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ABSTRACT

DEVELOPMENT OF HIGH-BEAM QUALITY HIGH
POWER YTTERBIUM-DOPED FIBER LASERS

Yakup Midilli
Ph.D. in Materials Science and Nanotechnology
Advisor: Biilend Ortag
January 2022

High power fiber laser (HPFL) systems have drawn considerable interest for
the last decades in health, industry, and especially defense applications due to
their compactness, robustness, and high directionality. In this respect, the defense
industry is currently in high demand for HPFL systems in the naval, air force,
and ground operations. As an example, they have been implemented to the
battleship, armored vehicles, and most currently to the drones. Outstanding
features of these systems allow us to utilize them in various applications; however,
this great demand brings some shortcomings. For example, power scaling of high-
power fiber lasers has been impeded by non-linear interactions such as Stimulated
Raman Scattering (SRS) and Transverse Mode instability (TMI).

Regarding these non-linear interactions, I have built high-power fiber laser
oscillators and amplifier systems based on both commercial and homemade self-
fabricated Ytterbium (Yb)-doped large mode area active (LMA) fibers. Amplifier
systems have been built based on the Master Oscillator Power Amplifier (MOPA)
configuration, and the average power reaches up to 1 kW power level. Besides,
the fiber oscillator system has been built with a power level up to 2 kW power
level and M? value of 1.2, the beam quality parameter of the fiber laser system.

To understand and investigate the TMI effect on the fiber laser system and the
fiber itself, I have intended to observe the intensity change of the probe lasers and
the color center formation inside a homemade active fiber in the presence of TMI.
Then, I have rebuilt the system to eliminate the TMI effect and repeated the same
experiments to ensure that the TMI effect was responsible for the difference. For
that purpose, I have installed a fiber laser system whose fiber has been coiled
in a large bending diameter to ensure the existence of the TMI effect. I have
utilized two different probe lasers with 645 nm and 520 nm central wavelengths,
respectively. I have coupled these probe lasers to the fiber laser system via free-
space arrangements. Afterward, I have repeated the same experiment only with
the 520 nm probe laser ensuring the absence of the TMI effect by rebuilding the
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laser structure. Finally, I have taken data about the intensity change of the probe
lasers for both cases and compared them.

Having benefited from the experience of these studies, to suppress the SRS
and TMI, I have fabricated a new type of generation Yb-doped LMA active fiber
having an ultra-low numerical aperture (NA) around 0.034. Then I have built a
monolithic MOPA system based on this fiber with a 1 m bending diameter. In
addition, I have obtained 1 kW maximum power with a diffraction-limited beam
quality with an M? value of 1.16.

Additionally, I have studied the side-pump combining technique, which is one
of the mitigation methods for TMI. It allows us to pump the active fiber from
both sides, thus decreasing the thermal load on fiber. Finally, I have studied the
side pump combiner on both homemade self-fabricated Photonic Crystal Fiber
(PCF) and ultra-low NA active fiber in a (1 + 1) x 1 pumping configuration with
95% and 89% pump coupling efficiencies, respectively.

Keywords: Optical Fibers, Fiber Lasers, Amplifiers, Oscillators, Ultra-low Nu-
merical Aperture, Transverse Mode Instability, Side Pump Combining Technique.



OZET

YUKSEK ISIN KALITELI YUKSEK GUGLU
ITERBIYUM KATKILI FIBER LAZERLERIN
GELISTIRILMESI

Yakup Midilli
Malzeme Bilimi ve Nanoteknoloji, Doktora
Tez Danigmani: Biilend Ortag
Ocak 2022

Yiiksek giiglii fiber lazer (YGLS) sistemleri, kompaktliklar:, saglamliklar:
ve yiiksek yonliiliikleri nedeniyle saglik, endiistri ve ozellikle savunma uygula-
malarinda son yillarda biiyiik ilgi gormiistiir. Bu baglamda, savunma sanayi
deniz, hava kuvvetleri ve kara harekatlarinda su anda HPFL sistemleri yiiksek
talep gormektedir. Ornek olarak, son zamanlarda savas gemilerine, zirhl araglara
ve ozellikle de dronlara uygulanmaya calisilmaktadir. Bu sistemlerin {tistiin
ozellikleri, onlar1 gesitli uygulamalarda kullanmamizi saglar; ancak bu biiyiik
talep bazi eksiklikleri de beraberinde getiriyor. Ornegin, yiiksek giiclii fiber lazer-
lerin gii¢ 6lgeklemesi, Uyarilmig Raman Sagilimi (SRS) ve Enine Mod kararsizlig:
(TMI) gibi dogrusal olmayan etkilegimler tarafindan engellenmigtir.

Bu dogrusal olmayan etkilegimlerle ilgili olarak, hem ticari hem de ev yapimi
kendi kendine iiretilen Iterbiyum (Yb) katkili genis mod alanli aktif (LMA)
fiberlere dayal yiiksek giiclii fiber lazer osilatorleri ve yiikselteg sistemleri kur-
dum. Yiikselteg sistemleri, Master Osilator Gii¢ Amplifikatorii (MOPA) kon-
figlirasyonuna dayali olarak insa edilmistir ve ortalama gii¢ 1 kW gii¢ seviyesine
ulagmaktadir. Ayrica fiber osilator sistemi, 2 kW giig seviyesine kadar gii¢ seviyesi
ve fiber lazer sisteminin 151 kalite parametresi olan 1.2 M? degeri ile yapilmstar.

Fiber lazer sistemi ve fiberin kendisi tizerindeki TMI etkisini anlamak ve
aragtirmak igin, prob lazerlerin yogunluk degisimini ve TMI varliginda ev
yapimi bir aktif fiber i¢indeki renk merkezi olugumunu gozlemlemeyi amacladik.
Ardindan, TMI etkisini ortadan kaldirmak i¢in sistemi yeniden kurdum ve fark-
tan TMI etkisinin sorumlu oldugundan emin olmak i¢in ayni1 deneyleri tekrar-
ladim. Bu amacla, TMI etkisinin varligini saglamak ic¢in fiberi biiyiik bir biikiilme
capinda sarilmig bir fiber lazer sistemi kurdum. Sirasiyla 645 nm ve 520 nm
merkezi dalga boylarina sahip iki farkli prob lazer kullandim. Bu prob lazerlerini,
bog alan diizenlemeleri araciligiyla fiber lazer sistemine bagladim. Daha sonra
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ayni deneyi sadece 520 nm prob lazer ile tekrarladim ve lazer yapisini yeniden
olusturarak TMI etkisinin olmamasini sagladim. Son olarak, her iki durum icin
prob lazerlerin yogunluk degisimi hakkinda veri alip karsgilagtirdim.

Bu caligmalarin deneyiminden yararlanarak, SRS ve TMI'yi bastirmak igin,
0.034 civarinda ultra diigiik sayisal agikliga (NA) sahip yeni bir tiir Yb katkili
LMA aktif fiber tirettik. Daha sonra 1 m biikiilme capina sahip bu fibere dayal
monolitik bir MOPA sistemi kurdum. Ayrica M? degeri 1.16 olan 151 kalitesi ile
1 kW maksimum gii¢ elde ettim.

Ayrica TMI ic¢in hafifletme yontemlerinden biri olan yan pompa birlestirme
teknigini de inceledim. Aktif fiberi her iki taraftan da pompalamamizi saglar,
boylece fiber tizerindeki termal yiikii azaltir. Son olarak, sirasiyla %95 ve %89
pompa baglant1 verimliligi ile (1 + 1) x 1 pompalama konfigiirasyonunda hem ev
yapimi kendinden imal edilmis Fotonik Kristal Fiber (PCF) hem de ultra diisiik
NA aktif fiber lizerinde yan pompa birlestiricisini inceledim.

Anahtar sézciikler: Optik Fiberler, Fiber Lazerler, Yiikseltecler, Osilatorler,
Ultra Diigiik Niimerik Aciklik, Aykirn Mod Istikrarsizhigi, Yan Pompalama
Birlestirme Teknigi.
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Chapter 1

Introduction

The first laser operation was observed with a cube of synthetic ruby crystal in
1960 by Theodore H. Maiman [1]. After this pioneering invention, scientists have
researched to find new materials suitable for laser operation. For a particular
time, gas lasers and conventional bulk solid-state lasers have been widely used
for the needs of the industry [29]. Then, fiber lasers took the stage due to the
industry’s growing demand. Power scaling has appeared as the primary moti-
vation, driven by curiosity and to fulfill the enormous demands of scientific and
medical applications. Besides, fiber laser would be the candidate for remote mon-
itoring and sensing, free-space communication, material processing, and defense
applications due to its extraordinary features compared to the counterparts men-
tioned above. Fiber lasers can provide high output power, excellent beam quality,
narrow line width, and different mode of operation depending on the needs. In
that respect, fibers lasers have dominated both the scientific community and the
industry since they can respond to their needs faster. In addition, thanks to the
physical properties of the optical fiber, robust and light in weight laser systems

could be constructed based on them.

After this brief introduction, I would like to summarize the history of the rare-
earth-doped optical fibers, which opens the way to high-power fiber laser systems.
First of all, the first rare-earth-doped active fiber device was proposed in 1964



with a Neodymium (Nd) element [10]. In this study, a flash lamp was used as
a pump source. However, with the development in the semiconductor industry,
laser diodes have started to be used as pump sources for fiber lasers. The first
usage of laser diodes in a fiber laser system was realized in 1974 |11]. In this
study, an Nd-doped silica fiber has been pumped by a Gallium Arsenide (GaAs)
laser diode. The Neodymium element was the first dopant for the interest due
to its high power operation and efficiency of the 1060 nm transition at the bulk
solid-state lasers. The wide availability of the Nd-doped crystalline was another

motivation to question the Nd-doped silica fiber fabrication at that time.

After successfully implementing the Nd element inside the optical fiber, a
great effort has been made to fabric low-loss active fibers to increase the qual-
ity and power handling capacity. For that purpose, utilizing the MCVD sys-
tem and the solution doping technique together, low-loss rare-earth-doped silica
fibers were manufactured first in 1985 with Nd element [12]. Thus, after ten
years of intense work, the first single-mode laser was demonstrated using low-loss
Nd-doped silica fiber. After that, the success of Nd doping has led researchers
to focus on other rare-earth elements such as Erbium (Er), Ytterbium (Yb),
Thulium (Tm), Praseodymium (Pr), and Holmium (Ho). Among these rare-
earth-elements, firstly, the single-mode laser operation was demonstrated using
an Er-doped fiber amplifier in 1987 by Payne et al. [13]. The operating wave-
length of the Er-doped fiber corresponds to the telecommunication region (1.55
pum). This situation has led to an increased interest in fiber devices and parallel
with the development in fiber technologies. Er-doped fiber amplifiers (EDFA)

have dominated the telecommunication industry for a particular time.

Afterward, Yb-doped fibers have taken the stage for a long time especially, in
high-power fiber laser systems due to their unique electronic structure |14-27].
Especially after the invention of the Large Mode Area (LMA) optical fibers, the
power scaling of Yb-doped fiber lasers has been boosted exponentially beyond
the kW power level. In short, the first cladding-pumped Yb-doped fiber amplifier
system was demonstrated above 100 W power level in 1999 [28]. After that point,
a record power has been achieved beyond the first 1 kW [29] and then 2 kW [30]

power levels within just six years. This situation could be possible due to the

2



remarkable feature of the Yb atom itself. Some of them can be mentioned briefly
that quantum defect is relatively small compared to other rare-earth elements.
It also has a broad gain bandwidth between 975 nm and 1180 nm wavelength
regions. Additionally, it has a very long meta-stable state lifetime of around 1
ms and a simple energy level structure with only two 4f energy levels. These
so-called advantages make Yb element the best choice for the high-power laser

operation.

In this thesis, I demonstrate high-power Yb-doped fiber laser systems in os-
cillator and amplifier configuration based on commercial and homemade active
fibers. 1 kW and 2 kW power levels have been attained. The possible non-linear
limitations, such as Stimulated Raman Scattering (SRS) and Transverse Mode
Instability (TMI), have been confronted during the experiments. A new type
of active fiber has been offered to solve this problem. Besides, a relationship
between the spectroscopic data of the homemade fiber and the TMI effect has
been researched extensively. Additionally, the side pump combining technique
that allows us to pump the active medium bidirectionally has also been studied
on homemade Photonic crystal fiber (PCF) and a unique homemade fiber with

ultra-low numerical aperture.

1.1 Theoretical background

In this section, I would like to give some theoretical information about the light-
guiding mechanism inside the optical fiber. Then, I will mention the working
principle of the lasers briefly. Afterward, I will talk about fiber laser properties
such as beam quality. Finally, I will elaborate on the power scaling of Yb-doped
fiber lasers and the possible limitations such as Stimulated Raman Scattering
(SRS) and Stimulated Brillouin Scattering (SBS).



1.1.1 Optical fibers as a waveguide

In this section, I will give brief information about optical fibers, divided into three
in terms of mode content: single-mode, multi-mode, and LMA fibers [31435].
They are also divided into two, in terms of refractive index profile: step-index
and graded-index fibers [36-40]. However, I will focus mainly on the double-
clad (DC) large mode area (LMA) step-index fibers [41H43]. They are optical
waveguides in which the light propagates along. The standard optical fiber has
a layered structure having different refractive indices. The fiber’s inner part is
called the core region, having a higher refractive index than the outer layer,
the cladding region. The main element of the core and the cladding regions is
the silica (SiO3), though the dopants in the core region increase the refractive
index, resulting in this difference. This silica glass structure is then coated by
low-index acrylic polymer, also called optical polymer, to sustain this wave-guide
mechanism. After that, the whole structure is recoated by a high-index polymer,
also called mechanical polymer, to sustain the flexibility of the optical fiber. The
schematic illustration of a DC LMA fiber’s refractive index profile has been shown
in Fig. [I.Th. Additionally, the corresponding sketch of this fiber has also been
shown in Fig. [1.Ipb, pointing out the layered structure of the core, cladding, and

polymer regions.
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Figure 1.1: (a) The refractive index profile of a double clad step-index optical
fiber and (b) the representative sketch illustrating the core, cladding and the
polymer regions of it.
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The light has been refracted while traveling to a medium having a different
refractive index. Snell’s law governs the relationship between the incidence and
the refraction angles as in Eqn. . There is a special parameter called
the critical angle (6.) corresponding to the 90° angle of refraction. It can easily
be calculated by using Snell’s law as in Eqn. and Eqn. [1.3] 6. is indeed
a critical parameter for the wave-guiding mechanism of an optical fiber since
when the angle of incidence is bigger than this angle, the incoming ray has been
reflected repeatedly inside the optical fiber [47].

Figure 1.2: The light guiding mechanism inside an optical fiber (a) with critical
angle and (b) the total internal reflection.

This phenomenon is called total internal reflection (TTR), responsible for guid-
ing the light ray inside the optical fiber. The schematic illustrations of the 6. and
TIR have been illustrated in Fig. and Fig. [1.2]b, respectively.

o1
a = arcsin —y/n2,. — N4 (1.4)
o
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Figure 1.3: (a) The schematic illustration of a octagonal active fiber’s cross
section and (b) the corresponding drawing of this fiber’s acceptance angle.

Another critical parameter related to optical fibers is the acceptance angle («),
defined as the maximum angle of incidence that the fiber can accept ,. This
angle could also be derived utilizing Snell’s law where ny is the refractive index of
air, and thus it has been shown as in Eqn. Moreover, the sine of this angle
corresponds to the numerical aperture (NA) of the fiber, shown as in Eqn.
For the sake of illustration, a sketch of the cross-section image of an octagonal
active double-clad LMA fiber has been shown in Fig. and corresponding
acceptance angle drawing of the fiber has also been shown in Fig. [1.3p.

