shows the relative intensity difference between the two mea-
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Figure 4.3: Transmission measurement of a PM step-index LMA fiber
with a 0.06 NA and 15 pm MFD, showing the wavelength where the HOM
content is suppressed by 20 dB. The fiber design is illustrated in the inset.

sured spectra and a 0.1-dB difference in transmission at the 1045-nm
wavelength for a slightly bent configuration with a 130-cm coiling diam-
eter (solid line). When the fiber is bent more and the coiling diameter is
reduced to 75 cm (dotted line), the 0.1-dB transmission difference moves
to ~950 nm. At that wavelength, the HOMs carry 2.27 % of the power
and the relative power difference (suppression) between the HOMs and
the FM is then 16.4 dB. However, when the measurement was performed,
the light was coupled into the fiber by overfilling the NA of the core, and
thus all the supported modes were excited. Therefore, two HOMs and
only one FM were excited. This means that the HOM suppression is,
assuming the power is split equally between the two HOMs, 3 dB larger
(i.e., 19.4 dB) and the HOM suppression should therefore be expected to
be around 20 dB at the 1045-nm wavelength.

Three simulated mode profiles in the used fiber are shown in Fig. 4.4.
These modes can be selectively excited by offsetting the input beam
waist either along the y- or x-axis direction, exciting either LP11 mode
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oriented along the y- or x-axis, together with the FM. The same finite-
element-solver was used as in the earlier simulations. Several S? imaging

(a) (b) (c)

Figure 4.4: Simulated intensity profiles: (a) Fundamental mode (LP01),
(b) LP11 mode oriented along the y-axis, and (¢) LP11 mode oriented
along the x-axis.

measurements were performed on the same fiber using three different
input coupling conditions attempting to excite HOMs in a simple and
repeatable way:

1. Fundamental mode coupling, input signal is coupled into the core
optimizing the overlap between the input beam and the fundamen-
tal mode of the fiber

2. y-axis LP11 mode coupling, offsetting the input beam orthogonal
to the stress rod elements

3. x-axis LP11 mode coupling, offsetting the input beam toward the
stress rod elements.

The coupling configurations used attempt to deliberately excite signif-
icant content of the HOMs and achieve a good degree of repeatability.
The y- or x-axis LP11 mode coupling condition is found by translating
the input beam off center along the y- or x-axis respectively until a 3-dB
power drop is measured for the FM. This power drop is measured by
placing the pickup fiber in the middle of the output beam, where the
modes have the lowest spatial overlap, the FM has the highest intensity
and the LP11 mode has close to zero intensity. Therefore, ~50 % of the
power launched into the core is coupled to the FM and the remaining
~50 % is coupled mainly to the LP11 modes, but also to non-guided
cladding modes.

The fiber was aligned with the stress rod elements in the horizontal
plane and linearly polarized broadband light between 1040 and 1070 nm
was coupled to the fiber with the axis of polarization parallel to the slow
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Figure 4.5: Example of the $? imaging measurement on a 1 m length PM
LMA step-index fiber with 0.06 NA and 15 ym MFD: (a) Typical intensity
profile and (b) example Fourier transforms at three different scan points,
shown with dark dots on (a) and reconstructed intensity image of the LP11
mode, HOM suppression of 24.1 dB.

axis of the fiber. The measured intensity profile is shown in Fig. 4.5(a).
An example of three Fourier transforms at different scan points of the
measured beam are shown in Fig. 4.5(b), one calculated in the center of
the beam and two at the full width half maximum (FWHM) of the beam.
The Fourier transforms show a clear presence of the LP11 mode, which
is identified by calculating the theoretical mode spacing between the FM
and the LP11 mode. Other spectral components, after the LP11 mode
peak, correspond to coupling between the FM and HOMs throughout the
length of the fiber and therefore they appear as multiple peaks rather
than a one single peak. This is called distributed scattering and is de-
scribed in detail in Ref. [81]. The reconstructed LP11 mode is shown in
the inset of Fig. 4.5(b), and the measured HOM suppression is 24.1 dB.

Figure 4.6 shows a histogram of the measured HOM suppres-
sion while varying the integration window width of the Fourier trans-
forms when performing HOM suppression calculations, and using dif-
ferent input offsetting conditions. The average HOM suppression is
22.5 dB £3 dB, which agrees reasonably well with the expected value of
20 dB obtained with the bent transmission reference method.

4.1.3 Measurements on a SM LMA PCF

S? imaging was performed on a 2.2-m-length polarizing Yb-doped PCF
(DC-200/40-PZ-Yb-03). The FM had a 29-um MFD with an NA of 0.03
at 1064 nm. The multi mode (MM) pump cladding was 200 pm, having
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Figure 4.6: Histogram of the measured HOM suppressions obtained with
S? imaging, while offsetting the input beam and varying the width of the
Fourier integration window when calculating the HOM suppression. The
average HOM suppression is 22.5 +£3 dB.

an NA of 0.6. A schematic and a micrograph image of the fiber is shown
in Fig. 4.7. LMA PCFs are sensitive to bending, especially if the bending

(a)

Figure 4.7: (a) Schematic of the fiber design illustrating the flat sides on
each side of the stress rod elements and (b) optical micrograph picture of
the fiber.

plane is not aligned with the stress rod elements [86]. The flat sides of
the outer fiber structure, shown in Fig. 4.7, will automatically orient
the fiber along the stress rod axis, thus avoiding twist while coiling the
fiber. In addition, because the fiber bend diameter is always oriented
along the stress rod elements, the modal stability is increased and the
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unwanted bend loss for the FM is reduced.

Low HOM content is difficult to analyze if the signal-to-noise level is
not high enough (the term noise here is understood as light coupled into
the cladding). Therefore, the air cladding of the test fiber was removed
with a cladding mode stripper (Glycerol) over a 25 cm section at the
output end of the fiber and achieved an increase in signal-to-noise level
from 25 to 37 dB.

Linearly polarized light between 1040 and 1070 nm was coupled into
the slow axis of the test fiber with optimized mode matching between
the coupled beam and the FM of the fiber. The test fiber was coiled to
a 28-cm coiling diameter and three different input coupling conditions
were used, as described earlier. The measurement was repeated five
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Figure 4.8: Example of $2 imaging on a 2.2-m DC-200/40-PZ-Yb-03
having 29-pym MFD and NA of 0.03: (a) Example intensity profile and (b)
example Fourier transforms at three different points at the beam, selected
as in Fig. 4.5, and the reconstructed intensity image of LP11 mode, HOM
suppression 24.7 dB.

times for the same fiber, and each time the fiber was recoiled and both
ends were re-cleaved. Additional measurements were performed with
a 40-cm coiling diameter. A typical intensity profile obtained with $2
imaging is shown in Fig. 4.8(a). An example of Fourier transforms
at three different points of the measured beam as described before is
shown in Fig. 4.8(b), and the reconstructed LP11 mode is shown in the
inset of Fig. 4.8(b). Only the LP11 mode has clearly observable peaks
in the Fourier spectrum, and the mode spacing matches the calculated
value. Other HOMs were not found, even when offsetting the input
beam. However, as in the earlier experiments with the step-index fiber,
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distributed scattering throughout the fiber length gives rise to the other
spectral components observed after the main peak.
Table 4.1 summarizes the five S* imaging measurements performed

Table 4.1: Summary of the five S imaging measurements on a 2.2-m-
length DC-200/40-PZ-Yb-03 coiled to 28 cm diameter using three different
launching conditions.

HOM suppression (dB)

Measurement FM x-axis LP11 y-axis LP11
coupling coupling coupling
1 33.1 23.8 28.6
2 33.7 27.7 30.4
3 31.5 24.5 23.2
4 33.4 25.9 26.2
5 31.6 21.7 24.5
Average (dB) 32.7 24.7 26.6
STDV (dB) 1.0 2.3 2.9

on the fiber when the fiber is coiled to 28 cm diameter. Using the FM
input coupling condition, the LP11 mode is relatively weak with an
average suppression of 32.7 dB. When offsetting the input beam one
lobe of the LP11 mode overlaps with the input beam and is excited.
Depending on the offsetting direction, either a LP11 mode along the y-
or x-axis is excited. The LP11 mode oriented along the x-axis, shown
in Fig. 4.4(c), has the stress rod element barrier while the fiber is
coiled, and therefore is less sensitive to bend loss than the LP11 mode
oriented along the y-axis. For this reason in the case of x-axis LP11
mode coupling, the HOM suppression is smaller (24.7 dB) than with the
y-axis LP11 mode coupling (26.6 dB).

One important factor when performing the S* imaging measurement
is the coupling repeatability between various measurements. Even a
slight error, for example, on the coupling angle will change the overlap
between the input beam and the different modes in the fiber. Therefore,
the three aforementioned coupling conditions were used as they seemed
to give fairly repeatable results with a standard deviation of <3.0 dB.

In the last experiment, S? imaging was performed while increasing
the bend diameter from 28 to 40 cm. The test fiber was the same
as before and the input coupling conditions were varied. Figure 4.9
illustrates the measured HOM suppressions for the two bend diameters
and three coupling conditions. The stress rod element barrier effect is
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Figure 4.9: Measured HOM suppression of a 2.2-m length DC-200/40-
PZ-Yb-03, using two bending diameters.

efficient for the LP11 mode oriented along the x-axis, and therefore the
measured HOM suppression is lower for the both bending diameters.
However, the LP11 mode oriented along the y-axis is more susceptible
to bend loss, and therefore less HOM suppression is measured at the
40-cm bend diameter.