The acceptance angle is related to the V number parameter and also to the
NA of the fiber as shown in Eqn. where a is the core radius of the fiber. I
would like to note that the V number determines the power fraction of modes,
supported by the core region of the fiber. The threshold value for an optical fiber’s
single-mode operation would be 2.405 in the literature . Additionally, the
V number is an essential parameter of the fiber that directly influences the beam

quality of a laser system.

2 2
V= %sina: %NA (1.6)



1.1.2 Yb-doped laser gain media

Ytterbium (Yb) is a rare-earth element with an atomic number of 70 with an
electronic configuration of [Xe]6s?4f'. Yb element has two oxidation states (3+
and 2+); however, Yb3* is favored in laser operations [53,54]. This element has
distinctive properties, such as a simple electronic structure between two states,
ground state (*F'7/2) and excited state(*F’5/) [55,/56]. The electronic level struc-
ture of Yb3* with two manifolds has been sketched as shown in Fig. [1.4] The
ground state has four sub levels, whereas the excited state has three ones. The ab-
sorption and the stimulated emission processes occur between these energy levels.
For the Yb element, from the ground state to the excitation state, three possi-
ble excitation energies correspond to 915 nm, 940 nm, and 975 nm, respectively.
The corresponding four possible emission wavelengths from excitation state to
the ground state, depending on the pump energy, are 975 nm, 1040 nm, 1080 nm,
and 1140 nm, respectively, as sketched in Fig. [1.4] Besides the simplicity in the
electronic level structure, it has a long upper-state lifetime around hundreds of

microseconds or milliseconds.
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Figure 1.4: Two manifold energy level structure of Yb3* with Stark levels.

The required amount of energy can be stored during this time, making the laser
operation possible. This phenomenon is called population inversion, in which the

number of atoms in the excited state is more than the number of atoms in the
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ground state. When this condition is satisfied, the stimulated emission can take
place [57]. It should be noted that this feature is a general property of the
rare-earth elements, not just valid for the Yb element. It should be noted that
this feature is a general property of the rare-earth elements, not just valid for
the Yb element. Yb-doped fibers have a broadband gain spectrum compared to
other rare-earth elements [58,59]. They also have better conversion efficiencies
compared to others [60-63]. In this respect, the Yb element is a good candidate

for high-power laser operation.

1.1.2.1 Laser dynamics

As mentioned briefly above, the Yb element has an uncomplicated energy level
structure. Ground, excited, and meta-stable states comprise the three-level laser
structure of Yb-doped laser. Atoms are excited via two different pumping mech-
anisms: electrical and optical pumping [64]. The latter one is valid for the case
of Yb-doped fibers. Photons with higher energy and lower brightness are used
for pumping. The absorption mechanism, spontaneous and stimulated emission
processes are governed by rate equations, which model the dynamics of the laser
gain medium [65H67]. Ordinary differential equations establish the relationship

between the intensity of photons and the charge carrier density.

dn
d_tl = —(Ra1 + Wig)ny + (Ra1 + W + Ag1)ny (1.7)
dTlQ

I (Ro1 + Whg)ny — (Roy + Way + Agi)no (1.8)

The population of the excited state increases with the absorption phenomenon
of the pump energy as in the Eqn. [L.7] After a sufficient intense pumping, the
upper-level population exceeds 50%, and thus the inversion population is reached.
Therefore, the net gain is attained for the laser operation. Radiative and non-

radiative transitions are two possible energy transfer methods between the energy



states. Radiative transitions result in an emission of a photon by spontaneous or

stimulated emissions. The rate of these emissions is modeled by Eqn. [1.8|

Roy + Whs
Roy + RioWho + Woy + Ag

Ng =

(1.9)

N1 = Niotal — N2 (1.10)

ny and ny are the corresponding population levels of the ground and the excited
states whereas 1.4 is the total number of Yb atoms inside the fiber, shown in
Eqn. and Eqn. [1.10| respectively. R parameters are responsible for the
pumping rates whereas the W parameter are responsible for the emission rates.
oP and ¢® are absorption and emission cross-sections for pump and signal light,
respectively. Additionally, I and v stand for the intensity and the frequency of the

pump and emission photons, respectively. Finally, A is the upper level lifetime

as shown in the Eqn. and Eqn.

I, 1,
Ry = o2 m Ry = 0P 22 i (1.11)
s) 1s 1
W12 = 0'52)]1 ng 0'21 h Agl = - (112)

1.1.2.2 Laser beam quality parameters

Yb-doped fibers have the lowest quantum defect, the difference between the pump
and signal photon energies, compared to other rare-earth-doped fibers. Therefore,
the maximum achievable slope efficiency is highest for Yb-doped fibers. This

feature makes them a perfect candidate for the high-power laser operation.

Brightness = B = (1.13)
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After this brief introduction, I would like to emphasize another essential prop-
erty of fiber lasers. They are called brightness converters since they enhance laser
brightness. It is a crucial parameter for a laser system that severely affects the
laser beam’s ability to be focused directly related to the laser beam quality. The
reason why is the semiconductor laser diodes have very low brightness due to
their inherent structure. Therefore, there exists a massive demand for brightness
enhancement. The brightness parameter is related to the power per unit area,
wavelength, and quality factor (Q) of the laser as shown in Eqn. m

BPP(lase’/‘) r wO

Q=M= =
BPP(Gaussian) ’w09

(1.14)

Figure 1.5: Beam radius versus z position of Gaussian and laser beams for
comparison.

The beam quality of a laser beam, also known as M?, is defined as the ratio
of Beam parameter products (BPP) of a laser and the perfect Gaussian beam
as shown in Eqn. [1.14] This number determines the focusability of the laser
beam. Therefore, it affects the performance of the laser at long distances while
operating special missions like material processing or as a laser weapon to destroy
the specific target. The schematic illustration of a beam waist diameters of a
Gaussian and a random laser beam with corresponding divergences has been
shown in Fig. [1.5] Additionally, the beam waist diameter of a random laser

beam while propagating along z-direction has been shown in Eqn. [1.15]
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w? = wi (1 + (2 — 2)? (M?Y) (1.15)

1.1.3 Non-linear dynamics of continuous-wave HPFLs

High power fiber laser systems are promising and effective solutions for both in-
dustry and defense applications due to their extraordinary features, as mentioned
before. However, several factors affect the performance of these systems called
non-linear effects resulting from the inherent nature of the optical fibers them-
selves. These non-linear effects are Stimulated Raman Scattering (SRS), Stimu-
lated Brillouin Scattering (SBS), and Transverse Mode Instability (TMI) [68-75].
All of these effects have a different impact on the performance of the laser systems.
SRS limits the output power of the laser by transferring the energy to another
frequency via the Stokes shift, also called the Raman shift. On the other hand,
SBS does not limit the power scaling of the laser system but broadens the output
optical spectrum, unfavored for some critical applications, such as the Coherent
beam combination (CBC). Finally, TMI, rather a newly discovered phenomenon,
directly affects the beam quality of the laser systems by deteriorating the output
beam via the interference between the fundamental mode and higher modes of
the fiber [76-7§].

1.1.3.1 Stimulated Raman Scattering

Stimulated Raman Scattering (SRS) is a crucial non-linear process that can
severely degrade a laser system’s maximum output power level at a specific wave-
length by switching the power to another wavelength by Stokes shift. This pro-
cess was discovered in 1928 by Raman, known as the Raman effect [79]. It was
also explored that it is a material-dependent effect that varies with the optical
fiber’s production material, such as for fused Silica, Raman gain gg is around ~
1x1073m/W [80]. Briefly, the core composition of the fiber’s core region plays a
critical role in the Raman gain of the fiber. In addition to this, it should be noted
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that the gain spectrum of the Fused Silica material extends over an extensive fre-
quency range up to 40 THz, with a broad peak located near 13 THz . The
broadband frequency range is related to the non-crystalline structure of the fused
silica material since amorphous materials; molecular vibrational frequencies form

a continuum in the gain spectrum.

B e I e e Virtual state

Vibrational
states

Ground state

Figure 1.6: Schematic illustration of spontaneous Raman scattering.

Before stimulation, spontaneous Raman Scattering occurs, and after a certain
pump power threshold, Stimulated Raman Scattering is excited. The working
mechanism of spontaneous Raman scattering is the downshifting of the frequency
by transferring the small amount of power from one optical field to another de-
termined by the vibrational modes of the medium. The schematic illustration
of spontaneous Raman scattering has been shown in Fig. [1.6] From a quan-
tum mechanical perspective, a pump photon with an energy of hw, excites the
molecule to a virtual state, and a photon with reduced energy of hw, is emitted

spontaneously.
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In a simple approach, the mathematical model of the SRS phenomenon would
be governed by a set of coupled equations as shown in Eqn. and Eqn.
1.17] The parameters in the equations can be classified as the following: I is
the Stokes intensity, [, is the pump intensity, the Raman-gain coefficient gp is
related to the cross-section of spontaneous Raman scattering, and o, and «,, are

fiber losses at Stokes and pump frequencies, respectively.

d (I, I
P (— + —p) =0 (1.18)

Ws  Wp

These two coupled equations can be simplified by ignoring the fiber losses, and
thus these equations would turn into one simple equation as shown in Eqn. [1.18
This assumption states that the total number of photons in pump and Stokes
beams remains constant during the SRS process. With the help of these equation
sets, the pump power threshold for the SRS phenomenon by neglecting the pump
power depletion, although it must be considered for the complete description of
the SRS effect. After certain calculations with necessary assumptions, the critical
power level of SRS can be found as shown in Eqn. [1.19] Ay stands for the
effective cross-section area of the fiber, and L.; is the effective fiber length. In
summary, the effective cross-section area of the fiber is directly related to the
Raman threshold power, whereas the effective fiber length is inversely related.
Therefore, this effect can be mitigated by increasing the diameter of the fiber and

decreasing the optical fiber length.

16A. s
9rLeys

P, ~ (1.19)

For the sake of illustration, an example of optical spectrum during the high
power laser operation based on the highly-doped LMA active fiber has been shown
in Fig. [1.7] Since fiber length has been chosen as more than the optimum one

1%t and 2" Stokes have been appeared. Depending on the fiber length and the

laser power more Stokes might arise in the spectrum.
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Figure 1.7: An optical spectrum example with Stokes emissions due to the SRS.

1.1.3.2 Stimulated Brillouin Scattering

Stimulated Brillouin Scattering (SBS) is another non-linear effect similar to SRS
in working principle; however, SBS would be triggered at a lower power level than
SRS. This non-linear process had first been discovered in 1964 . Although
there are similarities between the dynamics of the SRS and SBS effects, there is
the main difference between them. The Stokes wave propagates in a backward
direction in the case of SBS in an optical fiber. SBS can occur even at low
power levels, and it is more related to the spectral behavior of the pump wave.
All these differences between them are of interest with a fundamental change.
The acoustic phonon interacts with the photons during the SBS effect, while
optical phonons interact with the photons during the SRS effect. SBS is also
a material-dependent effect and for fused Silica, Brillouin gain gp is around ~
5x107"m/W [83]. Another difference between them is that the Brillouin gain

spectrum lies within a narrower frequency range than the SRS effect.

dI
dz

= gBIpIs - a]s (120)

dI
L= —gsl,l, —ol, (1.21)
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Similar to the SRS case, there are two coupled equations governing the SBS
effect as shown in Eqn. and Eqn. [1.21] In this case, there are two
assumptions, which are w, ~ w, and as = a, = a. That is the reason why these
two coupled equations possess the current form. Afterward, similar to the case
for the SRS effect, threshold power for the SBS effect can be calculated after

certain steps as shown in Eqn. |[1.22]

21A,
Py ~ 1 (1.22)
9BLess
Input Output
Low power High power
Figure 1.8: The change of the optical spectrum due to SPM.
n=ng+ nal (1.23)

Another non-linear effect, Self-Phase Modulation (SPM), arises commonly in
the single-mode fiber due to the Kerr effect, responsible for the non-linear change
in the refractive index with the intensity as shown in Eqn. [1.23] SPM is mainly

responsible for broadening the optical spectrum of the laser system as shown in

Fig. [1.8

1.1.3.3 Transverse Mode Instability

Since their invention, laser systems have been unavoidable due to the increase
in their application areas. At first, they have been used for scientific purposes.
Still, outstanding outcomes have been received within the technological develop-

ments after their implication in most industrial fields. The high performance of
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laser systems in this field resulted in great demand for power-scale of these sys-
tems. However, this situation made fiber-based ones more favorable due to the
extraordinary features of the fiber material, such as wave-guide structure and the
capability to handle a considerable amount of power in a small area. Thus, all of
the efforts have been focused on increasing the average power of the fiber laser
systems. Eventually, several systems can handle multi kW diffraction-limited
beams under a high thermal load, even without requiring any complex optical

arrangements, unlike other competing solid-state laser technologies.

However, the everlasting demand of the industry for the scale of the high
power laser system led to make some improvements in the design and architecture
of both fiber itself and the whole system due to thermally induced non-linear
effects [84]. Nowadays, the most popular one is Transverse Mode Instability
(TMI), one of the current significant limitations for the power-scaling of high
power fiber lasers systems. TMI causes deterioration of the beam quality of
the laser system above a specific output power level. The history of this so-
called effect is no longer than a decade, and the physics behind it is still under
investigation worldwide [85,186]. However, it has been widely accepted that the
main reason for TMI onset is the thermo-optic non-linear coupling between the
fundamental mode, LP¢; and the first higher-order mode (HOM), LPy;. They
interfere with each other so that the refractive index grating (RIG) object has
been created due to the modal interference pattern (MIP) resulting from this
modal interference. Then, this grating structure leads to the energy transfer
between different modes, most likely the LPy; and LP;; in a repeating manner
after reaching a certain threshold pump power level with the help of a relative
phase of the fields.

The schematic illustration of this energy transfer between the LPgy; and the
LP; has been shown in Fig. for the sake of visualization. There are specific
theories upon the origin of this quasi non-linear effect, yet both are related to the
refractive index change (RIC) in the core region of the fiber. Some claim that the
population-inversion-induced RIC might be responsible for the TMI formation at
low powers. It means that the difference between polarizability of excited and

unexcited Yb** ions with a variation in the population of excited level 2F7 /5 of
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Yb3T ions results in a slight change in the refractive index of the fiber core region
so that TMI is triggered indirectly [37,88].

£ )

LP,
mode
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mode
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Figure 1.9: The schematic illustration of the energy transfer between the fun-
damental mode and the first higher order mode.

Another one states that inversion-induced RIC formation creates the RIG ob-
ject, and this leads to the creation of the TMI effect . On the other hand, most
of the studies show that at high power levels, TMI is said to be predominantly
driven by thermo-optical effects such as Stimulated Thermal Rayleigh Scattering
(STRS) [90-96], thermal-lensing [97,08] and photo-darkening [99}102]. Primarily,
STRS is attributed as the most related to the TMI effect concerning the origin of
this effect. The simulation studies in these works have been governed based on
the paraxial wave equation in cylindrical coordinates to mimic the optical fiber

as a wave-guide as stated in Eqn. [1.24]

o0V 1

oY _ o2 g2 272
ey Qk[vt k= + n(z, y) k| ¥ (1.24)

where U the scalar field amplitude, k is a suitably chosen wave vector magnitude,
V2 is the transverse Laplacian operator, n(x,y) is the refractive index distribution
along with the fiber, and kg = 27/\ the vacuum optical wave vector magnitude.
Besides, the presence of TMI starts with the interference of more than one mode.
Many studies have also been conducted as a simulation study via non-linear mode-

coupling theory. The equations used to simulate this mode coupling between two
modes are stated below in Eqns. [1.25|[1.26]/1.27] and [1.2§]
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The power of the two modes are represented by P;(z) and Py(z) and the fiber
amplifier gains are independent of propagation distance z, represented, respec-
tively, by g; and g, the following coupled non-linear equations can be written
for STRS power coupling between the two modes if the background loss is ig-
nored [91].