4.1.4 Discussion on measurement results

S? imaging is a relatively new measurement technique offering both spec-
tral and spatially resolved data in a single measurement. Being an inter-
ferometric method, 8 imaging is extremely sensitive and can character-
ize multiple HOMs simultaneously from LMA fibers, where conventional
M? or cut-off measurements fail. However, S? imaging has important
limitations:

e long measurement time: measurements often take several
minutes while simultaneously requiring an extremely stable seed
source, stable launching conditions and no mechanical perturba-
tions on the fiber for the duration of the measurement process.

e spectral interference: typically the modes in LMA fibers with
MFDs larger than 40 pum have a small inter-modal group delay. The
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resulting mode spacing corresponds to a spectral beating period of
18 — 30 nm using typical fiber lengths. Since at least three to four
spectral interference peaks are necessary to resolve such beating,
a spectral measurement range over 100 nm is required. Stable
and smooth tunable or broad band seed sources around the 1 pym
region are not widely available.

e sensitivity to a reference mode: the method relies on a use
of a reference mode, typically the FM, when the interference sig-
nal is analyzed. Therefore, a reasonable estimate of the relative
power content of different modes can be obtained only if the ref-
erence mode has the highest power level, and the method fails to
characterize the cases where multiple modes have similar power
levels

e assumption of negligible dispersion: when the interference
signal is analyzed the dispersion of different modes is typically
neglected. However, normally the measurement is performed over
a large spectral range (20 — 100 nm) and thereby the dispersion
properties over the wavelength range in some cases are relevant.

e polarization properties: the method fails to resolve polarization
states of the different modes present in the fiber.

Therefore, another modal characterization method which is free of the
above limits, C* imaging, is described in Section 4.2 and demonstrated
using a fiber with very large core diameter.

4.2 Cross correlated imaging

The €? imaging method relies on interference in the time domain be-
tween an external reference beam and each of the modes propagating in
the test fiber as a function of the relative group delay. A major advan-
tage of C? imaging arises through the freedom to independently tailor the
properties of the reference beam. This affords one the ability to resolve
modal content for arbitrary modal combinations of the test beam [26] as
well as polarization and dispersion properties of each mode [87], which
is difficult or impossible with S? imaging. In addition, required seed
sources are inexpensive and widely available (for example LEDs), so it
is not difficult to integrate a C? imaging apparatus with laser systems
operating at 1 um. Even though the resolution of the method is dictated
by the spectral width of the seed source similar to $* imaging, this lim-
itation is not as significant as it is with S? imaging. With C? imaging it
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is possible to obtain excellent results using just a 10 nm spectral range
and it is possible to resolve the various modes present in very LMA fibers
(core diameters >60 pum).

C? imaging is used in this study to examine the guiding properties
of passive photonic bandgap (PBG) PCF rod fiber with a very large core.
The rod fiber design is based upon the idea of distributed mode fil-
tering (DMF) [27], which results in SM and MM regimes depending on
the wavelength. In the SM guiding regime within a specific wavelength
range, HOMs couple resonantly to a band of narrowly spaced cladding
modes. Outside the resonant coupling regime, the fiber appears either
MM or does not guide light in the core. A detailed description of guid-
ing properties and analysis of the DMF rod fibers will be shown later in
Section 5.1.

In the following experiments, resonant mode coupling is resolved
with C? imaging and is demonstrated as the underlying mechanism for
SM guidance within specific wavelength ranges. SM operation is tested
for various offset input coupling conditions to deliberately excite HOMs.
The experiments were performed in a collaboration with Boston Univer-
sity, Boston, USA, using their existing C* imaging setup. The original
setup was designed to measure only flexible fibers and therefore it was
modified to be used together with rod type fibers.

4.2.1 Measurement setup

A schematic representation of the C? imaging system is shown in
Fig. 4.10. The setup utilizes a standard Mach-Zehnder interferome-
ter. The signal and reference paths are created with a beam splitter
and consist of the test fiber and a SM PM reference fiber, respectively.
Those paths are imaged onto a CCD camera at the output end of the
interferometer after recombination. The interferometer has linear po-
larizers in both arms to ensure the reliable measurement of the modal
power of elliptically polarized light transmitted through the test fiber.
A linear polarizer in the signal arm defines the plane of polarization of
light coupled into the test fiber. The linear polarizer in the reference
path ensures coupling either to the fast or slow axis of the SM PM fiber
(PM980XP). A specific length of 101 cm for the reference fiber is chosen
to bring the optical path length of the reference path within the range
of the translation stage used to control the relative optical path length
of the beams.

A 1050 nm superluminescent SLED was used as the light source for
the experiments. Wavelength tuning is achieved by filtering the source
light with an angle-tunable bandpass filter with FWHM of about 10 nm.
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Figure 4.10: C? imaging setup [88].

To avoid scrambling the polarization state, the bandpass filter was in-
serted into the signal path before the linear polarizer. The filter has
a Gaussian profile and is used at an angle corresponding to a center
wavelength of 1040 nm or 1060 nm, as shown in Fig. 4.11. A NF im-
age of the fiber under test is obtained using a single (plano-convex) lens
with 50-mm focal length which images the fiber output onto a CCD
camera. A reference beam is expanded to ensure flatness of the phase
front within the imaging range. The beam overlaps spatially with the
test fiber image at the image plane of the CCD camera located about
97 cm away from the output end of the test fiber. An adjustable aper-
ture is inserted between the lens and the CCD camera ~23 cm away
from the lens. This aperture is used in the experiments to remove most
of the cladding light. The relative group delay of the reference and the
test beam is controlled by a motorized linear translation stage which
changes the length of the interferometer reference arm. At each delay
point, the interference pattern is recorded and cross-correlation traces
are analyzed. When analyzing the cross-correlation traces, the mathe-
matical routines and theories of C? imaging developed in Ref. [88] are
followed.

The cross-correlation signal P(z,y, 7) recorded by the CCD camera

P(xv Y, T) = ZmpmG%’l’r‘(T - TmT)Im(:U? y)a (48)

is a function of the position (z,y) in the imaging plane and the
differential time delay 7, between each of the modes m and the
reference mode r. The signal obtained is the summation over vertical
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Figure 4.11: Measured input spectra for different C? imaging measure-
ments (used pick-up fiber HI1060).

and horizontal linearly polarized states of the reference beam and
accounts for the possibility of elliptically polarized modes propagating
in the test fiber. The time delay 7 = d/c¢, where ¢ is the speed of
light in vacuum, is controlled by the position of the translation stage
d. The stack of the images P(x,y;7) obtained at the image plane
encode the modal power p,, and the modal intensities I,,,(x,y), the two
quantities of prime importance of the study. Detailed explanation of
the C? imaging theory is shown in ref. [26]. The behavior of Gy, (7),
the magnitude of the coherence function, is dictated by the spectral
properties of the seed source and also by the relative dispersion of mode
m and the reference beam [26, 88].

Dispersive broadening of the function can be compensated for by
adjusting the length of the reference fiber [26]. When the effects of
dispersion are negligible, either due to dispersion-compensation or
if the seed source is narrow enough to ignore dispersive effects, the
mutual coherence function is characterized by a finite extent in the time
domain that is inversely proportional to the spectral bandwidth of the
source. This property allows one to separate the modes, when they are
characterized by sufficiently large differential group delay. As a result,
the modal intensity and the power of every individual mode is measured
simultaneously. The modal power is encoded in the net C? trace, which
is obtained by averaging the cross-correlation signal over the imag-
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ing plane while taking normalization of the modal intensity into account.

4.2.2 Modeling of C? imaging from a DMF rod fiber

A finite-element-method solver is used to simulate the power overlap ra-
tio in the core of the DMF rod fiber design for the most relevant modes,
shown in Fig. 4.12. The simulated DMF rod fiber design has SM guidance
for the wavelengths between 1022 and 1045 nm, beyond which it appears
MM, supporting the HOMs. The field distributions of these modes are
similar to that of a LP11 mode and thereby they are reference as LP11,
and LP113 modes. The SM guidance regime is defined at the wavelengths
where the FM has minimum 80 % core power overlap and therefore well
guided, while the HOM has less than 50 % core power overlap. The crite-
ria for theoretical SM guidance regime has been shown to have sufficient
agreement with fabricated DMF rod fibers [89]. Figure 4.12 illustrates
the simulated field profiles of the different modes in the SM and MM
guiding regimes. The field profiles show how HOMs effectively couple
out from the core to the resonator elements inside the cladding struc-
ture within the SM guiding regime

C? imaging traces for the DMF rod fiber used in the experiments were
simulated to estimate the limits of resolution and understand the ability
of the method to probe the modal content of this type of fiber. First, the
effective refractive indices (n.sys) of the modes in the DMF rod fiber were
simulated. From the simulated effective refractive index (n.ss) the net
C? trace in Fig. 4.13 was modeled for the rod fiber for a source with the
Gaussian spectrum with a central wavelength of A = 1040 nm and FWHM
of 10 nm (spectrum shown in Fig. 4.13 inset). The rod fiber supports
propagation of the FM and two HOMs, LP11y, LP113 - characterized by
the relative group delays and dispersion properties obtained from the
simulations of the fiber design. The LP11; mode is neglected due to its
low core overlap ratio at 1040 nm. The dash-dotted line represents the
coherence function in the case of the ideal dispersion-compensation of
all the modes.

For this simulation it is assumed that each of the HOMs contributes
1 % of the total power, which translates to 20 dB suppression of those
modes, as the peak values of the dash-dotted line indicate. The positions
of the peaks define the relative group delay of the modes with respect to
the FM. Dispersion effects lead to noticeable broadening of the peaks,
resulting in the C? trace shown as a solid line. Based upon a specific
fiber design, the simulations for this fiber indicate that in the SM guiding
regime at a center wavelength of A = 1040 nm, an offset coupling mainly
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Figure 4.12: Simulated core overlap ratio (power) of different modes in
the DMF rod fiber. Showing the most relevant modes and two guiding
regions SM and MM. Insets illustrate the simulated electric field profiles of
different modes at specific wavelengths

excites two HOMs, LP115 and LP113, with average group delay differ-
ences of ~1.2 ps/m and ~2.9 ps/m, with respect to the FM respectively,
as shown in Fig. 4.13. At a longer center wavelength of 1060 nm, the
peak representing the LP11s mode is separated by a group delay value
of just ~0.6 ps/m, as Fig. 4.14 illustrates.

In the simulations and experiments relatively narrow input spec-
tra (FWHM = 10 nm) centered at 1040 nm and 1060 nm were specifi-
cally chosen. An input signal with wider spectral range would certainly
lead to narrower and better resolved temporal features representing the
HOMs, but a broader source would cover both the SM and MM regimes,
confusing their relative contribution. The simulations done with Gaus-
sian spectral profiles demonstrate that at a center wavelength of 1040
nm the LP115 mode can clearly be resolved in the C? imaging trace, as
shown in Fig. 4.13. In contrast, at a center wavelength of 1060 nm, due
to a smaller group delay the LP11 mode appears almost as a shoulder
superimposed on the feature representing the FM, as seen in Fig. 4.14.
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Figure 4.13: Simulated C? imaging trace of DMF rod fiber at 1040 nm
(98 % in the FM, 1 % in each of the two HOMs): solid line represent the
trace accounting for the dispersion of the modes, dash-dotted line depicts
the trace with digitally compensated dispersion. Inset: Gaussian spectrum
centered at 1040 nm with FWHM = 10 nm, used in the simulation.
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Figure 4.14: Simulated C? imaging trace of DMF rod fiber at 1060 nm
(98 % in the FM, 1 % in each of the two HOMs)
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4.2.3 Input coupling conditions

The SM operation of the DMF rod fiber is evaluated at different input cou-
pling conditions by analyzing the corresponding C* imaging traces. One
naturally expects that an offsetting coupling results in the appearance
of HOMs in the trace, and more so as the offset is increased. To analyze
these effects in the experiments, the following procedure is adopted.

1. Optimal input coupling condition: the position of the input-
coupling lens, which a C? trace reveals the most SM beam is iden-
tified.

2. Offsetting input coupling condition: the input-coupling lens
is shifted in either the horizontal or vertical direction, which is

specified as Zm /Yum, where x and y stand for the horizontal or
vertical direction of the offset coupling, respectively.

Perfect coupling X-offset coupling Y-offset coupling

(a) {

(c) (e)

aperture aperture

Figure 4.15: Near-field images of three different coupling conditions with
and without the aperture. Inserts in (a), (¢) and (e) show the images at
the facet. Images recorded at the SM regime of the DMF1040.

The input coupling lens is moved by a distance (in pm), which is mea-
sured from the position of optimal input coupling. The displacement is
limited to 30 um in either direction since at larger values the input light
dominantly couples to the cladding modes of the fiber and the core-to-
clad intensity ratio decreases to a point that analysis of the core modes
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becomes difficult or meaningless. Specifically, at the 30 pum offset cou-
pling less than half of the light couples to the core modes of the fiber.

The fiber is characterized by special higher index resonator elements
in the cladding tailored to inhibit propagation of HOMs in the core at
certain wavelengths. At these wavelengths, HOMs within the core res-
onantly couple to the resonator elements in the cladding and are then
guided through the length of the rod fiber. This is evident in the NF
images of the fiber output, especially when light is coupled with an
offset, as shown in Fig. 4.15 (c) and (e). Since the C? imaging measure-
ments require analysis of NFs images of the output facet of the fiber this
spurious effect is eliminated by inserting an aperture at the output of
the test fiber in some of the measurements (e.g. when offset coupling
is attempted). The aperture filters cladding light away, allowing one to
accurately determine the modes present in the core. As a result, the res-
onant coupling between the core and the cladding band can be directly
measured.

4.2.4 Measurements on a SM DMF rod fiber

The tested DMF rod fiber has a MFD of 60 pym and length of 92 cm.
The end facets of the rod fiber are collapsed within ~200 pum of the flat-
cleaved facet. This fiber has a single cladding structure and is designed

NF image
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Figure 4.16: Calculated envelope function of the C? trace showing the
total power of all the modes. The LP11 mode has 14 dB less power than
the fundamental mode (LP01). The insert shows the measured NF image.
The white dotted circle illustrates the core area.
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and measured to be SM within the wavelength range from 1030 nm
to 1050 nm. The exact boundaries of the SM regime, which are diffi-
cult to measure experimentally, are estimated with +5 nm uncertainty.
At wavelengths longer than 1050 nm the fiber becomes MM supporting
HOMs in addition to the FM, which are not coupled to the cladding band.
Hereafter, the term "DMF1040” is used when referring to this rod fiber.

The DMF1040, which is SM at the wavelength of 1040 nm, was first
tested using a source centered at A = 1060 nm with FWHM of 10 nm,
as shown in Fig. 4.11. At this wavelength, the DMF1040 rod fiber is
expected to be MM. By careful alignment of the input beam a condi-
tion in which it appeared that only the FM was excited was achieved,
as the perfectly symmetric output image demonstrates in the inset of
Fig. 4.16. However, the calculated envelope function of the C? trace in
Fig. 4.16 indicates a significant contribution of and LP11 mode to the
modal power. The group delay (ps/m) is calculated from the generated
delay 7 = d/c, where d is the movement of the reference arm and ¢
speed of light in vacuum, and normalizing with the length of the test
fiber. Indeed, image reconstruction identifies that the LP01 and LP11
modes dominate light propagation in the fiber. The LP115 mode is not
observed in the experiments due to its low core overlap ratio at 1060 nm.

Reconstructed images were obtained by integrating over portions of
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Figure 4.17: Example of recorded interference intensity at one point on
the CCD camera as a function of generated delay. The trace is obtained
from the DMF1040 using a 1060 nm signal (offset coupling condition). The
red line represents the envelope of the trace (averaged over 8 points). The
insert shows a clear beating pattern on the output spectrum.
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Figure 4.18: Summary of the DMF1040 modal output in the the MM
regime (1060 nm) using different coupling conditions: perfect, x5 and
y30- The inserts show the reconstructed mode images.

the two peaks visible in the C? trace, as described in Ref.[88]. The re-
constructed images are normalized: the red color corresponds to the
maximum and the blue color to the minimum value of the modal inten-
sity. The boundary of the core is illustrated by the white dashed line
forming a circle. All the images presented employ the same scale and
color-coding. According to the envelope of C? trace (averaged over 8
points of the raw trace), the LP11 mode is suppressed by about 14 dB
below the FM.

As expected, when offsetting the input signal the fiber enters MM
regimes of operation. Even though the two modes propagating in the
fiber have a small differential group delay, C* imaging is still capable of
resolving the modes that appear as the two peaks present in Fig. 4.17.
The shown figure represents an example of measured data (raw data) at
one spatial point on the image plane as a function generated delay. The
MM behavior identified by C? imaging is also confirmed by the analysis
of the output spectrum shown in the inset of Fig. 4.17: the oscillatory
component in the spectrum indicates interference of the modes. While
simple spectral methods have been used to analyze spectra similar to the
ones shown here and quantitatively measure modal discrimination [90],
unique identification of the modes involved is difficult to obtain.

Offset input coupling along x- and y-directions can lead to strong
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Figure 4.19: Obtained C? trace on the DMF1040 at 1040 nm with and
without the cladding light, under the perfect coupling condition. The
inserts show the reconstructed mode images.

excitation of LP11 mode such that in extreme cases this mode con-
tributes almost 50 % of total power in the core. Figure 4.18 summarizes
the characteristic behavior of the fiber for different coupling conditions.
Also illustrated in the insets are the corresponding reconstructed mode
images. Slight asymmetries of the reconstructed images, corresponding
to the LP11 mode are due to imperfect alignment conditions of the ref-
erence and signal beams.

Next, the DMF1040 was tested in the SM regime using a source
with a center wavelength A = 1040 nm and FWHM of 10 nm, as shown
in Fig. 4.11. At the optimal input-coupling condition, the corresponding
C? trace has two peaks, one corresponding to the FM, as confirmed by
the reconstruction, and another apparently corresponding to cladding
modes, see Fig. 4.19. Indeed for the latter, the modal reconstruction
demonstrates a feature of small relative intensity in the core region,
with the size smaller than the FM on top of a noisy background. The
hypothesis that the cladding modes may be responsible for the peak
was tested by filtering them out with the help of an aperture located at
the output of the fiber. After such filtering it was found that the peak
disappears, and the modal reconstruction in the same region results in
a featureless background, as Fig. 4.19 illustrates.
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Figure 4.20: Obtained C? trace on the DMF1040 at 1040 nm with and
without the cladding light under x-offset coupling condition. The inserts
show the reconstructed mode images.

The resonant coupling between the core and cladding regions be-
comes evident when input coupling is deliberately misaligned. According
to the fiber design, one expects that these excited HOMs are effectively
coupled to the cladding band, and C? imaging verifies this. Specifically,
Fig. 4.20 illustrates C? traces obtained at one specific horizontal offset
coupling (z39) position. A measurement without the aperture shows
a relatively large contribution of HOMs at a differential group delay of
~1 ps/m, which agrees relatively well with the simulations (1.2 ps/m)
in Fig. 4.13. The slight difference is explained by a small mismatch be-
tween the simulated fiber design and the one used in the experiments.
For example, small variations of air-hole diameters along the fiber cross-
section and also along the fiber length are challenging to implement in
the simulations, yet they lead to slight changes in the group delays of the
modes. In addition, optical measurements of the refractive index of the
core and exact dimensions of the fiber cross-section are very challenging,
especially for the air-hole diameters of few micrometers or smaller. After
an aperture is applied to filter out the cladding modes, the height of the
peak decreases and the reconstruction shows a weak HOM. The simula-
tions in Fig. 4.13 also predict another LP11 mode at an average group
delay of ~2.9 ps/m, but in the experiments this mode was not observed
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Figure 4.21: Input and output spectrum recorded for DMF1040 at
1040 nm signal. The output spectrum shows beating pattern after
1050 nm, which is outside of the SM guiding region of the DMF1040. The
modal content of this mode is observed with the C? imaging.

even under the extreme offset coupling conditions, due to its low core
overlap ratio. Interestingly, Fig. 4.20 also demonstrates an LP11 mode
at a differential group delay of about ~0.5 ps/m, as confirmed by the
analysis and mode reconstruction of the corresponding peak.

The mode is suppressed 19.5 dB below the FM. Simulations of
the fiber performed at 1040 nm in Fig. 4.13 seem to disagree slightly
with the observations; however, this mode is present as the result of a
weak spectral overlap of the seed source with the MM regime located
at 1060 nm. Indeed, the spectral output measured at the output of
the fiber shows oscillatory behavior resulting from modal interference at
wavelengths exceeding 1050 nm, which is well within the MM guiding
region, as Fig. 4.21 illustrates.

HOMs are slightly more pronounced in the fiber when offsetting
input coupling in the y-direction (y3p). The reconstruction of the peak
at ~1.1 ps/m indicates that an LP11 mode is present and is suppressed
20 dB below the FM. Similar to the case observed with offset input
coupling in the x-direction, a HOM at ~0.45 ps/m is visible due to the
signal spectral overlap with the MM region. Figure 4.22 summarizes C?
imaging measurements performed on the DMF1040 using various offset
coupling conditions.