After elaborating on the physical origin of this effect, some efforts have been
made to mitigate this effect. Additionally, some solutions have been offered in
the literature. First of all, these solutions are divided into two groups as passive
and active mitigation strategies. Passive strategies for mitigating the TMI effect
can be classified as fiber design, fiber core composition, quantum defect, gain
saturation, and finally, pump wavelength and direction. In contrast, the active
ones are dynamic mode excitation with an acousto-optic deflector, dynamic mode
excitation with a photonic lantern, pump modulation, and finally phase-shift

manipulation with seed bursts [85].
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Chapter 2

Multi kW LMA Fiber Oscillator
and Amplifier Systems

2.1 Introduction

High power fiber lasers (HPFLs) had a long journey while reaching the current
situation with the development in rare-earth doping of the optical fibers. His-
torically, the amplification process had been first shown in 1964 with a 1 m
Neodymium (Nd) doped fiber before Erbium (Er), and Ytterbium (Yb) dop-
ing [10]. This achievement was around the milliwatts range in the 1 um wave-
length region. After a few decades, the 1 pum emission has been attained in
a milliwatts range power with a Yb-doped silica optical fiber. The oscillation
and the amplification processes had been shown theoretically and experimen-
tally [1035105]. Apart from Silica, Yb-doping has also been studied in other
host glasses such as ZBLAN fluoride glasses [106]. The gain mechanism inside
the laser cavity has been analyzed from many respects in Yb-doped fiber lasers
at that time. Furthermore, the amplified spontaneous emission (ASE) process
has also been observed, and detailed studies were performed to prevent possible
problems due to this effect. For example, some critical parameters such as pump

wavelength, fiber length, cavity design, and the doping concentration have been
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optimized to scale the power of the HPFLs [107-109).

After a great effort, the power of the HPFL was scaled first to a few watts, this
time with Yb-doped silica optical fibers. And then, it was scaled to beyond 100 W
power level. Finally, 500 W and kW level HPFL systems would be achievable with
new fiber designs in Master Oscillator Power Amplifier (MOPA) system [110-114].
The power scale trend of the HPFL systems exponentially increased up to a
certain point with the development of each component in the fiber laser system.
First of all, high power pump diode lasers are essential components to achieve
high power laser operation. And this requires development in the semiconductor
laser fabrication industry. Then, to combine the power of the individual diode
bars, complex optical designs are needed in the pump diode lasers. Afterward,
each pump diode laser should be combined with a high-power pump combiner to
accumulate all the pump fiber in a single output fiber. Besides, for the production
of the laser signal inside the cavity, high power fiber Bragg gratings (FBGs) are
also crucial components for HPFL systems. The production of FBG also requires
complex and expensive systems such as UV or femtosecond laser sources. And
finally, the progress in the rare-earth-doped active fiber manufacturing technology
made the HPFL systems possible. That is to say, it is like a chain mechanism
in which each element depends on the other. Therefore, for progress, cumulative

success is required.

In summary, the power scale of the HPFLs has become a reality within a
few decades. It is because of the improvements in the fabrication of each laser
component. Fiber-coupled high-power pump diode laser technology, combiner
and FBG fabrication, and finally, Yb-doped active fiber manufacturing techniques
have made outstanding advancements. On the other hand, this rapid progress
brings with a shortcoming while the power increases. These are the non-linear
effects that dramatically affect the performance of the laser systems. They will

be mentioned in the following chapters, and some solutions will be offered.
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2.2 High power fiber Laser systems based on

commercial fibers

Based on the information mentioned in the previous section, I have studied the
high-power fiber laser systems, mainly divided into two regarding architecture:
oscillator and amplifier. In brief, laser oscillators, also called resonators, are the
system where the laser signal is generated. On the other hand, the existing laser
signal is amplified in the amplifier stage. Some systems contain both, called
Master Oscillator Power Amplifier (MOPA). The master signal is produced and
then boosted in the amplifier section simultaneously in a monolithic structure

with the help of this configuration.

Briefly stated, fiber laser oscillator systems mainly consist of pump sources,
pump combiner, and a piece of FBG mirrors to produce the signal with the
feedback mechanism. One has high reflectivity, and the other has low reflectivity,
also called output coupler. As the name suggests, generated laser signal exits
the laser cavity from this port. Considering the high-power laser operation case,
MOPA is more advantageous than the laser oscillator systems regarding the power
and thermal burden. I also want to note that most of the laser systems mentioned
in this thesis are based on the MOPA configuration. However, I have begun this
study with a fiber laser oscillator system based on a Nufern branded commercial
fiber.

On the other hand, the MOPA system includes both an oscillator and an
amplifier stage to boost the signal power coming from the oscillator stage. After-
ward, I built a MOPA system based on this commercial fiber beyond the 1.5 kW
power level by adjusting the oscillator signal power. The optical spectra change

has also been investigated in this study. Details will be given below.
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2.2.1 HPFLs based on active LMA fiber

2.2.1.1 Pump-power limited 1 kW fiber laser oscillator system

Nufern
20/400 pm

ORI

HR-FBG OC-FBG

:“:f;ir — 99.5% 10%

Figure 2.1: The schematic illustration of the 1 kW fiber oscillator system based
on the Nufern fiber.

High power fiber oscillator system has been constructed, as briefly mentioned
above. Six pieces of Dilas branded high-power pump diode laser has been utilized
in this system. Each of them has a 250 W maximum output power capacity with
a 976 nm central wavelength. They have been combined with a (6 + 1) x 1
pump combiner into one output signal fiber. Then, a piece of high-reflective and
output-coupler FBG with 99.5% and 10% reflectivity, respectively, has been used
to complete the laser cavity and produce the 1080 nm laser signal. On the other
hand, the active medium, Nufern branded Yb-doped optical fiber, has 20 ym and
400 pm core and cladding diameters. The schematic illustration of the fiber laser
oscillator system has been shown in Fig. [2.1]

Nufern fiber has a cladding absorption of 1.26 dB/m at 976 nm pump wave-
length based on its data-sheet. The optimum fiber length is supposed to be
chosen as 16 m for a total of 20 dB cladding absorption regarding this informa-
tion. However, on the other hand, I have also performed a simulation to prove
and support the accuracy of the selected fiber length. I have utilized the RP

Fiber Power simulation tool for that purpose, which can simulate fiber laser and
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Figure 2.2: Simulation result of 16 m Nufern fiber under 1300 W pump power
by RP Fiber Power simulation program.

amplifier systems both in CW and pulsed operation regimes. The temporal dy-
namics of the laser gain media has been governed by rate equations. However,
for ultra-short pulses this software utilizes the popular approach of the split step
Fourier method (SSFM) and also the non-linear Schrodinger equation (NLSE) to
model the pulse propagation inside the optical fiber. In this case, the fiber laser
system operates in CW regime. After the brief information about the software,
I have entered the parameters of the fiber oscillator system as planned to be in
the actual case, which are the reflectivity ratios of FBGs, pump power and wave-
length, spectroscopic data of the active fiber, and the fiber length. The simulation
result belonging to the 16 m Nufern fiber under 1300 W pump power has been
shown in Fig. . According to the simulation result, signal fw (forward signal)
is 1220 W, and signal bw (backward signal) is around 120 W. Thus, the output
power of this fiber laser system is calculated as signal fw - signal bw = 1100 W
for 16 m active fiber. Based on the simulation result given above, I have built
the fiber laser oscillator system with 16 m-long Nufern fiber. After that, I have
performed optical characterization of this system regarding the output power and
the optical spectrum at maximum output power. First, I have plotted laser power
versus launched pump power graph and obtained 1050 W laser power in return

for 1325 W launched pump power.
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The slope efficiency of this power characterization data corresponds to ap-
proximately 80%. The data belonging has been sketched in Fig. [2.3h. These
numbers are so close to the simulated ones, although there is a slight difference
between them. The possible reason for this situation is that the simulation pro-
gram assumes that Yb ions absorb the whole launched pump power. On the
contrary, some portion of the launched pump power cannot be absorbed by Yb
ions and thus comes out with the signal power. This pump power is also called
unabsorbed pump power in the laser literature. Additionally, I have taken the

optical spectrum of the laser system at 1050 W maximum output power as shown

in Fig. 2:3p.
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Figure 2.3: (a) The power characterization of the fiber laser oscillator system
and (b) the optical spectrum taken at maximum output power level at logarithmic
scale.

On the left-hand side of the optical spectrum, we see the 976 nm unabsorbed
pump power and 1080 nm laser signal on the right-hand side. In addition, there is

no sign of Stimulated Raman Scattering (SRS); however, I have not implemented
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a Cladding Light Stripper (CLS) to remove the unabsorbed pump power in this
system. Although there is no organic relation between them, SRS gain is directly
related to the length of the laser system. Therefore, SRS would be more intense
in the system with CLS since the total length increases. The implementation of

the CLS will be performed in the subsequent studies.

2.2.1.2 1.65 kW fiber amplifier system

) P Nufern a/\ Nufern
j ‘ 20/400 pm - 20/400 pm
Comb.
(]
f HR-FBG OC-FBG
(/] 99.5% 10% /
=

Figure 2.4: The schematic illustration of the MOPA system based on the Nufern
fiber.

After completing the fiber oscillator system, I have built an amplifier system
in MOPA configuration based on the Nufern fiber. For that purpose, I first built
the oscillator part of the MOPA system utilizing 915 nm pump diodes, an FBG
pair at 1080 nm, and 38 m Nufern active fiber. The fiber length is increased
to 38 m from 16 m since the cladding absorption of the Nufern fiber at 915 nm
pump wavelength is 0.45 dB/m. Therefore, total cladding absorption would be
around 17 dB, fair enough to absorb the adequate pump power. Afterward, I
assembled the MOPA system’s amplifier stage with 976 nm high power diode
lasers used in the fiber laser oscillator elaborated in the previous subsection. I
have a special cylindrical apparatus fabricated for coiling and cooling down the
active fiber for that purpose. I have intentionally decided the diameter of this
fiber coiling apparatus as 10 cm to get rid of the HOMs inside the fiber since for

an LMA fiber, it is close to the optimum bending value. But of course, it depends
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on the fiber properties and may vary accordingly. The schematic illustration of
the whole MOPA system based on the Nufern fiber has been shown in Fig.

for the sake of visualization.

Figure 2.5: The picture of the amplifier part of the MOPA system with cylin-
drical apparatus to coil the fiber.

The picture of the aluminum cooling block fabricated for the amplifier art of
the MOPA system has been shown in Fig. [2.5] Although the optimum fiber
length has been simulated as in Fig. as 16 m for the oscillator system based
on Nufern fiber, its length has been chosen as 18 m for the amplifier stage to
sustain more pump absorption since this system also does not contain a CLS to

remove the unwanted residual pump power.

Afterward, I have characterized the MOPA system in terms of power and op-
tical spectrum. However, this time I have altered the seed signal power coming
from the oscillator part of the system to observe its effect on the system’s per-
formance. Therefore, I have picked three different seed power, and then I have
characterized the power of the MOPA system by increasing the pump power of
the amplifier system. The output power increases linearly at all seed powers, as
can be seen from Fig. [2.6a. However, I have observed that while seed power
and the total output power increase, this linearity starts to degrade due to the
thermo-optical effects. Therefore I did not go beyond that point not to harm the
laser system. After the power characterization, I have also analyzed the optical
spectra of each case, shown at once in Fig. [2.6pb. From left to right, 915 nm un-

absorbed pump light coming from the oscillator part, 976 nm unabsorbed pump
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Figure 2.6: (a) Output power characterization and (b) corresponding optical
spectra with different seed powers indicating the residual pumps, laser and Raman
signals.

light coming from the amplifier part, 1080 nm laser signal, and 1140 nm SRS
signal have been sorted. As shown in the figure, while the seed power increases,
unabsorbed pump light intensity increases due to the lack of a CLS component.
In addition to this, the SRS signal appears here, although it was not present in
the fiber laser oscillator system. This reason is the total length of this MOPA
system is longer than the fiber oscillator system explained in the previous section,
and thus the SRS gain is much higher for this case. Another point is that the

SRS signal has also been boosted with the seed laser power, as can be seen from

Fig. [2.6b.

Finally, the amplifier system’s thermal analysis has also been performed to
detect the temperature on the fiber and the whole system. Therefore, I have

taken a thermal camera image of the amplifier part of the MOPA system at
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Figure 2.7: (a) Thermal and (b) infrared camera images of the amplifier part
of the MOPA system at maximum power level

the maximum power level of the system as shown in Fig. [2.7a. It has been
observed that the maximum temperature value does not exceed 40°C all over
the system. Additionally, an infrared camera image has also been taken for the
sake of visualization, as shown in Fig. [2.7b. The highest temperature value is
recorded at the beginning of the active fiber since the thermal load is higher. At
the same time, it also shines most because of the same reasoning in the infrared

camera image.

2.2.2 HPFL system based on highly-doped active LMA
fiber

2.2.2.1 2 kW fiber laser oscillator system

Besides the MOPA study, I have built a high-power fiber oscillator system based
on a highly-doped LMA active fiber, whose product number is Liekki Yb1200-
20/400DC. The maximum output power of this system has been planned to be
around 2 kW level. First of all, to extract a 2 kW laser signal, at least 2.5 kW
pump power is required depending on the fiber and the whole system’s efficiency.
Therefore, I have utilized 18 laser diodes with 140 W average power and 915 nm

central wavelength for this configuration instead of 976 nm pump sources. The
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reason for choosing this wavelength is related to the absorption cross-section of the
Yb atoms, which have two dominant peaks at 915 nm and 975 nm. Although the
absorption cross-section at the 976 nm pump regime is much more than the one at
the 915 nm pump region; however, it is narrower than the 915 nm. The broadness
of the absorption cross-section at the 915 nm pump region sustains the stable laser
operation between the 905 nm and the 925 nm pump wavelength region [115].
The authors studied this situation in detail by building up 1018 nm fiber laser
systems used for tandem pump applications. With supporting simulation studies,
they have demonstrated experimentally that the 915 nm pumping region sustains
stable laser operation covering a total of 20 °C changes in the pump diode’s

temperature. This feature facilitates the temperature stabilization of the system.

0 |
0 (8+1)x1 Liekki Yb-1200
j Pump 20/400 pm
= combiner
’ 2% 3% I ]
=3 i p
= HR-FBG OC-FBG
- 99.5% Wi
(=D

Figure 2.8: The schematic illustration of 2 kW fiber oscillator system based on
Liekki fiber

On the contrary, it would be problematic for the 976 nm pumping scheme,
especially for the defense applications in which the system is supposed to operate
under extreme air conditions. Considering all this information, I have decided
to use 915 nm as pump wavelength to control the system more efficiently. The
only disadvantage of the 915 nm pumping scheme is that the absorption cross-
section at 915 nm is approximately five times less than the 976 nm pumping
scheme. Specifically speaking, for the active fiber I have used in this system, the
absorption cross-section is around 0.6 dB/m at 915 nm and 3.0 dB/m at the 975
nm wavelength region. This situation brings along the need for the five times

longer active fiber. 30 m long commercial highly-doped LMA active fiber with 20
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pm and 400 pm core and cladding diameters, respectively, has been implemented
for the total 18 dB pump absorption. The schematic illustration of the laser
oscillator system is illustrated in Fig.