As a summary, even under severe offset couplings (x3p or ysg) the
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Figure 4.22: Summary of different C? imaging measurements on
DMF1040 with different coupling conditions (without cladding light) at
1040 nm.

tested fiber operates in the SM regime with only a small contribution of
LP11 mode, which is suppressed 20 dB below the FM.

4.2.5 Discussion on C? imaging results

Using C? imaging, resonant coupling between core and cladding modes
of a rod PCF was observed. Specifically, in the SM regime offset input
coupling conditions caused the resonant coupling of an excited LP11
mode to the cladding modes, as was verified by using the aperture and
analyzing the corresponding C? traces. When the same fiber was used
in the MM regime, this coupling was not observed. This was verified
using the same method of analyzing the two C? traces obtained with
and without an aperture. The two measurements with and without the
aperture provided the same modal weights for the FM and HOM.

In the C? imaging measurements the background noise level limits the
range of modal weight measurements. At optimal input coupling con-
ditions the background noise level is estimated to be suppressed 28 dB
below the signal peak intensity but rises up 2 dB to 26 dB below signal
peak intensity for offset coupling conditions. The increase is mainly due
to the presence of cladding modes, even though a simple aperture to fil-
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ter them out was used. A lower background noise level can be achieved
if one employs, for example, a method of spatial filtering which fully re-
moves the low-angle cladding light. However, for the measurements the
background noise level of about 26 dB still provides excellent conditions
for studying SM operation of rod fiber designs.

A relatively narrow spectral source with a FWHM of about 10 nm
spectral range was used to resolve the modes of the DMF rod fiber. How-
ever, the sensitivity of C? imaging method has led to the appearance of
an LP11 mode resulting from the spectral overlap of the source with
the MM regime of operation of the fiber. A narrower source centered
within the SM region would lead to a lower temporal resolution due to
the broadening of the cross-correlation traces and therefore would not
allow one to resolve modal content. It is desirable then to employ sources
with some appreciable smooth spectral width to avoid artifacts, such as
the characteristic sinc-like ”ringing” due to the sharp spectral edges. It
would also benefit future investigations to use sources having limited
spectral width with spectral edges that decay faster than a Gaussian
function.

The C? imaging measurements were performed on a passive DMF rod
fiber but the methods can be also employed for the studies of active
fibers. There is a difficulty, in that the active rod fibers are heavily
doped and typically the nominal core Yb absorption exceeds levels of
>500 dB/m at 976 nm and ~9 dB/m at the signal at the wavelength
of 1030 nm. The absorbed light at 1030 nm is further re-emitted at the
wavelengths exceeding 1030 nm. Problems then arise from the fact that
the re-emitted signal is guided in the core and in the cladding which
increases the background noise level. If the doping level is high enough,
all signal light guided within the core would be absorbed along the fiber
length, thereby rendering C? imaging unusable. One way to get around
the problems arising from absorption is to operate the active medium in
a transparent regime for the signal light by for example supplying suffi-
cient gain to the signal by operating the fiber in a transparent regime.

For the given several plausible assumptions it is believed that C?
imaging can be also applied to study active amplifier systems. If the
gain related thermo-optical shift of the refractive index as well as the
Kramers-Kronig shift do not significantly affect the phases and/or the
group delays of different modes and provided the spectral changes re-
lated to the gain are properly accounted for, the resolution of the modal
weights even in high-power amplifiers becomes feasible.
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4.3 Summary of chapter 4

In this chapter two modal characterization methods, S? imaging and C?
imaging, were described and used with two PCFs. S$? imaging was em-
ployed on an Yb-doped SM PCF with a 40 pm core diameter and the
SM properties were evaluated under offset input coupling. The HOM
content was measured to be suppressed 24 dB below the FM with 3 dB
variance. With C? imaging, the resonant coupling condition between the
core modes and cladding band was evaluated in a passive SM PBG rod
fiber with DMF effect under using offset input coupling (85 pm core di-
ameter). The HOMs efficiently coupled out from the core to the cladding
band and were suppressed 20 dB below the FM when the fiber was op-
erated in the SM guiding regime.






Chapter 5

High energy fiber laser
cavity

The constant demand for higher pulse energy and peak power gen-
eration from fiber lasers requires fiber designs with larger effective
core area (A.;s;) in order to mitigate non-linear effects, increase the
extractable energy and increase the damage threshold level at the
fiber facets. However, beam quality becomes essentially critical for
single-mode (SM) operation and a very low core numerical aperture (NA)
carries extremely high index precision requirements when fibers with
active cores are manufactured. Very large mode area (LMA) fiber de-
signs up to 100 pm core diameters have shown that new, more effective
methods to suppress or not to guide higher order modes (HOMs) are
required to provide truly SM operation of such fibers.

In this chapter a new ytterbium (Yb)-doped photonic bandgap (PBG)
photonic crystal fiber (PCF) design with a very large core diameter of
85 um and efficient HOM suppression is introduced. The fiber design
was introduced early in 2011 by Alkeskjold et al. [27, 28] and in this
chapter the distributed mode filtering (DMF) rod fiber is analyzed in
detail. The guiding properties of the fiber are described and the fiber is
used in a laser cavity configuration yielding high pulse energies. In the
last section, second and third harmonic generation is tested with this
rod fiber. The laser cavity and higher harmonic generation experiments
were performed in collaboration with EOLITE Systems, Pessac, France,
using their facilities and experimental setup.
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5.1 Distributed mode filtering rod fiber

In LMA PCF rod fiber designs, efficient suppression of HOMs is challeng-
ing due to the ultra low NA requirements, but also because rod fibers
are typically short (~1 m) and kept straight, which complicates efficient
HOM suppression. The basic idea behind the development of the new
PBG DMF rod fiber design is more efficient HOM suppression and man-
ufacturability with an acceptable yield. Typically, manufacturability of
fibers with very large core diameters is challenging due to the extreme
tolerance requirement of the ultra-low index difference between the core
and cladding, and the DMF rod fiber design eases these requirements
significantly. High-index elements called DMF elements form cladding
bands through which HOMs are coupled to and therefore they are re-
moved or not guided by the core. Due to the discrete nature of these
elements and the method by which coupling of HOMs from the core to
the cladding occur, the core of the DMF rod fiber only guides in a certain
wavelength range and exhibits non-guiding, SM and multi mode (MM)
behavior in different wavelength regions. A schematic and an optical mi-
crograph of a manufactured DMF rod fiber is shown in Fig. 5.1. The DMF
elements are arranged in a honeycomb-lattice, shown as cyan rings in
Fig. 5.1(a) and air holes surrounded by light colored rings in Fig. 5.1(b).

(a) (b)

Figure 5.1: DMF rod fiber design. (a) Schematic of the rod fiber illustrat-
ing an Yb-doped core and the high-index elements (Germanium) arranged
in a honeycomb lattice. (b) Optical micrograph of a manufactured fiber,
only showing the central region.
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5.1.1 Guiding dynamics

Figure 5.2 shows the transmission spectrum of a passive 85 pum core DMF
rod fiber. A halogen-tungsten source was coupled into the core of the
DMF rod fiber, the output light was coupled into a SM LMA20 fiber and
the spectrum was recorded with an optical spectrum analyzer (OSA).
The oscillations in the spectrum originate from modal interference of
the guided modes of the rod fiber as they are coupled to the pick-up
fiber. The lack of oscillations indicates that only one spatial mode is
guided in the core. The non-guided regime is found in the wavelength
range 980 — 1030 nm, which corresponds to the region where the fun-
damental mode (FM) couples out to the cladding band. The inset of
Fig. 5.2 illustrates the trends of the effective mode indices of the FM and
higher order core modes together with the band of the cladding modes
as a function of wavelength. In the same figure near-field (NF) images
are shown for different guiding regimes. At 1030 nm the FM couples
out to the cladding band and therefore the rod fiber operates in a leaky
regime; at 1052 nm the core supports only the FM and at 1085 nm a
combination of the FM and HOMs is observed in the core of the rod fiber.

No oscillations are observed in the range 1050 — 1070 nm which
indicates that the HOMs are phase matched (resonant coupling) to the
cladding modes and therefore only the FM is guided in the core. Oscil-
lations are observed at longer wavelengths (MM1 and MM2), which is
a clear sign of interference between the FM mode and HOMs in the core
region.

If the refractive index of the core is increased, the transmission spec-
trum in Fig. 5.2 will shift towards blue wavelengths. However, the DMF
resonant elements in the cladding structure will shift the transmission
spectrum toward red wavelengths as their refractive index is increased.
In a case of an Yb-doped DMF rod fiber, thermal load, which is mainly
confined to the core, can cause the refractive index to increase as the
signal power is increased, and if the DMF rod fiber is operated in a leaky
wavelength regime, a certain thermal load can move operation into the
SM region, illustrated in Fig. 5.3. A signal at 1030 nm is initially weakly
confined to the core but after DMF filtering and subsequent blue shifting
the signal becomes more confined to the core and therefore shifts to the
SM guiding region. This behavior is studied later in Section 6.1.3 by
operating DMF rod fibers in different guiding regimes. In addition, the
movement of the photonic bandgap via a thermally induced refractive
index change in the core is identified under high power amplifier exper-
iments in Section 6.3.

An Yb-doped DMF rod fiber 120 cm in length with a core diameter
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Figure 5.2: Transmission measurement of a passive DMF rod fiber with
85 pum core diameter. The measurement shows several interference pat-
terns and indicates a SM region in the range 1050 — 1070 nm. Sketched
effective mode indices of the FM and higher order core modes together with
the band of cladding modes as a function of wavelength are illustrated in
the same figure. NF images for different guiding regimes are also shown.
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Figure 5.3: Sketched illustration of the evolution of guided regions as the
refractive index of the core is increased (low and high power operation).

of 85 pum and an estimated NA ~0.01 was manufactured. The size of the
pitch was 15.0 pm and the air-hole to pitch size ratio was 0.1. The fiber
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had a pump cladding diameter of 267 pm with 0.6 NA and the cladding
pump absorption was ~ 27 dB/m at 976 nm. The active rod fiber was
SM in the range 1030 — 1045 nm. Figure 5.4 shows the SM behavior of
the rod fiber, when an input beam at 1032 nm was moved along the
x- and y-axis. No HOMs are excited at 1032 nm when the input was
misaligned.

Figure 5.4: NF images of the Yb-doped DMF rod fiber at 1032 nm wave-
length. The input beam is moved along the x (top row) and y (bottom
row) direction and no HOMs are excited.

5.2 Experiment setup

A fiber laser cavity setup was used to test the performance of the DMF
rod fibers in the continuous wave (CW) and Q-switched, high pulse en-
ergy regimes. The experimental setup, illustrated in Fig. 5.5, consists
of a CW 976 nm pump diode with a 400 pum core diameter delivering
200 W of optical power, followed by a PCF DMF rod fiber, having pol-
ished end facets at angles of 5° (HR) and 0° (OC) (without end caps).
An acoustic-optical-modulator (AOM) was employed when operating in
a Q-switched regime. The laser cavity was formed by using either a
highly reflective (HR) mirror with spectrally flat response or a volume
Bragg grating (VBG) operating at 1030 nm and the 4 % end facet re-
flection at the output end. The length of the rod was 75 cm and the
pump light was double passed through the rod fiber. In these experi-
ments a commercial M? measurement device (DataRay Inc, WinCamD
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+ M2DU M2) with a standard 4 Sigma M? calculation routine was used
to determinate output beam quality.
A pinhole positioned after the end facet of the rod fiber was used
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Figure 5.5: Schematic of the high power fiber laser cavity setup.

in order to quantify the ratio between core and cladding light and to
investigate the guiding dynamics of the core. In all measurements, the
pinhole was used to suppress cladding light and all the reported power
values represent only the core signal power.

5.2.1 Continuous wave laser cavity measurements

No HOMs were observed when the rod fiber was operated in a CW laser
cavity configuration using a flat HR mirror and the end facet as a cavity
feedback. The output beam was stable with close to diffraction limited
beam quality, having M? values less than 1.4. In this configuration the
lasing wavelength is not locked and lasing was observed to occur within
a wide wavelength range between 1024 — 1047 nm. A portion of the ob-
served lasing is spectrally outside of the previously measured SM regime
of the DMF fiber, leading to degradation of the M? number. Spatial or
spectral filtering is required to fully obtain a diffraction-limited beam
with M? approaching 1. Figure 5.6 shows an optical slope efficiency
measurement including NF and far-field (FF) images recorded at 110 W
output power. The slope efficiency was measured to be 62 % and was
calculated using the measured core signal power versus the available
pump power. The light intensity in the cladding region was manage-
able, increasing from 5 % to 18 % while the pump power was increased
from 23 W up to 210 W.
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Figure 5.6: Slope efficiency measurement of the DMF rod fiber, in a laser
cavity (CW) configuration formed with a flat HR mirror. Insets show NF
and FF images at 110 W output power level.

5.3 High pulse energy generation

An AOM was inserted into the cavity and a flat HR mirror and the feed-
back from the end facet was used to form the cavity. Again, very stable
and near diffraction limited beam quality was achieved up to 104 W
of average output power with 100 kHz repetition rate, corresponding
to pulse energies of ~1 mJ. With low repetition rates (10 — 30 kHz)
pulse energies up to 2.7 mJ were obtained, resulting a peak power of
~200 kW. To avoid damages at the fiber facets the maximum pulse en-
ergy was limited to 2.7 mJ. The damage threshold level of the facets
was experimentally observed to occur at pulse energies of ~ 3.0 mJ.
The slope efficiency was measured to be 57 % at 100 kHz repetition
rate, shown in Fig. 5.7 and the temporal pulse width was measured to
be 21 ns at the highest output power level. The beam quality was fairly
consistent at all power levels and NF and FF images at 80 W output
power are shown in Fig. 5.7. The M? values were typically around 1.2
except at high output power levels, over 75 W, where the light guided by
the DMF elements caused an increase of the measured M? values. This
is caused by the high amount of cladding light due to parasitic lasing
outside of the SM regime of the DMF rod fiber. If a spatial filter is used
at the output, a smaller M? number can be achieved.
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Figure 5.7: Slope efficiency measurement of the DMF rod fiber, in a Q-
switched laser cavity configuration formed with a flat HR mirror. Insets
show NF and FF images at 80 W of average output power level. The slope
efficiency measurement was performed at 100 kHz repetition rate and the
temporal pulse width was measured to be 21 ns at the highest power level.

5.3.1 Wavelength locking

The flat HR mirror was replaced with a VBG exhibiting a high reflectiv-
ity at 1030 nm (0.4nm spectral range). Again, the DMF rod fiber was
tested with various repetition rates up to 200 kHz and up to pulse en-
ergies of 2.0 mJ (at 10 kHz), which was set as a limit in order to avoid
damage to the end facets. No beam quality degradation was observed at
the various repetition rates used up to 47 W of average output power.
M? values were always measured to be <1.1. However, an abnormal
behavior was observed at high output power levels. Above 47 W, the
output power started to decrease when the pump power was increased.
The same behavior was observed with the CW configuration as well but
at a slightly higher output power level of 69 W. The threshold level of
this behavior seemed to depend on the applied laser cavity configuration
and shows that the spatial phase distortion introduced by the thermal
load in the VBG cannot be perfectly filtered out by the short piece of
rod fiber used in the cavity.

The measured slope efficiency was 51 %, shown in the inset of
Fig. 5.8. The same figure shows the recorded NF and FF images at
33 W average output power level. Improvement on the recorded NF
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Figure 5.8: Recorded output spectrum of the laser cavity at 33 W of
output power at 20 kHz repetition rate and temporal pulse width of 14 ns;
spectral FWHM ~0.4 nm. The inset shows a slope efficiency measurement
together with NF and FF images at 33 W of average output power. The
slope efficiency measurement was performed at 20 kHz repetition rate and
temporal pulse width of 14 ns at the highest power level.

images compared to the earlier experiments was observed due to the
wavelength locking of the VBG. The lasing occurs at the wavelength
which is fully within the SM region of the DMF rod fiber. The spectral
width was measured to be ~0.4 nm at 33 W average output power at
20 kHz repetition rate and 14 ns temporal pulse width.

The Q-switched laser cavity configuration provides high peak and
average power with a good spatial and spectral brightness and therefore
efficient high power harmonic generation can be performed. The relation
between spectral brightness of a source Bgpectrqr and spatial brightness
Bpatial is described by the following formula:

B _ Bspatial _ é ~ 4P
spectral AN AN 7TMFD2NA2A\

where A\ is the linewidth, P is the output power, MFD is the mode-field
diameter of the output beam, € is the far-field solid divergence angle of
the output beam and NA is the numerical aperture of the core. The spec-
tral brightness of the fiber laser was calculated to be 125 W/ um? / nm.

(5.1)
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Figure 5.9: Maximum obtained average power and pulse energy of the
SM DMF rod fiber after SHG at 515 nm as a function of pulse repetition
rate.

5.3.2 Harmonic generation

Non-linear Lithium Triborate (LBO) crystals were inserted after the rod
fiber in order to evaluate the laser cavity output via second-harmonic
generation (SHG) and third-harmonic generation (THG). For SHG a 20-
mm long LBO crystal with non critical phase matching was used. Two
critically phase matched 15 - mm long LBO crystals in a row were used
for THG [91, 92]. The crystals were antireflection coated and placed
inside a temperature controlled oven. The output beam from the laser
cavity was focused down with a ~200 pm beam diameter at the beam
waist within the crystal.

Second harmonic generation experiments

Stable SHG signal up to 23 W of average output power at 30 kHz repeti-
tion rate was achieved. A single-stage QQ-switched rod fiber laser deliv-
ering record high pulse energy of 1 mJ at 515 nm at 10 kHz repetition
rate and 13 ns temporal pulse width was demonstrated. The maximum
obtained average power and pulse energy after SHG is shown in Fig. 5.9.

The system was operated at the highest possible power level for
~10 min and no power or beam quality degradation was observed.
The conversion efficiency from IR to green light was 48 %, as shown
in Fig. 5.10(a). The beam quality was near diffraction limited with
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Figure 5.10: (a) Slope efficiency of the harmonic generation from IR to
green light. (b) Typical M? measurement results after SHG, with 0.7 mJ
pulse energy, 10 kHz repetition rate and 14 ns temporal pulse width.

M? <1.1, shown in Fig. 5.10(b). The beam quality measurement was
recorded at 0.7 mJ pulse energy at 10 kHz repetition rate and 14 ns
temporal pulse width.

Third harmonic generation experiments

High pulse energy of generated UV light at 343 nm from a fiber source
was measured in THG experiments. A stable output beam with near
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diffraction limited beam quality up to 500 pJ, 400 pJ and 300 pJ was
achieved at 10 kHz, 20 kHz and 30 kHz repetition rates, respectively, as
shown in Fig. 5.11. The temporal width of the pulse at the maximum
output power, increased from 11 ns to 16 ns when the repetition rate
was increased from 10 kHz to 30 kHz.
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Figure 5.11: Third harmonic generation at 343 nm with different repe-
tition rates.

5.4 Summary of chapter 5

This chapter introduced the new PCF rod fiber design possessing effective
HOM suppression called a DMF rod fiber. This rod fiber design is a
PBG fiber design and in some certain wavelength ranges the modes in
the core couple to the cladding band e.g. SM operation is maintained,
formed by high index resonator elements in the cladding. An Yb-doped
rod fiber was used in a laser cavity and operated in CW and Q-switched
configurations. SM operation of the rod fiber enabled simultaneously
good beam quality with high average power and pulse energy generation
using a simple laser configuration. In the last section, the output of the
laser was used to generate harmonic frequencies resulting in record high
pulse energies at visible (515 nm) and UV (343 nm) wavelengths up to
1 mJ and 500 uJ, respectively, from a single stage Q-switched fiber laser.



Chapter 6

High power rod fiber
amplifier

Recently, experimental and theoretical studies have shown beam quality
degradation of large mode area (LMA) fiber lasers and amplifiers when
operating at high average power levels [69, 93-98]. This manifests
as severe mode instabilities (Mls), occurring at some threshold level
which seems mostly depend on the effective area and inversion pro-
file [94, 95, 97]. The cause of MIs are still under discussion and the
earlier described large pitch fiber (LPF) fiber design in Section 2.4.1 has
pushed output power levels out of LMA fiber higher before the onset of
MIs are observed [43, 44].