Figure 2.9: (a) Optical microscope image of the cross-section of Liekki Yb-1200
active fiber and (b) the image of specially designed cooling block in helix design

Eighteen pump diodes have been integrated with a pump combiner in (18x1)+1
configuration to gather approximately 2500 W pump power. One pair of high-
power FBG mirrors working at 1080 nm central wavelength and having 99.5%
(HR-FBG), and 10% (OC-FBG) reflectivity has been used in the laser cavity.
Additionally, the fiber of the FBGs, having a numerical aperture (NA) of 0.07,
was chosen to be suitable for the active fiber, with an NA of 0.07. As mentioned
above, 30 m long active fiber has been implemented in this system, whose optical
microscope image of the cross-section is illustrated in Fig. [2.9a. However, a
special aluminum cooling block in a helix structure, starting from 30 cm diameter
and ending at 10 cm diameter, has been designed and fabricated for coiling the
active fiber. The motivation was both not to lose from the fundamental mode
and to be able to fit these 30 m long active fiber to the system as shown in Fig.
2.9b. This varying diameter design is disadvantageous since the active fiber is

an LMA fiber, supporting a few higher-order modes and the fundamental mode.

That is to say, to obtain high-quality laser light, higher-order modes have to
be suppressed, and to do so, active fiber has to be coiled at a specific diameter.

Generally speaking, for 20 pum core diameter LMA active fibers, the optimum
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Figure 2.10: Output power characterization of the 2 kW fiber laser oscillator
based on Liekki fiber

bending diameter is around 10 cm. However, in this case, for Liekki fiber, the
optimum bending diameter is said to be 14 ¢m by the manufacturer. Based on
the information given above, power characterization has been performed up to
two kW, which is the system’s maximum power level, as shown in Fig. [2.10] For
that purpose, 18 pieces of pump diodes, each having 140 W average power, have
been combined to obtain 2520 W total pump power. Consequently, this much
pump power has been launched into the active fiber, and 2020 W output laser
power has been attained from the output of the laser system. However, since the
system doesn’t include a CLS, the output power is the sum of the signal power
and the unabsorbed pump power. Due to this situation, calculating the slope
efficiency for this laser oscillator system does not make sense. Later on, a CLS
will be implemented to the system, and the slope efficiency will be calculated

accordingly by getting rid of the unabsorbed pump power.

After the power characterization, the optical spectrum image has been taken
from 900 nm to 1200 nm spanning the 300 nm wavelength region at the maximum
power level of the laser oscillator system. The unabsorbed pump power, laser
signal, and the possible Raman signal are expected to be covered in this interval.
The optical spectra have been taken both in logarithmic and linear scales to see
the residue pump more apparently, as can be seen from Fig. and Fig.

2.11pb, respectively for comparison. Since there is no CLS component embedded

31



-40

a) 1.0} b)
50 .
o g 0.8}
T 60t S
2 & o6l
= ot =
e c
o2 .80 3 04r
£ =
-90 0.2+
-100 . JL

920 960 1000 1040 1080 1120 1160 1200 " 920 960 1000 1040 1080 1120 1160 1200
Wavelength (nm) Wavelength (nm)

Figure 2.11: The optical spectra taken at maximum power of the fiber laser
oscillator system (a) in logarithmic and (b) linear scale

in the system, a considerable amount of unabsorbed pump light has been obtained
at the end of the system, as seen from the optical spectrum of the laser taken at
the linear scale as shown in Fig. [2.11]b. It could be added that an active fiber is
capable of absorbing 90% of launched pump power at most, and thus 10% of will
propagate and comes out along with laser signal if a CLS does not exist. This
number may vary depending on the fiber properties specifically. Additionally,
there is no sign for SRS signal; thus, this implies that the fiber length has been

chosen correctly.
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Figure 2.12: Beam quality measurement of the fiber laser oscillator above 1 kW
power level

The last and essential feature that has to be considered is that the laser light’s
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(M?) beam quality has also been measured up to 1 kW power level. The graph
sketched based on the data taken from this measurement is illustrated in Fig.
. For a laser system to be named a high-quality laser system, the M? value
should be close to 1. At 100 W power level, the M? value is around 1.15, which
is an excellent value for the beam quality parameter, as shown in Fig.
However, while the power keeps increasing, the M? value tends to increase ac-
cordingly. For a laser system, this situation is undesirable since the output beam
profile of laser beam degrades with this increase. The most crucial reason for this
beam-quality degradation is believed to be the TMI effect, a relatively new quasi-
non-linear phenomenon. This effect will be investigated in the next chapters in
detail.

Figure 2.13: The image of the control panel including power monitor, a webcam
and diode driver control unit

High power fiber laser systems require great attention during the operation
in case of an emergency. They should be constantly monitored to detect any
anomaly on the system. For that purpose, I have also built a control panel
to monitor the output power, the system itself, and the laser diode driver unit
simultaneously. I have combined these three control units with a computer screen,
as shown in Fig. Moreover, we see the software interface on the left-
hand side, specially developed to control the applied current for each laser diode.
Thermal analysis of the fiber laser systems is also a vital process to perform
during the laser operation. Therefore, in addition to the webcam view, I have
also monitored the thermal load on the whole system, including pump diodes,
active fiber, splice points, and the other components in the system as shown in
Fig. The hottest point has been detected on the active fiber due to the
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shortcoming of the cavity design. Nevertheless, the maximum temperature value
does not exceed 50 °C at a 2 kW power level. Due to the lack of a CLLS component,
there is a considerable amount of unabsorbed pump power in the system. This

unwanted residue pump power is needed to be removed from the system.

4FLIR™

Figure 2.14: Thermal camera image of the fiber laser oscillator system at max-
imum power level

Cladding light stripper (CLS) is a crucial component for high-power fiber laser
systems to remove the unwanted light sources out of the system effectively. The
possible unwanted light sources can be classified as amplified spontaneous emis-
sion (ASE), residual pump light, and leakage to the cladding from the core due
to the fusion splice mismatch between the fibers. When these unwanted light
sources, especially the residual pump, cannot be removed from the system, the
quality of the laser beam is affected severely. For that purpose, the fabrication of
CLS has been investigated for years based on two main approaches. One of them
is the etching method, in which the cladding region of the fiber is deformed for
the light to escape [116H122]. The other one is the coating method in which the
low index polymer of the fiber is removed, and the high index polymer is recoated
on top of it [123126]. The CLS formation based on the recoated polymer has a
power scaling issue, whereas the other is more fragile since the fiber is deformed
even though they are more capable of handling power. However, I have preferred

the etching method since the total power we are dealing with is 2.5 kW.
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Figure 2.15: Optical microscope image of the side view of CLS component
fabricated on passive Liekki fiber

For that purpose, I have used an etching cream and applied it to the surface of
the fiber sample was subjected to this chemical etchant cream for half an hour.
Then, it was cleaned carefully after this chemical process. The fiber sample was
20 cm long Liekki Passive 20/400DC, selected to prevent NA mismatch between
the fibers. The optical microscope image of the fiber surface has been shown
in Fig. The fabrication of a CLS component has solved the unabsorbed
pump power situation. However, I had faced another problem with this 2 kW

fiber laser oscillator, which is the beam quality degradation problem.
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Figure 2.16: Thermal camera images of (a) the active fiber coiled in a cylindrical
apparatus and (b) the cooling block of the CLS component at the maximum
output power level

As a solution to this problem, I have also revised the cavity design of the fiber
laser oscillator by changing the fiber coiling apparatus of the active fiber. I have
implemented a cylindrical cooling apparatus with 10 cm diameter instead of the
spiral one with varying diameters between 10 cm and 30 c¢m to eliminate the

HOMs inside the fiber by bend-induced loss mechanism. To illustrate, I have
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taken thermal camera images of both the active fiber and the cooling apparatus
of the CLS component as shown in Fig. The maximum temperature value
on the active fiber has been recorded as 37°C at the maximum power level as
shown in Fig. and this reveals that the fiber has been cooled effectively in
this system. On the other hand, the CLS component must also be cooled down
to eliminate the heat from the unabsorbed pump power reaching the aluminum
cooling block. The maximum temperature value that has been recorded for the
CLS component is around 50°C, as shown in Fig. [2.16]b, corresponding to
approximately 300 W unabsorbed pump power.
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Figure 2.17: Power characterization of the revised fiber laser oscillator system
up to 1.75 kW output power level with a CLS component

After coiling the active fiber at 10 cm bending diameter with a cylindrical
apparatus, the revised fiber laser resonator system with a cladding light stripper
(CLS) has been tested up to 1.75 kW output power level. The corresponding
characterization result obtained has been shown in Fig. The laser oscillator
system has been pumped with 2.5 kW pump power; in return, 1.75 kW pure
laser power has been obtained. The slope efficiency of the laser system has been
calculated by dividing the pure laser power to the total pump power finding the
slope efficiency as 70% indicated in the inset of the Fig. [2.17] To emphasize the
existence of the CLS component in the fiber laser oscillator system, I have taken
optical spectra at 1.75 kW power level both with and without the CLS component

for comparison. Optical spectra data have been taken at both logarithmic and
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Figure 2.18: The optical spectra of the fiber laser oscillator system at 1.75
kW power level (a) at logarithmic, (b) linear scales without a CLS and at (c)
logarithmic, (d) linear scales with a CLS

linear scales from 900 nm to 1200 nm spanning the 300 nm wavelength region as
shown in Fig. [2.18] Specifically speaking, there exists a considerable amount of
unabsorbed pump power, as can be seen from the Fig. and Fig. in
logarithmic and linear scales, respectively, belonging to the laser system without
the CLS case. After implementing it to the system, the optical spectra in both
logarithmic and linear scales have been retaken, and the corresponding results
have been shown in Fig. and Fig. [2.18d, respectively. There is almost
no residual pump left in the system, thanks to the CLS as expected. Moreover,
Stimulated Raman Scattering (SRS) signal have not been observed during this

characterization, implying that it has been suppressed effectively.

After the power characterization of the revised fiber oscillator system, the laser
beam quality has also been measured up to maximum power level to investigate
the effect of the cavity modification on the laser beam quality (M?). The M?
value had started with 1.2 and reached up to 2.1 at 1 kW power level in the
previous case. However, I have not observed such an increase in this case. Thus
it can quickly be concluded that by coiling the active fiber on a 10 cm diameter

cylindrical apparatus HOMs have been successfully suppressed.
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Figure 2.19: Beam quality (M?) measurement result of the fiber laser oscillator
system at 1.75 kW power level

As a result, the TMI effect has not been observed with this configuration.
Thus, at the 1.75 kW power level, high-quality laser light has been obtained with
M2 values of 1.24 and 1.05 in x and y directions. The laser beam profile has also

been shown in Fig. at the maximum power level of the system.

2.3 HPFLs based on home-made active LMA
fibers

Apart from the high-power fiber laser system based on commercial fibers, I have
also built fiber laser systems in MOPA configuration based on homemade self-
fabricated Yb-doped active fibers. The sample fibers have been fabricated using
the MCVD system with different doping concentrations for the main elements
such as Ytterbium, Aluminum, and Phosphorus. All elements have different
duties inside the matrix and have an impact on the fiber properties. I have altered
the doping concentration of the so-called elements to observe this difference. After
an intense work, I have fabricated two different 87# and 105# preforms with
different Yb doping concentrations. First, the preform properties will be given,

and then the optical characterization of the fibers will be explained below. Finally,
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both fibers will be implemented into a MOPA system to see the high power
performance. The detailed results will be shared belonging to these fibers in this

chapter.

2.3.1 MOPA system based on 87# fiber

2.3.1.1 Preform properties
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Figure 2.20: The refractive index profile (RIP) of (a) the whole 87# preform
and (b) just the core region zoomed in.

As stated above, the preform fabrication has been performed with an MCVD
system having a complex structure. The preform fabrication process will also be
explained in more detail in the 3"¢ chapter. But briefly, it starts with a Heraeus
branded F300 quartz substrate tube whose inner diameter is 24 mm and the
outer one is 28 mm, which was used for the deposition at 1930 °C via a Hy/O,
torch. Then, the substrate tube was collapsed at 2050 °C by a furnace. Upon
obtaining the preform, the core/clad ratio was adjusted by post-processes such
as stretching and jacketing using the MCVD system. After the manufacturing
process, the RIP of manufactured preform has been measured by the preform
analyzer system, a P102 Photon Kinetics preform analyzer operating at 633 nm
wavelength range. For that purpose, a preform slice with a thickness of less than
4 mm was used in this measurement. The sketched RIP data of the whole 87#
preform with 17.2 mm diameter has been shown in Fig. [2.20f. Additionally, to
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visualize better core region has been zoomed in as shown in Fig. [2.20b. The
average index difference can be read as 1.6x1072 from the graph corresponding
to 0.068 preform NA. However, contrary to our intention, an undesired peak at
the center of the preform’s core region was created during the collapse pass of the

preform manufacturing process.
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Figure 2.21: (a) The cross-section image a 87# preform slice after hexagonal
cutting and (b) the polariscope image of the preform.

After the RIP measurement, the final preform has been checked using an Op-
tacore POL-02 polariscope system to observe any discrepancies in the core region,
which appears brownish by this system, and the homogeneity of the doping region
can be visualized as shown in Fig. [2.21]b. It could be noted that the core region
appears darker with an increased Yb doping concentration, which will be realized
in the next section by comparing the polariscope images of 87# and 105# pre-
forms. The diameter of the magnifier of the polariscope is around 10 c¢m, and the
total length of the preform is usually around 30 cm. Then the preform has been
cut in hexagonal shape before the fiber draw as shown in Fig. with a ruler
showing the diameter as well. This cut is crucial for the fiber’s centralization;
otherwise, there is an offset between the fiber’s core and cladding centers after
the drawing. As a result, this offset causes an integration problem for the fiber

to other fibers.

After the physical examination, the preform’s elemental composition has been

measured to observe the difference between the desired values and the actual
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Figure 2.22: (a) MOPS image of the 87# preform in 2D and (b) the corre-
sponding data sketched and (c) the 3D version

ones. Yb element has a priority in this measurement since it turns an optical
fiber into an active fiber. For that purpose, a system with the same brand as the
polariscope; Optacore came with the MCVD system to our fiber fabrication facil-
ity. First, I have measured the rare-earth doping concentration by this so-called
system, the Optacore Measurement of Optical Preform Slice (MOPS) system. It
has embedded software that enables us to map the Yb ion distribution in 2D and
3D; additionally, it sketches the graph belonging to the 2D mapping. Based on
this explanation, the 2D image of the preform’s core region has been shown in
Fig. and the corresponding graph has been sketched in Fig. by
the software. Additionally, it allows us to take an image of the 3D version of the
Yb ion distribution mapping as shown in Fig. [2.22fc. The average rare-earth

concentration of this preform has been read as 0.11 mol% in the oxide version.

Finally, to detect the doping concentration of the other elements with the
YD itself, a more precise method, Wavelength-dispersive spectroscopy (WDS),
attached to a Scanning electron microscope (SEM) system, has been applied.
The reason for this situation is that MOPS can measure only the rare-earth
element’s doping concentration. Therefore, WDS is required to detect the whole

elements’ doping concentrations inside the matrix, Al,O3, PoO5 and YbsOj3 in
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Table 2.1: Elemental compositions of the 87# preform.

Material Mol% Oxide
MOPS 0.11
YD203 | yypg 0.12
Al,O4 3.18
P,0s 14
Al/P 2.27
Excess 1.78 in Al,Os4

this case. According to the WDS measurement, the doping concentrations are

detected as 0.12 mol%, 3.18 mol% and 1

4 IIlOl% for YbQOg, AlQOg and PQO5,

respectively, as shown in Table For this preform, Al;O3 has been doped

more than P,Oj5 intentionally to decrease t

he Photodarkening effect. Also, MOPS

and WDS results for the doping concentrations of the Yh,O3 are so close to each

other. And, these two measurements are performed at the same time to support

each other.
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Figure 2.23: Photo-luminescence measurement of the preform a) at 915 nm and

b) at 976 nm excitation, and PLE data c)
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After examining this preform’s elemental composition and physical properties,
the optical behaviors, namely the absorption and emission capability, have also
been investigated. For that purpose, I have utilized a Time-Resolved Fluores-
cence (TRF) Spectrophotometry system. Knowing that the two most dominant
absorption cross-sections of a Yb ion are around 915 and 976 nm, I have cho-
sen them as the excitation wavelengths. Under 915 nm excitation wavelength,
the dominant and narrower emission occurs around 976 nm, whereas the second
and broader one is approximately 1025 nm wavelength region as sketched in Fig.
[2.23h. On the other hand, under 976 nm excitation, I have obtained the emission

peaks at 978 nm and 1024 nm wavelengths, respectively, as can be seen in Fig.

2.23b.

For comparison, the intensity difference between the emissions for the 976
nm and 915 nm excitations give a clue about the absorption cross-sections for
these wavelengths. This data is consistent with the information given above,
which is the absorption cross-section of Yb ion at 976 nm is larger than 915
nm. Additionally, T have also performed photo-luminescence excitation (PLE)
measurements to investigate the possible pump wavelengths to obtain 978 nm
and 1020 nm emissions by this preform as sketched in Fig. and Fig.
respectively. The most dominant excitation wavelength peaks for 978 nm
emission have been obtained as 976 nm, 915 nm, 904 nm, 938 nm, 947 nm, 894
nm, and 881 nm in descending order. Similarly, for 1020 nm emission, the most
dominant excitation wavelengths are 977 nm, 915 nm, 939 nm, 904 nm, 990
nm, and 884 nm in descending order again. All of these emission and excitation
wavelengths correspond to the required energies between the three levels of ?F's

and the ground state of 2F7/2 of Yb atom as discussed in chapter 1 of this thesis.

2.3.1.2 Fiber properties

The active fiber has been drawn out of the 87# preform fabricated by the MCVD
system mentioned above. The manufactured home-built LMA active fiber has
21 pm and 416 pm core and cladding diameters, respectively, and the optical
microscope image of the fiber’s cross-section is shown in Fig.
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Figure 2.24: Optical microscope image of the 87# fiber’s cross section.

Additionally, the numerical aperture (NA) of this fiber has been found exper-
imentally as 0.052. On the other hand, the preform NA had been calculated as
0.068 based on the RIP data in the previous section. Fiber drawing might be the
reason for this situation since the temperature rises to 2000 °C in the oven part
of the fiber tower. Therefore, the material distribution might be altered since
high temperature decreases the preform NA while passing to the fiber version. I
have also analyzed the mode content of the fiber utilizing the RIP data of the
preform since we can’t measure the RIP of the fiber itself due to the lack of a
measurement facility. To investigate the mode properties of this fiber, I have
utilized the OptiFiber 2.2.0 version simulation program based on the RIP data

of the preform as stated above.

Figure 2.25: Simulation result of the 87# fiber’s mode content based on the
RIP data of the preform version.
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The resultant mode distribution of this fiber contains LPgy;, LPgy2, LPg3, LP11,
LP1y, LPgy, LPgs, LP3;, LPy, and LPj; as shown in Fig. [2.25] This fiber has 10
LP modes based on the 0.068 preform NA; however, the actual fiber has an NA
of 0.052. Therefore, it can easily be concluded that the number of modes that
this fiber supports should be lower than 10. Moreover, it can be estimated based

on the ratio of the preform and the fiber NA values using the equation below:

2

Modedt ~ V? (2.1)

Since the V number is directly related to the NA, it can also be related to
the mode number with its square. By a simple calculation, the estimated mode
number of the 87# fiber would be 6 instead of 10.

2.3.1.3 Laser characterization

A setup has been constructed in a MOPA configuration which consists of an
oscillator and amplifier part to test the active fiber’s high power performance.
MOPA system has not been sketched this time due to the resemblance of the
Fig. [2.5] The only difference is that I have used three pieces of high power
pump diode module in the oscillator stage of this system, operating at 976 nm
central wavelength. Then, the remaining three pump ports have been dumped
with the help of an aluminum block. The oscillator stage has been designed to
operate at a power level of 100 W, although it has a higher power capacity since
it will be enough to more than 1 kW output power level. In the amplifier stage,
on the other hand, I have used six pieces of high power pump diode modules,
the same as the ones in the oscillator stage, which again operate at a 976 nm
central wavelength. They have been combined with the same (6x1)+1 pump
combiner, and the output signal port of the combiner has been spliced to the
87# active fiber. The doping concentration of the active fiber is slightly lower
than the commercial ones; therefore, the length of the fiber that I have to use
for effective absorption is a bit longer. Therefore, the length of the fiber has

been chosen as 37 m, and it has been coiled at 10 cm diameter. As explained in
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the previous section, I have also implemented the same CLS component, which
can handle hundreds of watt pump power and 1 kW signal power. With the
help of our group members, I have succeeded in producing this CLS benefiting
from chemical methods, and I have tested its performance. The CLS was able to
suppress approximately 340 W pump power at a 23 dB extinction ratio. After
these successful tests, I implemented the CLS to the 1 kW MOPA system and
integrated it to the active fiber to eliminate the unwanted unabsorbed residue
pump light. QBH cable consisting of an endcap and a quartz blockhead inside
has been integrated into the CLS output.
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Figure 2.26: (a) Output power characterization of the MOPA system based on
87+# fiber up to 1 kW power level and (b) the optical spectrum taken at maximum
power level.

After integrating the QBH cable, the laser system is ready for any specific
application, such as material processing. After completing the construction of
the whole MOPA system, while the seed signal power is around 95 W, the system
has been characterized up to 1 kW power level, which is the maximum power level
of this system. The power characterization result of the MOPA system based on
the 87# fiber has been shown in Fig. [2.26f. the slope efficiency of this graph
has been calculated as 71.1% by Origin Pro 2015 software with linear fitting.
This number can be verified by assuming that an active fiber can utmost absorb
90% of the launched pump power regardless of its length. I have implemented
more than enough fiber in the system, and thus I also can assume that 37 m long

active fiber has absorbed 90% of the launched pump power.
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Knowing that the total launched pump power is 1440 W, and thus the absorbed
pump power can be calculated as 1290 W. The output power from the system
has been recorded as 1010 W, including a 95 W seed signal, which should be
abstracted from the total power to calculate the slope efficiency of the system,
which can be calculated as 71% by dividing the amplified pure laser power to
the absorbed pump power. This number is close to the one calculated by the
software, proving that the fiber length has been chosen effectively. After the
characterization of the power capacity of the fiber amplifier system, an optical
spectrum has been taken in logarithmic scale as shown in Fig. [2.26]b.

Since a CLS has been implemented in this system, residual unabsorbed pump
power has been decreased substantially compared to a system without a CLS.
Moreover, the residual pump power suppression is around 30 dB according to the
logarithmic scale; additionally, there is a Raman signal due to the SRS, yet with

more than 25 dB suppression in the logarithmic scale as well.

SC - ._\

Figure 2.27: (a) The image of the amplifier part of the MOPA system indicating
the splice points, active fiber and the CLS and (b) the infrared camera image of
the whole system while operating.

Afterward, I took a photograph of the amplifier system, including the active
fiber, splice points, and the CLS component inside a cooling plate as shown in
Fig. 2.27h. In addition to this, an infrared camera image of the whole system
while working relatively at low power has been taken just to visualize the system,
as shown in Fig. [2.27b. I have mentioned the CLS component fabrication
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method in the previous section, fabricated on a Liekki Passive-20/400DC fiber
with a chemical process. Thus, the fiber’s surface would have a certain roughness,
which breaks the total internal reflection (TIR) rule. Therefore, the light cannot
pass through the cladding at this CLS region and be expelled from the fiber. For
the sake of visualization of the CLS region, an infrared camera image has been
taken while operating at low power, as shown in Fig. [2.28a. After that, the
high power performance of the CLS also has been tested under the 1 kW power
burden. The thermal camera image was shown as in Fig. [2.28p, and as can be
seen from the figure, the highest temperature does not exceed 55 °C.
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Figure 2.28: (a) Infrared camera image of the CLS component taken while op-
erating at a low power level b) and thermal camera image taken at the maximum
power level.

2.3.2 MOPA System based on 105# Fiber

In the previous section, 87# self-fabricated active fiber had been examined in
detail. It has been tested up to 1 kW power level in a MOPA configuration
implementing 37 m long active fiber in the amplifier stage to sustain adequate
pump absorption. The pump wavelength selected for this system was 976 nm, and
so the absorption cross-section of this fiber would be experimentally around 0.6
dB/m for the 976 nm pump wavelength. Compared to active commercial fibers
with absorption cross-sections around 1.2 dB/m, the Yb doping concentration of
the 874 active fiber was lower than the commercial ones. Besides, the numerical
aperture of the 87# active fiber is around 0.05, while the commercial ones are

in the 0.06 and 0.07 range. Therefore, two parameters need to be enhanced to
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obtain such an active fiber similar to the commercial ones. For that purpose,
a new 1054 fiber preform has been manufactured hoping to have a higher Yb

doping concentration and a numerical aperture.

2.3.2.1 Preform properties
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Figure 2.29: Refractive index profile of(a) the whole 105# preform and b) just
the core region zoomed in.

As mentioned in the previous section, it has been aimed to manufacture a re-
vised preform with enhanced Yb doping concentration compared to 87# preform
to achieve an NA of 0.06 or greater. For that purpose, a new recipe has been
created with greater YbyO3 decreasing the concentration of Al,O3 to balance the
NA of the fiber to attain the desired value. The refractive index profile of the
whole stretched preform has been shown in Fig. [2.29hand the zoom in version
has also been shown in Fig. for better visualization of the core region. The
average refractive index difference has been measured as 0.0027, corresponding
to a 0.089 preform NA.

Besides this intentional increase, the RIP distribution has also been engineered
more homogeneously than the previous one, 87# fiber preform. After that, this
fiber preform was analyzed under the Optacore POL-2 polariscope system, whose
photograph has been shown in Fig. to observe the possible defects on the
preform’s core region. Additionally, the polariscope image of the 10-cm segment
of the preform has been shown in Fig. without any defect inside. The
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Figure 2.30: (a) Optacore POL-02 polariscope system and b) the polariscope
image of the 105# preform.

polariscope system provides a piece of comparative information about the Yb

doping concentration for the preforms.

Figure 2.31: a) MOPS image of the 105# preform in 2D and (b) the corre-
sponding data sketched and (c) the 3D version

As in this case, the 105# preform’s core region appears darker compared to
the one of 87# preform (Fig. [2.21p). In this context, this analysis system con-
firms the increase in the doping concentration of this preform. After polariscope
analysis of the preform, I have performed elemental composition measurement
utilizing the MOPS system embedded in the MCVD as elaborated in the previ-

ous sections. Before the measurement, the sample needs to be sandpapered to
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attain an accurate result. MOPS are capable of extracting both 2D and 3D map-
ping of the preform. Additionally, the software comes out with the concentration
(mol%) vs. radius (mm) plot in 2D. Eventually, I have also obtained a 2D image
of the preform sample as shown in Fig. and the corresponding concentra-
tion plot as in Fig. [2.31]b. According to this plot, the 105# preform’s average
Yb doping concentration has been attained as 0.15 mol% by the MOPS mea-
surement. Consequently, the MOPS data resembles the RIP analysis due to the
high-quality grinding of the preform sample, as can easily be realized. Moreover,
the 3D elemental mapping of the preform has also been shown in Fig. [2.3T)c.

Table 2.2: Elemental compositions of the 105# preform.

Material Mol% Oxide
MOPS 0.15
Yb203 | yypg 0.16
Al,O4 2.65
P205 1.43
Al/P 1.85
Excess 1.45 in Al,O4

As a summary, the elemental composition of this preform has been tabulated as
in Table [2.2] The MOPS and WDS data belonging to the Yb element have been
given for comparison. Besides, other materials such as Al,O3, P;O5 and their
elemental composition ratio have also been given thanks to the WDS measure-
ment. The doping concentrations are detected as 0.16 mol%, 2.65 mol% and 1.43
mol% for YbyO3, AlyO3 and P,Os, respectively. In this case, the Al,O3’s doping
concentration has been lowered while the one for YbyOs increased to achieve the

desired preform NA.

After examining this preform’s elemental composition and physical properties,
the absorption and emission capability have also been investigated utilizing a
Time-Resolved Fluorescence (TRF) Spectrophotometry system. The two most
dominant absorption cross-sections of the Yb ion are 915 nm and 976 nm. Un-
der 915 nm excitation wavelength, the dominant and narrower emission occurs

around 976 nm, whereas the second and broader one is approximately 1030 nm
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Figure 2.32: Photo-luminescence measurement of the preform a) at 915 nm, b)
at 976 nm excitation, and PLE data c) for 1030 nm emission.

wavelength region as sketched in Fig. [2.32f. On the other hand, under 976 nm
excitation, I have obtained the emission peak around 1030 nm wavelength as can
be seen in Fig. [2.32b. Additionally, I have also performed photo-luminescence
excitation (PLE) measurements to investigate the possible pump wavelengths to
obtain 1030 nm emission by this preform as sketched in Fig. [2.32c. In descend-
ing order, the most dominant excitation wavelength peaks for 1030 nm emission
are 976 nm, 915 nm, and 940 nm.

2.3.2.2 Fiber properties

After all these fiber preform analyses, I will elaborate on the optical fiber version
of this preform in this section. First of all, it should be noted that the transition
from the optical preform to an optical fiber occurs with the help of a fiber draw
tower. It consists of a preform feeding mechanism, a furnace, fiber diameter

measurement devices, a polymer coating apparatus, UV curing light source, a
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capstan, and a take-up spool from top to bottom. The working mechanism of the
draw tower can be mentioned shortly that the preform is heated up to its melting
point, around 1900 °C by the furnace. The vertical tension applied to the preform
is controlled by the temperature of the furnace. The pulling speed arranges the
desired cladding diameter of the fiber. Then, low index acrylic polymer is coated
on the fiber as a primary coating which endures the total internal reflection inside
the optical fiber as a wave-guide. After that, a high refractive index secondary

polymer is coated on the primary one to sustain the flexibility of the fiber.

Figure 2.33: The optical microscope image of the active fiber drawn out of
1054 preform b) and its polymer coated version

The length of the preform sample may vary between 30 cm to 100 cm, and
hundreds of meters or a few kms long fiber could be drawn depending on the di-
ameter of the fiber. In our case, the average length of the preforms manufactured
by the MCVD system would be around 40 cm, and approximately 300 m opti-
cal fiber has been drawn out of them. In the same manner, 1054 fiber preform
has been fabricated with these specifications yet altered the furnace temperature
to observe the impact on the optical performance of the corresponding fibers.
Afterward, the successfully manufactured fiber preforms have been shaped oc-
tagonally and drawn to form its optical fiber version with a 20.3 ym/406 pm core
and cladding diameters, respectively. The optical microscope of a 105# optical
fiber’s cross-section without polymer coatings has been shown in Fig. and
with polymer coatings in Fig. [2.33b. Moreover, the fiber reaches up to 550 pm

in diameter with its polymer coatings.