In this chapter a high power fiber amplifier configuration is used
to study the properties of distributed mode filtering (DMF) rod fibers
under high power operation. First, a high power seed source at 1032 nm
is constructed and characterized together with a high power pump
module delivering up to 600 W of output power at 976 nm. Then, the
DMF rod fibers are tested under active operation. The mode quality and
power conversion efficiencies are reported and a study of the thermally
induced refractive index change in the core by identifying a distinct
movement of the edge of an photonic bandgap is included. In addition,
MIs in high power fibers are discussed and the limits of DMF rod fibers
are tested. An improved performance, a memory effect and increase of
the MI threshold level is shown by operating the rod fiber in a special
guiding regime.
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6.1 High power rod fiber amplifier experiments

The high power rod fiber amplifier configuration consists of a high power
seed source and a rod setup. The seed source for the rod setup consists of
a master oscillator power amplifier (MOPA) comprised of a mode-locked
seed source and a several-stage fiber amplifier chain, the final of which
is built using free-space optics. The rod housing was purchased from an
external supplier and it consisted of the necessary mechanical and optical
components to operate rod type fibers in an amplifier configuration and
fit the requirements of this thesis work.
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Figure 6.1: Output power of the ps-seed source and the measured signal
core-to-cladding ratio.

6.1.1 High power seed source and pump module

The rod seed source deliveres a linearly polarized signal with ~30 ps
pulses at 1032.2 nm at a 40 MHz repetition rate. The seed source gen-
erates a signal via a mode-locked ps seed laser, and the signal is passed
through several all-fiber amplification stages which maintain the spec-
tral and temporal pulse characteristics. The last fiber amplifier before
the rod, the photonic crystal fiber (PCF) amplifier, is constructed using
a 3-m long ytterbium (Yb)-doped single-mode (SM) PCF. The fiber has
a core diameter of 40 pm and is backward pumped through a 200 pm
cladding with a multi mode (MM) pump at 976 nm. This fiber is the
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same as in the earlier modal characterization experiments in Section 4.1
and therefore provides a SM, linearly polarized output beam. The signal
is amplified from ~1 W up to 17 W in this stage and the pulse shape is
maintained without any indication of non-linearities or amplified spon-
taneous emission (ASE).

The efficiency of the PCF amplifier is only moderate (max ~51 %
optical to optical), shown in Fig. 6.1, due to the fact that the pump
module is operated away from the optimal temperature. This of course
detunes pump laser the emission wavelength and the main absorption
peak of Yb ions is not utilized, reducing overal pump absorption of the
fiber. The pump module is cooled with the same water line as the main
base plate of the rod setup, which requires cooling water of ~20 °C. The
signal core-to-cladding ratio out of this amplification stage is as high as
98 %, shown in Fig. 6.1.

The PCF amplifier has a 10 dB spectral width of ~0.5 nm and
~0.7 nm at 1.2 W and 16 W of average output power level, respec-
tively, as shown in Fig. 6.2. The maximum seed power is limited by
the available pump power. The output of the PCF amplifier is coupled
to the rod fiber through a high power free-space isolator via free-space
optics. Therefore, the seed source exhibits a high polarization extinction
ratio (PER) of ~24 dB.

The rod fibers are pumped in counter-propagating direction with a
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Figure 6.2: Measured spectra of the ps-seed source at different average
output power levels.

pump module delivering up to 600 W of pump power (976 nm, 400 pm,
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Figure 6.3: (a) Measured output power of the pump module, the coupled
power into the rod fiber and center wavelength of the pump module. (b)
Measured spectra of the pump module at different output power levels.

0.22 NA) shown in Fig. 6.3(a). The same figure shows the measured
coupled power into the rod fibers. The coupling efficiency was measured
using a passive double clad rod fiber with the same cladding diameter
as the active rod fibers used in the experiments. The coupling efficiency
is rather low, reaching only a maximum of ~83 % , shown in Fig. 6.3(a)
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which is caused by losses through the optics and imperfect pump fiber
imaging.

The pump module is not wavelength stabilized and therefore the cen-
ter wavelength of the pump shifts when the pump power is increased,
shown in Fig. 6.3(b). The pump module is water cooled and the temper-
ature of the water is optimized to ~30°C to obtained maximum pump
absorption at the pump power level of ~360 — 430 W as the most of the
experiments only require a maximum pump power of less than the de-
signed output power of 600 W. The pump module has a spectral width
of ~3 — 5 nm and the center wavelength moves from ~970 nm to 978 nm,
as shown in Fig. 6.3, when the pump power is increased from 27 W to
527 W, respectively.

6.1.2 High power rod setup

Figure 6.4 shows the schematic of the entire high power rod amplifier
setup. Both the pump and the signal are single-passed through the rod
fiber. The output of the rod fiber is sampled for beam diagnostics and
a CCD camera (Spiricon GRAS20, frame rate ~20 Hz) is used to verify
the beam quality. Two different Yb-doped double-clad DMF rod fiber
designs were used for experimentation which were manufactured to be
SM in two different wavelength regions, one at 1030 — 1045 nm, hereafter
referred to as DMF1030, and the other at 1050 — 1070 nm, referred to
as DMF1064. The DMF rod fibers have a core diameter of ~85 pm, an

High power seed at 1032.2nm Yb-doped PCF (40 um core diameter)

llsolator
Rod fiber

AN K Power
\ % meter

Rod setup

Figure 6.4: Schematic of the high power rod amplifier setup.

estimated core numerical aperture (NA) of ~0.01 and a pump cladding of
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265 — 270 pm with ~0.6 NA. The length of the DMF rod fibers is 90 cm
and the pump absorption is ~27 dB/m (nominal) at 976 nm. Both
of the ends are prepared with AR-coated end caps. When high power
experiments are performed the rod fibers are placed inside a V-groove
in an aluminum holder and covered with a thin sheet of copper. The
aluminum holder is water cooled through a base plate and a copper sheet
on top of the rod fiber provides a small amount of heat dissipation along
the rod length as well as a method by which the rod is mechanically
secured.

6.1.3 Power conversion efficiency and mode quality

In the first test a seed power of 1.1 W was amplified and the slope ef-
ficiency up to the onset level of mode instability (MI) for the two DMF
rod fibers shown in Fig. 6.5 was measured. Both of the rod fibers have
>T70 % slope efficiency but the threshold level of MI is different. At
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Figure 6.5: Slope efficiency measurement of the DMF1030 and the
DMF1064 and recorded output spectra at the maximum output powers.

~150 W of output power the DMF1030 start to suffer from MI but for
the DMF1064 the MI threshold level is not observed until output reaches
216 W. The method described by Eidam et al. [94] was used to iden-
tify the MI threshold level, which is described as the power level where
the output beam quality shows a first sign of a temporal change from
single mode to a random temporal movement. This method requires a
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fast detection device to fully resolve the first temporal changes of the
beam quality. The CCD camera used in the experiment had a frame
rate of ~18 Hz but still provides a repeatable way to compare different
rod fiber samples within +£10 W repeatability. Spectral broadening of
the amplified signal is small and the measured output spectra have a
10 dB spectral width of ~0.9 nm (FWHM ~0.3 nm), shown in the inset
of Fig. 6.5.

When the DMF1064 is seeded with a 1032 nm signal it operates in
a leaky waveguide regime, where the fundamental mode (FM) is partly
coupled to the DMF elements and has high confinement loss. At low out-
put power levels (<50 W), the core mode appears to be leaky with high
amount of cladding light, but becomes more confined at higher output
power levels (>80 W), as shown in Fig. 6.6(a). This can also be observed
from the signal core-to-cladding ratio measurement, shown in Fig. 6.6(a),
which shows that the core light increases from 60 % to 93 % with in-
creasing power. The increased confinement loss at low power levels also
decreases the measured slope efficiency at low power levels, as shown in
Fig. 6.5. This indicates that the confinement loss decreases with increas-
ing output power levels, which is caused by a thermally induced change
in the refractive index profile. As the DMF1064 is operated in the leaky
regime at low power levels and as the power is increased, the thermal
load will raise the refractive index of the core and the DMF filtering effect
is blue shifted. The guiding dynamics of the DMF rod fibers under high
power operation and a thermally induced refractive index change will be
discussed more in Section 6.3.

The DMF1030 is operated in the SM guiding regime at all the power
levels and therefore the confinement loss is low. The measured signal
core-to-cladding ratio, except at very low power (<10 W), is within the
range of 90 — 97 % and the mode appears to be well confined in the core,
shown in Fig. 6.6(b).
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Figure 6.6: Measured signal core-to-cladding ratio and recorded evolu-
tion of the NF image quality at different signal (1032nm) output powers
for two DMF rod fiber (a) DMF1064 and (b) DMF1030.

6.2 Modal instabilities in high power operation

An example of MIs is shown in Fig. 6.7, where below the MT level the beam
quality appears SM but above the threshold level beam quality becomes
unstable and several modes are seen. One possible cause of MIs is the for-
mation of inversion and/or thermal long-period grating (LPG) formed by
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the interference between the FM and higher order modes (HOMs), which
can be supported by a SM waveguide under strong thermal load [95, 97].
Gain and therefore inversion plays a vital role on the formation of this
LPG and thereby gain dynamics will change the onset level of MIs [94].
A 101 cm long, new DMF1064 rod fiber was tested with a much high

Figure 6.7: Mode field images of output from the DMF1030 rod below
and above the MIs threshold level. (a) below (<150 W) an (b)-(f) above
the threshold level (>155 W).

seed level of 15 W. With these conditions, an average output power level
of 292 W was reached before the onset of MIs was observed. The mea-
sured slope efficiency is high at 73 % and the mode quality is good below
the MI level, shown in Fig. 6.8. As observed earlier, the confinement loss
is high at low output power levels and thereby the slope efficiency below
100 W of output power level is low at 39 %. This can also be partially
attributed to the pump spectrum missmatch. The inset of Fig. 6.8 shows
the measured output spectrum at the highest power level. The amplified
signal experiences a small amount of spectral broadening with a 10 dB
spectral width of ~1.1 nm at maximum output power (full width half
maximum (FWHM) ~0.3 nm).