After that, I would like to investigate the modal content of this fiber, utilizing
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Figure 2.34: Simulation result of the 105# fiber’s mode content based on the
RIP data of the preform version.

the OptiFiber 2.2.0 version simulation program based on the RIP data of the
preform due to the lack of the capability to measure the fiber’s modal content
directly. As a result, according to the simulation the fiber contains LPg;, LPgs,
LPgo3, LPq1, LP1s, LP13 LPoy, LP9s, LP3;, LP3o, LP4;, LP4s, LP5; and LPg; modes
as shown in Fig. [2.34] This fiber has 14 LP modes based on the 0.089 preform
NA; however, the actual fiber has an average NA of 0.06. Therefore, it can easily
be concluded that the number of modes that this fiber supports should be lower
than 14. Moreover, it can be estimated using the Eqn. (2.1}

Since the V number is directly related to the NA, it can also be related to the
mode number with its square. Therefore, the estimated one of the 1054 fiber
would be 8 instead of 14. After estimating the fiber’s modal content, I have mea-
sured its actual NA utilizing Thorlabs BP109-IR, Beam Profiler. I have performed
this test at two different conditions: unbent and 10 cm bending diameter to see
the change of the fiber NA concerning the bending diameter. For the first case,
the fiber was unbent and ensured that only the fiber’s Gaussian mode had been
excited, and then divergence measurement was performed. The values 7.452° and
7.276° have been obtained with a perfect Gaussian beam profile in x and y direc-
tions, respectively, as shown in Fig. [2.35h. These divergence angles correspond
to 0.064 NA value approximately, calculated using Eqn. for the unbent case.
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Figure 2.35: Numerical aperture measurement of the fiber (a) unbent and (b)
10 cm bending diameter.

On the other hand, when the fiber was bent in a 10 cm diameter, the divergence
angles were obtained as 5.923° and 5.941° in x and y directions, respectively, as
shown in Fig. [2.35b. Based on this information, the corresponding NA this
time would be around 0.052. Consequently, it can easily be said that the NA of
this fiber is 0.06 £ 0.005. Another conclusion that could be drawn is that the
optimum bending diameter for this fiber is slightly above 10 cm.

2.3.2.3 Laser characterization

After the fiber characterization, it has been tested at a 1 kW output power level
in a MOPA configuration. As mentioned briefly above, 105# fiber preform has
been drawn at three different temperatures, 1870 °C, 1885 °C and 1880 °C. I have
aimed a comparative study to see the impact of the furnace temperature on the
optical performance of the fiber version. The drawn fibers will be named from

now on in this section as ‘Fiber 1’, ‘Fiber 2" and ‘Fiber 3’, respectively.

First, Fiber 1 has been tested in a MOPA system similar to the one utilized in
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Figure 2.36: (a) The power characterization result of 25 m-long ‘Fiber 1’ with-
out a CLS, and (b) the corresponding optical spectrum, and (c¢) with a CLS and
(d) its optical spectrum at the maximum power level.

87# fiber. In this amplifier system, 25 m-long Fiber 1 has been implemented in
the system considering the Yb concentration of this fiber. In the previous case, 37
m-long 87# fiber had been utilized corresponding to 0.6 dB/m absorption cross-
section for 976 nm pump wavelength. Based on this information, the absorption
cross-section of 105# fiber would be estimated as around 0.8 dB/m with the help
of the ratio of the Yb doping concentration of the 87# and 105# fiber preform.
Therefore, 1 have decided to implement a 25 m-long fiber for a high power test
of Fiber 1 considering 20 dB total pump absorption.

The power characterization of ‘Fiber 1’ has been performed first without a CLS
up to 800 W power level as shown in Fig. [2.36a. 45 W laser signal power has
been amplified up to 800 W in MOPA configuration utilizing 25 m-long active
fiber as explained above. The corresponding spectrum at this power level has
also been shown in Fig. with considerable amount of unabsorbed pump
power. On the contrary, the same measurement has been reiterated with a CLS
component to attain the pure signal power with calculated slope efficiency. This
power characterization, however, has been shown in Fig. up to 650 W

power level with 71.2% slope efficiency concerning the absorbed pump power,
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which has been assumed that the active fiber has absorbed 90% of the launched
pump power. The corresponding optical spectrum has also been shown in Fig.

2.36d suppressing nearly the whole unabsorbed pump power.
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Figure 2.37: The power characterization of the ‘Fiber 2’ at different fiber lengths
(a) without and (b) with a CLS.

After the power characterization of ‘Fiber 1°, I have decided to confirm the op-
timum fiber length by the cut-back method during the characterization of ‘Fiber
2’. For comparison, I have chosen three different fiber lengths, 34 m, 28 m, and
25 m, to observe the effect on the optical performance of the fiber. In the same
manner, two subsequent power characterization of ‘Fiber 2’ has been performed
with and without CLS component whose results have been shared as in Fig.
and Fig. [2.37b, respectively. The slope efficiencies obtained are 67.2%,
69.8%, and 71.6%, indirectly related to the fiber length for the launched pump
power for without CLS case as in the Fig. [2.37h.
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Figure 2.38: The optical spectra belonging to ‘Fiber 2’ (a) at 34 m, (b) at 30
m, (c) at 25 m without a CLS, and (d) at 34 m, (e) at 30 m, (f) at 25 m with a
CLS for comparison.
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Therefore, it can easily be concluded that the best slope efficiency belonged
to the 25 m fiber length. The optical spectra obtained for different fiber lengths
have been shown with and without the CLS component as shown in Fig.
As expected, as the fiber length shortens, the intensity of the unabsorbed pump

power slightly increases.
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Figure 2.39: The power characterization of the ‘Fiber 3’ at different fiber lengths
(a) without and (b) with a CLS, and the optical spectra (c) at 25 m without and
(d) with a CLS utilizing six pieces of pump diodes.

Similarly, ‘Fiber 3’ has also been tested with three different fiber lengths in the
same setup to observe the same effect on the optical performance of this fiber.
For this experiment, 30 m, 28 m, and 25 m fiber lengths have been iterated. It
should be noted that all of the high power tests mentioned until this time have
been conducted with six pieces of pump diodes. Each pump diode has a 250 W
maximum capacity; however, each diode has been operated at an average of 154
W and a total of 922 W pump power. Therefore, although the pump diodes have
VBG stabilization system, the parasitic pump wavelength region appears more
dominantly in the low power regime. Similarly, I have also tested ‘Fiber 3’, and
the corresponding results with and without CLS have been shown in Fig.
and Fig. [2.39pb, respectively.
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The so-called situation mentioned above about pump wavelength would be
seen in the optical spectra of ‘Fiber 3’ on the left side of the 976 nm pump
wavelength as shown in Fig. and Fig. belonging to 25 m fiber
length. The slope efficiencies of the three different fiber lengths were similar, and
that is to say, the average slope efficiency can be said that 74% for ‘Fiber 3’. One
possible reason for this situation would be the chosen fiber lengths are close to
each other. However, the best slope efficiency has been attained with ‘Fiber 3’
in the same configuration. Though there is a slight difference between them, this

fiber behaved the most reliable and efficient.
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Figure 2.40: The power characterization of the ‘Fiber 3’ (a) at 25 m with
CLS, and b) with CLS and QBH, (c), and (d) the corresponding optical spectra
utilizing four pieces of pump diodes.

After that, I slightly changed the test setup, decreasing the number of the
pump diodes from six to four to explore the situation about the pump wave-
length mentioned above. In this configuration, the operating power of each diode
has been increased to the 233 W power level, and thus the total pump power
reaches up to 932 W power level. The characterization has been performed again
to observe the difference between these two pumping conditions. The results ob-
tained have been shown in Fig. and Fig. for with CLS and also
a QBH cable for 25 m fiber length, respectively. For this case, red-shift of the
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pump wavelength increased pump absorption and gain saturation, and thus the
slope efficiency was enhanced up to 76% based on absorbed pump power. The
corresponding optical spectra have been shown in Fig. and Fig.
for the CLS and QBH cases, respectively. As can be seen from the figures, with
CLS, the parasitic pump wavelength region has been suppressed better, yet on

the other hand, with CLS and QBH, this region has been suppressed even better.

Figure 2.41: (a) The picture of Thorlabs BP109-IR Beam profiler, and b) the
beam quality measurement result for ‘Fiber 3’ (¢) at 660 W power level.

Finally, the beam quality of the fiber has been tested using Thorlabs BP109-1R
beam profiler whose photograph has been shown in Fig. [2.41a. The obtained
data has been shown in Fig. with 1.50 and 1.42 in x and y coordinates,
respectively. The beam quality measurement has been conducted at the 660 W
maximum power level as shown in Fig. [2.41fc.

As a brief summary to this section, I have managed to fabricate Yb-doped ac-
tive fibers having similar properties and efficiencies compared to the counterparts
demonstrated in the literature. Optical characterization results presented above

have confirmed this fact.
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Chapter 3

Ultra-low NA Home-Made
Active Fiber

3.1 Introduction

Fiber lasers have been widely used in the industry besides the health and de-
fense applications due to their critical features such as robustness, compactness,
and directionality. It has been possible to achieve kW class fiber laser systems
after the developments in the optical fiber technology introducing the genera-
tion of Large Mode Area (LMA) fibers with low numerical aperture (NA) values
0.06 [127-130]. This breakthrough has provided the use of fiber lasers in the
defense industry as well. The fabrication of these silica glass-based LMA optical
fibers can be performed with the use of the Modified Chemical Vapor Deposition
(MCVD) technique [131,|132]. High purity and high-quality preforms can easily
be manufactured using this technique since the chemicals have a purity level of
5N or 6N. Therefore, the LMA fibers used in defense application in the multi-kW
power levels have been preferred to be manufactured with this method since the
impurity level gains importance when the power scales up. Moreover, it is pos-
sible to monitor and control both the amount and flow of the chemicals, which

is an important fact to lower the difference between the refractive indices of the
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core and inner cladding regions for the fabrication of low NA optical fibers [133].
Since MCVD is a complex system, precise controlling the doping concentration
of each element is very challenging. The main reason is that the precursors used
in the system, namely silicon tetrachloride (SiCly), aluminum chloride (AlCl3),
and phosphorous oxychloride (POCI3) with different deposition efficiencies, get
in a competition within the silica host matrix. Therefore, it requires a great
effort to successfully place different dopants in the host matrix to adjust the de-
sired refractive index profile (RIP). As mentioned above, multi kW fiber laser
systems have been accessible with LMA fibers since they have larger core di-
ameters than those of intrinsically single-mode fibers with corresponding higher
optical power damage and non-linear effect thresholds. Depending on how large
the core diameter is, LMA fibers supporting more than one mode are also called
few-mode optical fibers, which imply that, in addition to the fundamental mode
(LPgy), higher-order modes (HOMSs) also survive inside the optical fiber. The
beam quality of a laser system scales with the proportion of the fundamental
mode. Therefore, the quality of the laser output beam decreases dramatically
with the presence of HOMs inside the fiber. Besides, the presence of HOMs can
cause other non-linear effects over certain pump power threshold levels. One of
them is named Transverse Modal Instability (TMI) which has a thermal origin
and is said to be caused by the Stimulated Thermal Rayleigh Scattering (STRS)

or by thermal mode coupling processes alternatively [134}/135].

This phenomenon will be discussed further in the next chapter; however, some
basic information will be given briefly. According to the mode-coupling theory,
fundamental and HOMs interfere, so a modal interference pattern (MIP) is cre-
ated as a result. This MIP then causes the fiber’s refractive index profile (RIP)
has been modified periodically to form refractive index grating (RIG) structures.
Due to the presence of them inside the fiber, the total energy in the fundamen-
tal mode couples to the HOMs and then return to the fundamental mode in a
repeating manner [136,/137]. Therefore, HOMs should be suppressed inside the
fiber to survive only the fundamental mode, not to confront such an undesirable
situation. The most basic and essential method to getting rid of the HOMs is the

bend-induced loss mechanism. The fiber is bent at a specific diameter so that

62



HOMs cannot propagate inside the fiber anymore. However, the bend-induced
mechanism is a temporal solution since when the fiber is back to the initial po-
sition, HOMSs presents again. In that respect, a permanent approach is to lower
the NA of fiber which can be achieved in two possible ways. The first method
is decreasing the refractive index of the core region by lowering the rare earth
dopant concentration or doping Fluorine and Boron atoms. On the other hand,
the other one is increasing the refractive index of the cladding region by doping

Germanium atoms.

In this work, I have chosen to decrease the doping concentration of the Yb
atoms in a controlled manner to design and fabricate a new type of large core
active fiber to stop the intrinsic formation and propagation of HOMs inside the
fiber. With the help of lowering the NA of fiber, this new approach can only sup-
port the propagation of fundamental mode even with a larger core size depending

on its V number.

In the literature, an active fiber having an NA value <0.05 and 40 pm core
diameter was demonstrated firstly in 2004 above 1 kW with an M? = 1.4 [13§],
and another one having an NA value of 0.038 and 35 pum core diameter was
proposed in 2015 with an average M? = 1.08 but just about 50 W power level [139).
Additionally, systematic numeric studies were performed to simulate the laser
output characteristics by varying the NA (0.025-0.05), core diameter (20 ym—100
pum), and the bending diameter (0.4 m—1.6 m) of the fiber by authors of [140].
Afterward, a 3 kW output power level was achieved by designing a new low
NA fiber with an NA value of 0.048 and M? = 1.15 [141]. Yet another active
fiber has been proposed with an NA value ~ 0.04 and M? = 1.3 with 3 kW
output power |142]. Having upgraded this work, the highest power level in the
literature, which is 4.3 kW, had finally been achieved by Tiinnermann’s group
with an active fiber having an NA value again ~ 0.04 and 23 pum core diameter
resulting in an average M? value of 1.24 [143]. However, all of these works are
based on free space orientation; that is to say, pump light is coupled to the active
fiber via free space with the help of several lens and objective combinations. On
the other hand, recently, all-fiber ultra-low NA fiber laser studies started to be

published in a resonator configuration [144]. Also, it has been implemented in the
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oscillator part of an amplifier system, |[145]. However, I demonstrate a monolithic
all-fiber high-power Master Oscillator Power Amplifier (MOPA) system based on
an ultra-low NA Yb-doped active fiber in this work. It has 26 pum core and
410 pm cladding diameters, respectively, with an average NA value of 0.034,
experimentally verified. The details of this study will be given in the subsections

below.

3.2 Preform Fabrication and Characterization

In this section, properties of the preform version of the ultra-low NA fiber are
going to be presented. Besides, all of the analysis that has been done to charac-
terize the preform are going to be elaborated. However, at first the fabrication
of fiber preform is going to be mentioned briefly. All starting raw chemicals used
in MCVD system were purchased with high purity levels of 5N (99.999%) and
6N (99.9999%) to manufacture ultra-low NA fiber preform. A Heraeus branded
F300 quartz substrate tube whose inner diameter is 24 mm and the outer one is
28 mm, was used for the deposition at 1930 °C via an Hy/O, torch. Then, the
substrate tube was collapsed at 2050 °C by a furnace. Upon obtaining the pre-
form, core/clad ratio was adjusted by the post-processes such as stretching and
jacketing using the MCVD system as well. After manufacturing process, charac-
terizations of the final preform were conducted using a Polariscope to observe the
discrepancies if exists any in the core region, an optical microscope Zeiss Axio Vert
A1 to see the cross-section, a P102 Photon Kinetics preform analyzer to measure
the refractive index profile (RIP). Then it was drawn by an OptoGear branded
fiber drawing tower and the drawn fiber was coated with primary and secondary
polymers to make it bendable. The data belonging to these characterizations are

going to be shared below subsequently.

SiCly + Oy = 5104 + 2C1,
3 (3.1)
2POCZ3 + 502 - P205 + 30[2

64



The production of preform has been initiated with the help of precursors
to build the cladding and core regions subsequently. And since the type of
fibers that have been fabricated are Yb-doped aluminophosphosilicate (APS)
[Al,O3-P205-Si0s] fiber, the precursors namely SiCly and POCI;,Yb(thd); [Yb-
(tetramethylheptanedione)] and Al(acac)s [Al-(acetylacetonate)]. The formation
of Si0y and P,0O5 occurs via oxidation reactions as stated in Eqn. above.
The liquid precursors, SiCly and POCI3 are heated up to a specific temperature
around 35°C and oxygen (O,) carrier gas and vaporized precursors flow from
the bubblers to interior part of the high-purity glass tube where the so-called
oxidation reaction will take place. On the other hand, Yb(thd); and Al(acac)s
precursors are in solid phase unlike others and they have been sent to the system
in gas phase via sublimation reaction by applying heat around 130°C — 140°C for
Al(acac)s and 190°C — 200°C for Yb(thd)s. Additionally, Helium flows through
this furnace and other parts are also heated up to 200 °C to prevent the formation

of condensation in the system.

For the fabrication of this specific preform, I have aimed to decrease the doping
concentration of YbyOg for the sake of lowering the NA of preform whose RIP has
been shown in Fig. The RIP of manufactured preform has been measured
by the preform analyzer system stated above operating at 633 nm wavelength
range. For that purpose, a preform slice with a thickness less than 4 mm was
used in this measurement. The RIP of nearly whole preform (17.4 mm) was
shown in Fig. in which the core region was pointed out. To investigate it
deeply, the zoomed-in version of Fig. was sketched as in Fig. [3.1p. It is
a well-known fact that Yb3*, AI3* and P® ions lead to increase the refractive
index individually. However, in the case of APS fiber,AI*" and P°" ions can yield
to formation of AIPO, structural units within the silica host matrix. Thus, the
individual refractive index additive effect of these elements has been neutralized

automatically.

From benefiting this fact, it has been aimed to dope the silica glass with
equimolar amounts of Al,O3 and P05 so that the AIPO, formation help to
reduce the refractive index [146}/147]. Therefore, this implies that the formation
of AIPOy, could be utilized to decrease the NA of fibers.
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Figure 3.1: (a) Refractive index profile (RIP) of the nearly whole preform and
(b) just the core region.

However, in our case I have chosen to decrease the doping concentration of
YhyO3 to alter the NA of preform and since AI*T plays critical role for Yb3* to
find place in the core region instead of doping AI** and P5' ions as equal as
possible, I have aimed to dope AI** more than P?T intentionally in a controlled
manner. However; in the contrary to our intention there existed an undesired
peak at the center of the core region of the preform, which has been created
during the collapse pass of the manufacturing process of the preform. Since the
homogeneity of preform’s RIP has been deteriorated by peak at the center, taking
into consideration of this fact, I have predicted and claimed that the average index

difference of the whole core region might be calculated as 4x10~* as indicated in

Figure Fig. [3.1pb.

NA = Vngore — nZlad = \/(ncore - nclad) X (ncore + nclad) (32)
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Figure 3.2: MOPS data of the preform version of the ultra-low NA fiber.
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Having utilized the Eqn. [3.2] such index difference would correspond to an
NA value of 0.034 theoretically, where the average refractive indices of the core
and cladding region of the fiber are 1.4480 and 1.4476 respectively. As mentioned
briefly above, preforms have also been characterized in terms of their elemental
composition in order to determine the doping concentrations of individual ele-
ments before the drawn. There are two analysis systems at UNAM for rare-earth
element, which is Ytterbium in our case, that I have implemented for the pre-
form analysis. One of them is called as MOPS (Measurement of Optical Preform
Slice) by the manufacturer company of the MCVD system, capable of mapping
the elemental composition of the preform in addition to the percentage of them

based on the emission technique.

MOPS data of the ultra-low NA fiber preform has been shown as in Fig.
[3.21 The distribution and concentration of Yb atoms within the core region has
been plotted. According to the MOPS data doping concentration of the YbyO3
lies between 0.03mol% and 0.04mol% all over the core region of the preform.
This data has been verified with another technique, Wavelength-dispersive spec-
troscopy (WDS), a measurement method integrated to a Scanning electron micro-
scope (SEM) system. Contrary to MOPS technique, WDS is capable of measuring
the doping concentration of all elements inside the preform. Therefore, we will
find out the doing concentrations of Al,O3 and P3Oy in addition to Yb,O3 with
this technique. For that measurement, I have taken a polished ultra-low NA
fiber preform piece with a 4 mm thickness and 2 mm total core diameter. As a

comparison I have taken measurements at selected points in both cladding and
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Figure 3.3: Wavelength-dispersive spectra of the selected points in a) clad and
b) core region of the preform.

core regions to illustrate the material composition difference between them as can
be seen in Fig. The cladding region of preform contains only Silicon and
Oxygen atoms as expected and can be seen in Fig. whereas the core region
contains Yb3*, A>T and P> as well as the Silicon and Oxygen as can be seen
from the Fig. [3.3b. After the verification of presence of all these elements inside
the cladding and core regions of the preform, we are supposed to quantify the

doping concentration of these elements.
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Figure 3.4: Mapping data of the elements which are YbyO3, Al,O3 and P,O5
over the core region of the preform via WDS measurement technique.
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For that purpose, whole core region has been scanned with 0.2 mm steps and a
single measurement has been at each step and recorded. As a result, the obtained
data has been plotted for the elements Al,O3 and P,O5 and YbyO3 as shown in
Fig. [3.4 The average doping concentrations for Al,O3 and P;05 and YbyOj
are 1.178 mol%, 0.503 mol% and 0.037 mol%. Consequently, it can be
concluded that WDS and MOPS data for doping concentration of Yb,Og3 are in
good agreement with each other. In addition to this, as the number suggests our
intention has been fulfilled with this much low Yb ion doping concentration and

thus we would be able to achieve ultra-low NA fiber out of this preform.

Figure 3.5: a) Optacore POL-02 polariscope system and b) the image of PO068
preform taken by this polariscope.

In addition to the MOPS and WDS measurements, the physical properties of
the core region of the preform has also been investigated by Optacore POL-02
polariscope system to monitor any discrepancy in the core region if there is any,
as can be seen from the Fig. To make it clear, the working principle of this
system is so simple that a white light source is coupled to one end of the preform
and with the help of two crossed polarized lenses, and thus core region could be
monitored from benefiting the refractive index difference between the cladding
and core regions on which the contrast of image is strongly depends on. This
implies that there is a direct relation between the contrast of image and NA of
preform. In this case, since P0068 (Ultra-low NA fiber preform) has a smaller NA
value due to low doping concentration of YboOg, the image contrast is relatively
small compared to the ones of PO087 an P0105 which has been elaborated in
Chapter 2 of this thesis.
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Figure 3.6: Photo-luminescence measurement of the preform a) at 915 nm and
b) at 976 nm excitation, and PLE data c) for 976 nm and d) 1027 nm emission.

After examining the elemental composition and physical properties of this pre-
form, the optical behaviors namely the absorption and emission capability, have
also been investigated. For that purpose, I have utilized Time Resolved Flu-
orescence (TRF) Spectrophotometry system located at the 2" floor of UNAM
building whose results have been shown in Fig. [3.6] Having known that, the
two most dominant absorption cross section of the Yb ion are around 915 and
976 nm, I have chosen them as the excitation wavelengths. Under 915 nm exci-
tation wavelength, the dominant and narrower emission occurs around 976 nm
whereas the second and broader one is approximately 1030 nm wavelength region
as sketched in Fig. [3.6. On the other hand, under 976 nm excitation I have
obtained the emission peaks at 976 nm and 1030 nm wavelengths respectively as
can be seen in Fig. [3.6b. For a comparison, the 1030 nm emission from 976
nm excitation seems to be higher than the one from 915 nm excitation as can be
clearly seen from the Fig. and Fig. [3.6b. This data is consistent with the
information given above which is the absorption cross section of Yb ion at 976

nm is larger than 915 nm.
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Additionally, T have also performed photo-luminescence excitation (PLE) mea-
surements to investigate the possible pump wavelengths to obtain 976 and 1027
nm emissions by this preform as sketched in Fig. and Fig. respec-
tively. The most dominant excitation wavelength peaks for 976 nm emission have
been obtained as 915 nm, 904 nm and 939 nm in descending order as can be seen
from Fig. [3.6c. In the same manner, for 1027 nm emission the most dominant
excitation wavelengths are 976 nm, 916 nm, 904 nm, 894 nm and 940 nm in
descending order again. All of these emission and excitation wavelengths corre-
spond to the required energies between the three levels of 2F'5 /2 and the ground

state of 2F'7/2 of Yb atom as discussed in the chapter 1 of this thesis.

3.3 Fiber Properties

Figure 3.7: Optical microscope image of the cross section of the drawn fiber.

When the procedure of fabrication of preform has been carried out, the fol-
lowing step would be drawing the preform out of the fiber. The details of fiber
drawing process has been elaborated in the introduction section of Chapter 2 and
so the explanation of this process will be skipped in this section. Having com-

pleted the preform fabrication and characterization section, properties of fiber
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version of the preform are going to be elaborated in this section. First of all, the
physical properties of fiber is going to be shared. Therefore, a piece of the fiber
was cleaved at an angle close to zero with its polymer coating onside, and an
optical microscope image of the cross-section of the drawn fiber has been taken
and illustrated as shown in Fig. [3.7] The core and the cladding diameters of the
ultra-low NA active fiber have been measured as 26 ym and 410 pm respectively.
Additionally, the diameter of the fiber reaches up to 550 pum with its polymer
coating. Since I have a predicted NA value on hand, I can also calculate the V
number of the fiber easily just for the sake of getting an idea about the modal
content of this fiber. V number depends on the NA and the core radius of the
fiber.

Figure 3.8: Simulation results of the mode content of the ultra-low NA active
fiber.

It is general fact that when the V number of a fiber is smaller than the threshold
value of 2.405 then this fiber is said to be intrinsically single mode which means
that there can be no HOMs to survive in this fiber. When I calculate the V
number of this fiber according to the equation above, with a predicted NA value
of 0.034, the core radius of 13 pym and finally assuming the wavelength is 1.08
pm, we come up with a number of 2.57 which is relatively a bit larger but still

very close to the threshold value. Therefore, I can easily conclude that the fiber
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reported in this study is considered to be not an intrinsically single-mode one.
Nevertheless, HOMs can be eliminated even with a large bending diameter for
this special fiber. To investigate the mode properties of this unique fiber, I have
utilized OptiFiber 2.2.0 version simulation program. The refractive index profile
(RIP) of the fiber is the input for this program. For that purpose, I have used the
RIP data obtained from the preform version of this fiber to see the resemblance.
I have fitted the RIP of the preform to the fiber version with 26 pm/410 pum
core/cladding diameters, respectively, as shown in Fig. . Since the V-number
of this close to the single-mode threshold value, it can be expected that just a few
HOMs to appear along with the fundamental mode. Parallel to this expectation,
I have obtained the result as shown in Fig. Therefore, according to the
simulation this fiber includes just LP;; as HOM with the fundamental mode
(LPgy). In addition to the 2D images of the modes shown in Fig. and Fig.
3.8c, 3D images of the both modes have also been illustrated in Fig. and
Fig. |3.8d, respectively.
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Figure 3.9: Simulation results of the effective mode diameter of the ultra-low
NA active fiber versus wavelength with 45 cm bending radius.

Besides, I have also calculated the mode field diameter (MFD) of this fiber
with the same simulation program. I have entered the similar parameters such as
core radius, the RIP same as the one above. In return, I have obtained the result
shown in Fig. [3.9] The MFD of the fiber starts around 22 pm corresponding
to 1 pum wavelength region and climbs up to 34 pum corresponding to 1.6 pum

wavelength.
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In the previous section it has been explained that preform of this fiber has been
manufactured by decreasing the doping concentration of YbyO3 in a controlled
manner to achieve the ultra-low NA fiber. It is reminder that the RIP of so-called
preform has been shown in Fig. and based on this data the average RIP of
the preform had been calculated as 4x10~* which corresponds to a NA of 0.034
theoretically. However, this number needs to be verified experimentally in the
fiber version as a comparison. For this purpose, I have built an experimental setup
to measure the NA of fiber directly which consisted of a laser source operating at
1200 nm central wavelength. The reason why this one has been chosen specifically
is due to the less absorption of Yb atoms at that wavelength region.Then, a
Thorlabs F230APC-1064 fiber-coupled collimator having an NA of 0.50 and focal
length of 4.56 mm has been used in this system to collimate the outgoing laser
light.

HI 1060 fiber Diltea-loy
NA= 0.14 NA fiber
) - e NA=0.034
- < : LS 0 :)_
~ & - . B 7
~ = P
____________ -
\b‘
Collimator Lenses (f: 4.2 mm,
f: 4.56 mm 8 mm, 35 mm)

Figure 3.10: Schematic illustration of the beam divergence measurement setup
based on the change in excitation NA of the source.

Finally, an aspheric lens, which helps to get rid of the spherical aberration,
has been utilized to focus the laser light into fiber. At the end of setup, a Thor-
labs BP109-IR beam profiler has been operated to measure the beam divergence
data of ultra-low NA fiber so that the NA value of the fiber could be calculated
accordingly. For the sake of this measurement, I have aimed to demonstrate the
fiber NA invariance with respect to the different excitation NA and the bending

diameters.

To start with, I have examined the effect of excitation NA on the fiber NA itself.
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To illustrate, the schematic representation of the beam divergence measurement
of the fiber under different excitation NA of the source has been sketched as in
Fig. which has been altered by changing the aspheric lens just before the 8
m-long ultra-low NA fiber piece. Since we know the fiber NA of the laser source

we can easily calculate the tangent of out going angle of the laser beam based on

the Eqn. [3.3]

sin(2a) = 0.14 = tan(a) = 0.07035 (3.3)

collimator 4.56

tan(f) = Jedtimator oy = 25O 6 07035) (3.4)
flens flens
(Excitation N A) = sin(26) (3.5)

We had 3 pieces of aspheric lenses having 4.2 mm, 8 mm and 35 mm focal
lengths to alter the excitation NA of the laser source. Based on the values of
each lens, the excitation NAs have been calculated as 0.152, 0.080 and 0.018
respectively according to the Egns. and below.

At these three different scenarios, the beam divergence measurement has been
repeated and the results are as in Fig. [3.11f. The divergence angles correspond-
ing to each excitation NA are 3.784°, 3.899°, and 3.669° respectively. Then, the
corresponding fiber NA values have been calculated as 0.0329, 0.034 and 0.032 as
shown in Fig. from benefiting the Eqn. Consequently, the average
NA value based on these different excitation NAs can easily be found as 0.0335+
0.00055. Based on this information that I have obtained from all of these three
measurements, it can be concluded that no matter how the excitation NA was
changed the NA of this fiber is indeed around 0.034.

NA = sin (g) (3.6)
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Figure 3.11: (a) Beam divergence measurement of the fiber with respect to the
excitation NA and (b) the corresponding NA values, (¢) the same measurement
this time with respect to the bending diameter and (d) the corresponding NA
values again.