6.2.1 Memory effect

As the experiment was repeated multiple times, a decrease in the MI
threshold level was observed. This indicates that the fiber possesses a
memory effect, possibly because the LPG grating has a component which
is of a permanent nature. A permanent inscription of index changes by
high-power radiation could be related to the color-center formation com-
monly associated with photodarkening phenomena. A set of measure-
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Figure 6.8: Slope efficiency measurement of the DMF1064 with 15 W of
seed power level, recorded mode field images and spectrum at the maxi-
mum output power level.

ments on the DMF1064 rod fiber was performed where the MI threshold
level was obtained ten times while allowing the system to cool down
~1 min between each test. The level of the MI threshold lowered from
~292 W down to ~230 W after a few tests and stabilized around 230 W.
If the formation of the LPG is linked to color center formation, it can
be, with some limitations, removed by bleaching either thermally or op-
tically [99]. Therefore, the rod fiber was exposed to blue irradiation
(405 nm, ~20 mW) from a laser source. Light from the laser source was
coupled into the pump cladding of the rod fiber through the end-facet
and exposed for 20 hours. After the photo-bleaching, the earlier test
was repeated. The MI threshold level recovered and was back to the
originally observed level of ~285 W but once again the level decreased
when the experiment was repeated, as shown in Figure 6.9. Error bars
in the figure shows the uncertainty of those measurements caused by the
slow detection system used (10 W). It seems that photo-bleaching can
remove the formed LPG grating (or at least part of it) but the photo-
bleaching is reversible process and it will not prevent future formation
of the LPG grating [99].
Self-recovery of the MI threshold level was tested by storing the
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Figure 6.9: Development of the MI threshold level of a pristine rod fiber
and after photo-bleaching it with blue laser source (405 nm, 20 mW,
20 hours). Error bars £10 W represent the uncertainty caused by the
slow detection system.

rod fibers in closed plastic bags and testing those rod fibers to find the
MI threshold level after a certain time. No recovery of the MI threshold
level was found for the samples stored for few days to a few weeks. The
MI threshold level was always measured to be the same before and af-
ter storing the rod within the uncertainty limit of the detection system.
The only working method discovered in this work to recover rods to their
initial state and increase the MI threshold level was found to be through
photo-bleaching. Depending on the glass composition, other means for
photo-bleaching can also be implemented, such as bleaching simultane-
ously under active operation, photo-bleaching at different wavelengths
or incorporating thermal bleaching.

6.3 Photonic bandgap movement under high
power operation

The movement of the photonic bandgap edge using a DFM1064 rod
fiber (101 cm long) was measured by seeding the rod fiber with an ASE
source with 1.1 W of input signal and varying the pump power. Fig-
ure 6.10 shows the input ASE signal spectrum and typically measured
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output spectrum of two rod fibers with similar parameters (core diam-
eter, pump absorption, doping level), one without (reference rod fiber)
and one with the DMF elements. The spectrum obtained from the rod
fiber with DMF elements (DMF1064) shows clear edge of the photonic
bandgap in the leaky wavelength regime at ~1040 nm, while the output
spectrum from the rod fiber without the DMF elements is smooth with-
out any indication of photonic bandgaps.

The output spectrum was measured at different signal power levels
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-33 7] — = Reference rod output (no DMF elements)
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Figure 6.10: Measured spectrum of the input ASE signal and output
spectra of two different rod fibers, one without DMF elements and one
with DMF elements (DMF1064) under the same pumping conditions. The
DMF1064 shows clearly resolved edge of the photonic bandgap in the leaky
wavelength regime at ~1040 nm.

up to ~160 W and a 6 dB power criteria was used to identify the edge
of the photonic bandgap, as shown in Fig. 6.10. The measured output
spectra were subtracted from the input spectrum and gain induced pho-
tonic bandgap blueshift was corrected using a reference gain profile for
each power level. The reference gain profiles were obtained from a refer-
ence rod fiber without the DMF elements. Without the gain correction,
the measured photonic bandgap position would be more blue shifted as
increasing Yb gain peaks at 1030 nm.
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Figure 6.11: Normalized output spectra of the DMF1064 at different
output power levels.

6.3.1 Thermally induced refractive index change

The movement of the photonic bandgap is a clear evidence of a thermally
induced refractive index profile change of the rod fiber. The thermal load
is highest at the output end of the rod fiber and declines toward the in-
put end, and therefore the photonic bandgap blueshift is gradual along
the fiber length. The measurement thereby shows an effective photonic
bandgap position and not the absolute or local photonic bandgap posi-
tion as the edges of the photonic bandgap are broadened. Figure 6.11
shows normalized output spectra of the DMF 1064 at five different output
power levels. The edge of the photonic bandgap moves from ~1043 nm
to ~1035 nm when the signal power increases from 0.5 W to 157.1 W
(6 dB power criteria). This measurement shows that the guiding dy-
namics of the DMF1064 change from leaky at low power operation to
almost SM guiding at high power operation if a signal centered at a
wavelength of 1032 nm is considered. However, the observations in Sec-
tion 6.1.3 (signal core-to-cladding measurement) indicated that already
above 80 W of output power the DMF1064 guides in the SM regime as
is evidenced by an increasing core-to-cladding ratio. This is caused by
the gain dynamics of a backward pumped system; the highest amount of
gain is imparted to the signal at the output end of the rod, and therefore
the signal core-to-cladding ratio is affected more by the local photonic
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bandgap position at the end of the rod fiber.

To obtain an estimate of the thermally induced refractive index
change, a circular symmetric step-index fiber approximation of the DMF
rod fiber was simulated using a beam propagation model, taking trans-
verse hole-burning and the thermo-optical effect into consideration [69].
A core NA of 0.016 and core diameter of 60 um was chosen to match
the mode field diameter (MFD) of the actual DMF fiber FM, and the Yb
concentration in the core was chosen to provide 27 dB/m pump absorp-
tion at 976 nm. The simulated rod fiber length was 1 m and the seed
level was constant at 1 W. The pump power was altered in nine steps
from 10 W to 200 W yielding signal levels from 6 W to 153 W. The
boundary condition for the calculation of the thermal profile was chosen
to be a Dirichlet boundary condition, in which the temperature at the
fiber surface was fixed at room temperature.

Three examples of simulated thermally induced index change pro-
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Figure 6.12: The simulated thermally induced refractive index profile
of a circular symmetric fiber with similar properties as the DMF rod fiber
used in the experiments with signal power level of (a) 38 W, (b) 97 W and
(c) 153 W.

files are plotted on the same color scale for the change in refractive index
An from 0 to ~ 1.5 - 10~* in Fig. 6.12 with signal output power levels
of (a) 38 W, (b) 97 W and (c) 1563 W. The largest change in refractive
index occurs at the center of the core and diminishes as a function of
radius. The change of the refractive index An at the end of the rod
fiber is determined as the difference in the refractive index at r = 0 and
r = 54 pm for z = 1 m. The outer radius of r = 54 pum was chosen be-
cause the first ring of resonators (DMF elements) are located at a mean
radius of 54 pm, which means that change of the refractive index is an
approximation of the refractive index difference between the first ring
of resonators and the center of the core. The change in the refractive
index is only applied to the hexagonal core, shown in Fig. 6.13(a) as a
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step-index profile. The photonic bandgap in the DMF rod fiber occurs
because of the DMF elements, which implies that temperature difference
between these elements and the core becomes the dominating reason for
photonic bandgap movement caused by a thermally induced refractive
index change.

Cross-sections of the DMF rod fiber were modeled numerically us-

An
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Wavelength [nm]
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Figure 6.13: (a) The modeled cross-section of a DMF rod fiber with
indication of the zero level from the thermal simulations to estimate An.
(b) The ¥M photonic bandgap edge movement as a function of wavelength
for 10 different signal power levels.

ing the finite-element method and assuming harmonic modes for the
z-component, where the thermally induced change in refractive index of
the core An was integrated. The cross-section is symmetrical along the
horizontal and vertical axes, and each subdomain is specified by setting
the refractive index, as shown in Fig. 6.13(a). The air cladding of the
DMF rod fiber is represented by one outer ring having an NA = 0.6.
From these simulations the core overlap of the FM as a function of wave-
length was determined for An = 0 and for nine computed non-zero
index differences (An > 0) obtained from thermal simulations, shown in
Fig. 6.13(b). The FM couples to the resonators inside the inner cladding
structure when the wavelength decreases, thereby decreasing the overlap
in the core. However as the signal power level increases as a result of
increasing pump power the position of the simulated photonic bandgap
edge is blue shifted, which agrees well with the experimentally observed
trend. The results of these simulations estimate the theoretical guiding
regime of this DMF rod fiber design.

The position of the photonic bandgap edge is estimated to be the
wavelength at which the the core overlap is reduced to 50 %. This is
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shown in Fig. 6.14 together with the experimental estimation of the pho-
tonic bandgap edge as a function of output power level. For low output
power levels the experimental and simulated positions of the photonic
bandgap edge match but as the signal power level increases the simu-
lated results estimate a larger photonic bandgap edge shift. Both the
simulated and experimentally determined photonic bandgap edge shift
show linear bahavior when plotted versus optical output power of the
rod fiber; however, in the case of measured photonic bandgap edges, the
shift deviates from this linearity at high output power levels. This could
be an indication of saturation of the photonic bandgap edge position. At
the moment, the saturation effect of the photonic bandgap edge position
is not fully understood.
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Figure 6.14: Measured and simulated position of the photonic bandgap
edge with respect to output power level.

6.3.2 Discussion on temperature induced refractive index
change

The position of the simulated and measured photonic bandgap edges ex-
hibit different linear behavior because the simulations represent a local
photonic bandgap at the end of the rod fiber and the measured results
are of course effectively an average photonic bandgap edge shift over the
length of the entire rod fiber. In the simulations an increased homoge-
neous refractive index profile along the entire rod fiber length is used for
each output power level, but this does not take into account the thermal
gradient due to uneven pump absorption along the rod fiber length.
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Typically, measuring a core temperature of an active fiber or rod fiber
is difficult or impossible. It may be necessary in the future to develop a
method to measure the temperature of the core as new high power fiber
designs with extremely large effective areas are developed and as higher
average power levels are demanded from active fibers. As most of active
fiber designs are made to support only one or a few modes, even a small
increase in the refractive index of the core will shift the fibers toward a
multimode regime and cause the fibers to support an increasing num-
ber of modes, thereby decreasing the beam quality. Therefore, DMF rod
fibers have a unique property where thermally induced refractive index
changes can be calculated via the measured position of the photonic
bandgap edge.

Both experiments and simulations support the theory that the shift
in behavior of DMF rod fibers originates from a thermally induced re-
fractive index profile change inside the rod fiber. Simulated results can
be greatly improved by adding complexity to the model to better match
experimental conditions, such as by altering the step-index model to
take into account the full DMF structure including complications of the
boundary conditions imposed by the air-cladding. Also, overestimation
of the photonic bandgap edge position at high signal power levels can be
corrected for using a decaying refractive index profile along the rod fiber
length and including the full DMF structure in the simulation. In addi-
tion, only the index inside the hexagonal core, shown in Fig. 6.13, was
increased using a step-index like profile and the index of the cladding
where the DMF elements reside was not changed. In reality the modes
inside the core experience a thermally induced refractive index profile
which has a maximum at the center of the core and decreases towards
the edge of the core.

The above mentioned improvements will of course increase the com-
plexity of the model and increase the computation time significantly but
these changes are feasible to implement. Enhanced simulations should
decrease the deviation between simulated and experimental results and
provide a great tool to further investigate the exact temperature and
refractive index profile inside DMF rod fibers.

6.4 Summary of chapter 6

This chapter introduced a high power rod amplifier setup together with
the characterization of the seed source and high power pump module.
The rod setup was used with SM DMF rod fibers and this configuration
delivered average output powers up to 292 W before MIs were observed.



80 High power rod fiber amplifier

MIs in high power fibers were discussed and an improvement of 44 %
output power increase before the MI threshold level was observed by
operating the rod fiber in a leaky wavelength regime (at low power).
In addition, a memory effect of the MI threshold level was discussed
and a photo-bleaching recovery methods was described. The guiding
dynamics of DMF rod fibers were discussed both in experiments and
simulations. Finally, a thermally induced refractive index change in the
core was reported. A shift of the photonic bandgap edge from 1043 nm
to 1035 nm was observed when the signal power level was increased
from 0.5 W to 160 W. A new method to quantify the thermally induced
change in the refractive index profile in the core was discussed.



Chapter 7

Conclusion

Optical fibers have become a significant part of modern society from
their implementation in telecommunications networks to various
materials processing methods. New developments, especially in rare
earth (RE)-doping of fibers and in fiber designs, have opened the door for
a wide range of new applications and power scaling efforts of fiber lasers
and amplifiers. Various fiber designs delivering up to multi-kilowatts of
output power with single-mode (SM) operation have been demonstrated.
However, non-linear effects imparted by the fiber set the limit of max-
imum pulse energy and peak power generation or amplification and
thereby a larger effective core area (A.ss) is required to mitigate these
non-linear effects. Maintaining SM operation in fibers with very large
A.ss requires extremely low core numerical aperture (NA), which in turn
requires extremely high index precision, which can make manufacturing
quite difficult. The implementation of photonic crystal fiber (PCF)
technology has enabled the engineering of fiber designs with core
diameters up to 100 pym while simultaneously providing more effective
methods to suppress higher order modes (HOMs). With these novel
designs, traditional methods of determining beam quality generally
do not provide enough information and new methods to quantify the
modal content of fibers are required. In addition, new fiber designs
with more effective HOM suppression over a short propagation length
and acceptable manufacturability yield are required as well.

This dissertation presented an experimental study of modal char-
acterization methods within waveguides and the development and
characterization of a new SM large mode area (LMA) photonic
bandgap (PBG) PCF rod fiber design.
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SM properties of a flexible ytterbium (Yb)-doped PCF with a 40 ym core
diameter were evaluated using spatially and spectrally resolved (S?)
imaging under various input coupling conditions. The input beam under
offset input coupling conditions had little overlap with the fundamental
mode (FM) of the fiber under test and thereby HOMs were deliberately
excited. An S? imaging setup was constructed and calibrated against
a standard cut-off wavelength measurement before the SM properties
of a PCF were evaluated. The PCF exhibited SM operation under a
coiling diameter of 28 cm and HOMs were suppressed ~21 dB below
the FM, even under extreme offset input coupling condition. However,
as the $? imaging method relies on a spectral interference between the
supported modes of the core it has its limitations and cannot be used
for example to measure modal content of modes having similar weights
or fibers with very large cores. Another modal characterization method,
cross correlated (C?) imaging, which is free of the limits of S? imaging
was used to study guiding dynamics of a new rod type fiber, a fiber
developed during this thesis work (85 pum core diameter). Resonant
coupling of the HOMs between the core and the cladding band was
observed and reported using C* imaging to investigate the underlying
mechanism of SM operation within this fiber design.

This new rod fiber design is a PBG PCF design utilizing distributed
mode filtering (DMF) elements in a cladding structure (high index
inclusion), which impart special guiding regimes within the core. The
DMF elements provide a mechanism for resonant coupling between the
core and the cladding of the rod fiber. Because of the wavelength
dependence of this coupling this fiber design has a wavelength range
where only the FM is guided in the core and HOMs are supported within
other wavelength ranges. Also, there exists a regime where no modes
are fully guided in the core (leaky regime). This DMF rod fiber design
was successfully used as the gain medium within a laser cavity and
operated in continuous wave (CW) and Q-switched configurations. SM
operation of the rod fiber resulted in simultaneously near diffraction
limited output beam quality with high average power and pulse energy
generation using simple laser configuration. The laser exhibited narrow
output spectra, yielding high spectral brightness and together with high
spatial brightness provided excellent conditions for efficienct harmonic
generation. As a result, record high pulse energies at visible (515 nm)
and UV (343 nm) wavelengths up to 1 mJ and 500 pJ, respectively
were reported from a single stage Q-switched fiber laser cavity.

In order to study gain and guiding properties and mode insta-
bilities (MIs) under high power operation of DMF rod fibers, a high
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power rod amplifier setup was constructed. A high power seed source
delivering ~30 ps pulses at 1032.2 nm with up to 17 W of average
power was implemented. The DMF rod fibers were then tested up to the
MI threshold level and power conversion, efficiency and mode quality
were measured and reported. The MI threshold level diminished as it
was reached repeatedly, caused by the permanent nature of generation
of a developing long-period grating (LPG). A photo-bleaching method
using UV light at 405 nm was described and utilized to restore the MI
threshold level back to its original value.

Under high power operation the refractive index of the core is
modified by a thermally induced refractive index change. An increase
of the MI threshold level (44 % increase) was measured and reported
by using a DMF rod fiber in the leaky regime at low power and taking
advantage of the change in guiding dynamics due to the heat load
generated within the core which shifts the rod fiber to the SM guiding
regime at high power levels. An average power level of 292 W with near
diffraction limited beam was achieved before the MI threshold level was
observed. The thermally induced refractive index change was explored
by measuring the bandgap positions of the DMF rod fiber using a broad
band input signal at various output power levels. The bandgap position
for the particular fiber design experienced a shift of over 12 nm, as was
reported.

7.1 Future work

An S? imaging setup was developed and successfully used to examine SM
properties of flexible PCF fiber with a 40 pum core diameter. However,
the method fails for fibers with very large core diameters. C? imaging
was employed on a DMF rod fiber having core diameter of 85 um. C?
imaging is a less mature modal characterization method, and as the ex-
periments were performed at Boston University, Boston, USA, it would
be essential to develop the method locally at DTU Fotonik, Kgs. Lyngby,
Denmark, to explore the method further and find a deeper understand-
ing of possible limits and capabilities of this method. The performed
experiments only gave a small glimpse into what the method is capa-
ble of. The method would greatly benefit the development of very LMA
fibers, especially in the area of verification of SM operation as well as
in the characterization of other properties such as group delay or/and
dispersion of the modes under thermal load.

The DMF rod fiber design was successfully used under active con-
figurations with near diffraction limited output but a few important
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parameters were not characterized e.g. polarization maintaining and
long-term reliability of the output power and mode quality. The DMF
rod fiber has no polarization maintaining elements but as the high-index
elements have no circular symmetry around the core and due to the small
mechanical stresses or form birefringence induced in the core during the
drawing process the rod fiber can maintain the state of polarization in
a certain orientation. However, as the polarization properties and long-
term reliability are vital for future commercial use of DMF rod fibers they
should be carefully investigated. Also, MIs during high power operation
were only brief explored and requires more study, both experimentally
and theoretically as MIs seem to be the most dominant limiting factor of
future power scaling efforts of fibers with very large core diameters. The
thermally induced refractive index change in the core of DMF rod fibers
was measured but simulations of the phenomena need to be improved
as it appeared the measured values of the bandgap shift were smaller
than simulations indicated. The difference is mainly due to the fact that
the simulation conditions do not fully match the experiments and com-
plexity needs to be added to better match realistic operation conditions.
Several methods to improve the simulations were described and work
will continue towards better matching of simulations with experimental
results.



List of Acronyms

RE rare earth

SM single-mode

MM multi mode

FM fundamental mode

HOM higher order mode

LMA large mode area

PCF photonic crystal fiber

S? spatially and spectrally resolved
C? cross correlated

MI mode instability

MIs mode instabilities

PBG photonic bandgap

LPF large pitch fiber

TIR total internal reflection

NA numerical aperture

Er erbium

Yb ytterbium

SEM scanning electron microscope
PM polarization maintaining

SAP stress applying part
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List of Acronyms

ARROW antiresonant reflecting optical waveguide
SRS stimulated Raman scattering
SBS simulated Brillouin scattering
SPM self phase modulation

A effective core area

MFD mode field diameter

CW continuous wave

MOPA master oscillator power amplifier
ASE amplified spontaneous emission
DMF distributed mode filtering
OSA optical spectrum analyzer

FFT fast Fourier transform

FWHM full width half maximum
NF near-field

FF far-field

HR highly reflective

AOM acoustic-optical-modulator
VBG volume Bragg grating

SHG second-harmonic generation
THG third-harmonic generation
PER polarization extinction ratio
LPG long-period grating

n.ys effective refractive index

LBO Lithium Triborate
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