After that, I have performed the NA measurement this time by changing the
bending diameter of the fiber from 100 ¢cm to 20 cm in order to observe the
bending effect on the NA of fiber while the excitation NA is fixed at 0.080 by
implementing an aspheric lens having 8 mm focal length right after the collimator.
The reason why excitation NA was chosen larger than our prediction of the fiber
NA is to make sure that the whole fiber was fulfilled so that to be able to measure
directly the NA of fiber rather than the divergence of the light passing through.
Under these circumstances, the divergence data that I have obtained from the
beam profiler are as in Fig. [3.1Ic. The acceptance angles corresponding to each
bending diameter are 3.989°, 3.794°, 3.805°, 3.736°, and 3.885° respectively. By
taking the sine of the half of these divergence angles for each bending diameter,
I have obtained the fiber NA values as shown in Fig. by using the Eqn.
[3.6] The fiber NA values obtained with respect to the bending diameters of the
fiber are 0.0348, 0.0331, 0.0332, 0.0326 and 0.0339 correspondingly. The average
NA value of these 5 different NA values is then found as 0.03374 0.0011. In

summary, it has been proven that neither the bending diameter of the fiber nor
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excitation NA of the source can not affect the NA of fiber and it has been verified

that the actual NA of the fiber is around 0.034 as claimed in the previous section.

In addition to the NA verification measurement, the fundamental mode loss of
the fiber has also been studied to investigate the effect of bending diameter of the
fiber on fundamental mode propagation inside. This information is critical for
bend-sensitive fibers such as ultra-low NA ones which is of concern in this study.
The data which is going to be extracted here will give a clue about the critical
bending diameter of the fiber which means that if the fiber is bent beyond this
point the guiding of fundamental mode will be damaged drastically.

100 cm
‘-""..
*
Bi-convex .0’ ’o‘
Lens . ®
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Figure 3.12: Schematic illustration of the fundamental mode loss measurement

of the fiber.

For that purpose, I have installed a simple setup consisting of a laser source
again operating at 1200 nm wavelength range with the same motivation men-
tioned above.But this time a bi-convex lens to focus the light directly into the
fiber and a pinhole to prevent the light coming from the cladding region of the
fiber as shown in Fig. [3.12] After the free-space alignment of the optical ele-
ments has been completed, the laser source has been kept constant during the
whole measurement and the lens has not been touched after the optimal coupling
condition has been satisfied to ensure that the only variable in this measurement
would be the bending diameter of the fiber which has been altered from 100 ¢m to
10 cm in order to observe the loss of fundamental mode of the fiber precisely. The
data obtained from this measurement has been plotted as shown in Fig.
Based on this data, the fundamental mode loss dramatically increases beyond the
50 ¢cm bending diameter. Therefore, it can easily be concluded that the critical

bending diameter for this fiber is around 50 cm.
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Figure 3.13: Fundamental mode loss measurement of the fiber.

3.4 High Power Test Results of the Fiber

In this section, high power performance of the ultra-low NA fiber has been tested
in a monolithic Master Oscillator Power Amplifier (MOPA) configuration. How-
ever, all of the possible loss sources such as the integration loss caused by the NA
mismatch between the ultra-low NA active fiber and the output fiber of the pump
combiner. Thus, I have intended to measure the mode field diameter (MFD) mis-
match between the ultra-low NA fiber and the signal port of the pump combiner.
Therefore, it can be said that the integration of these fibers is the most crucial
part of this work since due to the NA mismatch between them some portion of
the signal would be coupled to the cladding and hereby is lost in the Cladding
Light Stripper (CLS). Theoretically, the ratio of power coupled to the cladding
would be estimated based on the mode overlap between these two fibers and
modal power distribution in them. In this case, the fibers have 0.034/0.06 NA
values and 26 pm/20 pm core diameters respectively. To accomplish this, I have

built a far-field measurement setup using angular scanning technique to estimate
the MFD of fibers as shown in Fig. [3.14]

Based on the definition of MFD under Gaussian approximation, I have mea-
sured the angles at which the maximum intensity drops to the e=2 for both fibers
and obtained 3.5° and 4.8° respectively. Thus the coupling ratio can be estimated

as 72.9% by the small angle approximation; tan (0) ~ 6. In real case, I have 110
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Figure 3.14: Schematic illustration of the mode field diameter measurement
setup.

W signal power reaching to the power meter after the ultra-low NA active fiber.
With the help of a CLS integrated to the end of this fiber I have measured the
power as 80 W. Thus, the measured ratio would be 72.7% which is fairly close
to the estimated one. Thereby, the signal power is going to be amplified in the
amplifier stage is said to be 80 W. For that reason, since to build a laser oscillator
system out of this fiber would be problematic and due to this fact, the experi-
mental setup has been installed based on a MOPA system as sketched in Fig.
3.10

20/400 pm ! Ultra-Low NA
Active Fiber Active Fiber
F
6x1:1 @_‘II T §
|| I cLs
HR-FBG OC-FBG
! 99.5% 10%

Figure 3.15: Schematic representation of the fiber MOPA system, HR-FBG,
high reflective fiber Bragg grating; OC-FBG, output coupler fiber Bragg grating;
CLS, cladding light stripper.

The system includes mainly two stages; one of them is oscillator in which
the seed signal is produced and the other one is amplifier stage in which the
signal coming from the seed is amplified to the high power levels. Firstly, the

oscillator has been installed based on an Yb-doped active fiber having core and
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cladding diameters of 20 pm and 400 pm, respectively. The oscillator stage has
been completed with an FBG pair consisting of a high reflective FBG having a
reflectivity of 99.5% and output coupler FBG having a reflectivity of 10%. Two
pump diodes have been utilized in the oscillator stage as a pump source, and
it has been integrated to a 6x1:1 pump combiner having 20 pm/400 pm fiber
output. The total signal power produced at the end of oscillator after the CLS is
~ 150 W. However, having passed through the 40 m long low NA active fiber, 110
W of this power is launched to the amplifier stage to be amplified. In this stage,
the signal coming from the oscillator is amplified to the higher power levels by
our 40 m long piece of fiber which has been pumped by six pieces of high power
laser diode modules which are combined with a 6x1:1 pump combiner having an

output fiber with core/cladding diameters of 20 pm/400 pm respectively.

Figure 3.16: The photograph of fiber coiling system, having 1 m diameter, taken
with a cell phone while the laser is on showing the fluorescence in blue region.

For the sake visualization, the special coiling system designed for ultra-low NA
fiber with 1 m bending diameter has also been shown as in Fig. [3.16] It should
be noted that the photograph has been taken with a cell-phone and the emission
is due to the fluorescence of Yb ions under high power 976 nm pump light. The
average power of each high power diode module in the amplifier stage is around
250 W and so we had the total pump power of 1.5 kW. However, the unabsorbed
pump power is around 180 W at this pump power level. This corresponds to the
88% pump absorption approximately by 40 m long active fiber and this suggests
that fiber length would be enough to absorb adequate pump power.

Hereby, absorbed pump power can be calculated as 1320 W. Since the pure
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Figure 3.17: The power characterization of the ultra-low NA MOPA system up
to 1.05 kW power level and (b) the optical spectrum at this power level.

laser power obtained after the CLS is 1050 W, the slope efficiency of this laser
system based on the absorbed pump power might be calculated as 75%. Accord-
ing to the power characterization of the system 1.05 kW laser power is extracted
in return for 1.32 kW absorbed pump power with a slope efficiency of 75% as
sketched in Fig. [3.I7a. With the help of CLS, the unabsorbed pump power
level is dramatically decreased, and as shown in Fig. [3.17pb, nearly 30 dB unab-
sorbed pump suppression is obtained. It should be also be added that the signal
laser centered at 1079.66 nm was presented with a full width half at maximum
(FWHM) of 1.64 nm. As can be seen, there is also no sign for Raman signal at

this power level.

Additionally, I have also studied the output performance of our laser system

in terms of temporal evolution, and no TMI occurs at this output power level as
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well. In this system, I have altered the bending diameter of the fiber from 1 m to
2 m with 50 cm steps but no significant change observed in the performance of
laser system. Therefore, I have decided to bend the fiber in 1 m diameter and all
of the data presented above belongs to this bending diameter as shown in Fig.
[3.16] After completing high power performance test of the fiber, finally, I have
measured the quality of the laser at the maximum power level, which is 1.05 kW,
by Thorlabs BP109-IR beam profiler and the data related is shown in Fig. (3.18
In addition to this, while the fiber is bent in 1 m diameter the beam profile image
has been taken by using WincamD-UCD12-CCD beam profiler camera as shown
in the inset of Fig. The beam profile of the laser and the M? result, which
is 1.11 in x-coordinate and 1.16 in y-coordinate, proves that the laser output has

a good beam quality even at this large bending diameter.
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Figure 3.18: Beam quality measurement of the ultra-low NA fiber MOPA sys-
tem above 1 kW power level. Beam profile image of the laser output (inset).

To conclude, in this study it has been showed that ultra-low NA fibers are
promising for multi-kW excellent beam quality fiber laser systems and this goal
can even be achieved in a monolithic fiber laser system as this whole work sug-
gests. Though, the fabrication process of them is challenging since they are one
of the most prominent solution to problem of the presence of non-linear effects
specifically, TMI can be surpassed and the high-power high-quality fiber laser

systems might be achieved based on these special type of fibers in near future.
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Chapter 4

Color Center Observation in the

presence of TMI

4.1 Introduction

Transverse mode instability (TMI) is another non-linear effect that dramatically
affects the beam quality of the fiber laser systems. Unlike the others, the SRS
and the SBS, TMI is a thermally driven effect inside the core region of the active
fiber. However, on the other hand, TMI is also believed to be excited by another
scattering-type, Stimulated Thermal Rayleigh scattering (STRS) [148}[149], re-
sembling the SRS and SBS effects. There is no exact power threshold value for
the TMI effect as in the case of the SRS and the SBS effect. On the contrary, this
effect might be triggered at even low power levels depending on the birefringence
and fiber design. TMI has recently been the critical power scaling limitation of
the fiber laser systems. Therefore, the fiber laser community has focused on this
new emerging effect, researching its origin and working on mitigating it. The
primary mechanism of this effect can be summarized as in the following: the fun-
damental mode and the higher-order modes interfere with each other. Therefore,
the energy switches between the modes, thus deteriorating the beam quality of

the laser system. Non-linear coupled equations can also be performed to model
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the interaction between these modes mathematically. To make a long story short,
I have given detailed information on the literature survey for the TMI effect in

the introduction section of this thesis.

4.1.1 Color Centers in Optical Fibers

To begin with, a conventional MCVD system has been utilized to fabricate Yb-
doped active fibers. During the preform fabrication process, many chemical re-
actions take place between the elements inside the matrix; in our case, they are
Silica (Si03), Aluminum (Al), Phosphorus (P), and Ytterbium (Yb). However,
all of these chemical reactions do not end up with success within this complex
system. The target reaction would be different than the achieved one depending
on the content of the elements inside the chamber and the gas flow rate feeding
up the system. Additionally, Alumino-Phospho-Silicate (APS) fibers, which have
been fabricated, are based on the dominant material, SiO5 inside the matrix in
weight. Therefore, most of the defects are related to the interaction between the
Silicon and Oxygen element. For example, some of the Si atoms do not interact
with the oxygen atom to produce SiOs due to lack of inadequate oxygen flow in

the system. Therefore, there have been oxygen deficiency defects as a result.

0~ ™~ _—9
—

0 Si @ ® Si 0
0 e TSg

ODC -1 ODC-1I

OO0
Si — Si 00
™~0 o

Figure 4.1: Schematic illustration of the chemical representations for ODC-I
and ODC-II color centers.

These defects are called Oxygen Deficiency Centers (ODCs), and they are
divided into two sections depending on the interactions. The possible defects
resulting from the deficiency of the Oxygen atom have been illustrated in Fig.
[4.1] There are two scenarios regarding the interaction between the Silicon and

Oxygen atoms. The first one is that Silicon atoms can make bonds with each
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other instead of Oxygen atoms. This defect is called ODC-I type color center.
Another one is ODC-II, in which Silicon atoms cannot find any Oxygen atoms
to form stable SiOy structure and thus resulting in two unpaired electrons, i.e.,

two dangling bonds for Silicon atoms [150-159].
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Figure 4.2: Schematic illustration of the chemical representations for E’,
NBOHC and ALOHC color centers.

Although the vast majority of APS fibers contain mostly SiO, inside and the
other elements are the minority, there are also other color centers because of the
defects resulting from the chemical bonds between them. Besides ODC, they
can be classified as E centers (E’), Aluminum oxygen-hole center (AL-OHC) and
non-bridging oxygen-hole center (NBOHC) |160-163]. The schematic illustration
of the color centers, Si—-E’, AI-E’, ALOHC, and NBOHC has been shown in Fig.
[4.2] In brief, E’ centers are the defects caused by the bonds established between
the Silicon and insufficient Oxygen atoms. On the other hand, ALOHC appears
when the weakly bonded electrons of the Oxygen atom are broken, and then the
replacement of Al atoms with Si atoms occurs. Finally, NBOHC is one of the most
popular types of the color center whose chemical representation has been shown
in Fig. [4.2] It is a defect that Hydrogen atom in the construction of Hydroxyl
turns into an ion. In the chemical representation, lines represent bonding Silicon
atom to three Oxygens, and the black dot represents an unpaired electron, i.e., a
dangling bond. These centers are highly localized, are optically active, and have
luminescence near 1.9 eV and 2.0 eV corresponding to approximately 620 nm and

650 nm emission wavelengths, also known as R-centers or red centers [164}170].
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YH¥ e =Yb*t (4.1)

There is another crucial phenomenon called photo-darkening, which inhibits
the laser performance of the fiber dramatically. Photodarkening would affect the
fiber severely depending on the concentration of the color centers formed inside
the fiber. These so-called color centers have been created due to the electrons and
holes excited inside the fiber. This process is purely related to the Yb3t atom
itself, in which it captures an electron and transforms to the Yb?* ion as stated in
Eqn. . This process is called Charge Transfer (CT), and it is believed to be
the main reason for the photo-darkening effect. Because of this transformation,
the active fiber loses the ability of absorbing the pump light and emit a laser
signal. Instead, the energy is released as heat with a non-radiative transition
rather than laser radiation [171-177]. I have intended to investigate the color
center formation inside homemade self-fabricated LMA Yb-doped active fibers in
the light of this information. Furthermore, I have also questioned the relationship
between the TMI effect and the color center formation mechanism inside the fiber

with a unique setup sustaining the TMI effect.

4.2 TMI Analysis of the Fiber Laser System

As explained in the previous section, I have built a special amplifier system to
guarantee the presence of the TMI effect. To do this, I have benefited from the
higher-order-mode content of the LMA fiber. The fiber laser system was rebuilt
by implementing a different fiber cooling system with varying bending diameters
from 36 cm to 14 cm with a helix design instead of a cylindrical one. The real

image of this helical fiber cooling system is shown as in Fig. [4.3]

The reason behind this is to present the onset of the TMI effect benefiting
from the fact that LMA fibers could transmit a few modes depending on their

V numbers. Therefore, they need to be bent to suppress the higher-order modes
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Figure 4.3: The picture of the fiber cooling system having helical design.

to sustain the fundamental mode operation of the fiber for the sake of the high-
quality laser output. It means that if the fiber is not bent enough, higher-order
modes survive in the system. And thus, after a particular pump power threshold
value, interference between the fundamental mode and the higher-order modes
occurs to cause the so-called TMI effect and degradation of the beam quality and

beam profile of the laser output.
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Figure 4.4: The schematic illustration of the laser system in the MOPA configu-
ration, Comb., Combiner; HR-FBG, High reflective fiber Bragg grating; OC-FBG,
Output coupler fiber Bragg grating; CLS, Cladding light stripper; QBH, Quartz
block head.

The fiber laser system has again been configured as Master Oscillator Power
Amplifier (MOPA) design as illustrated in the Fig. . Two pump diodes have

been utilized in the oscillator section, based on a commercial active fiber with
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20 pm/400 pm core/cladding diameters. In contrast, six pieces of them have
been utilized in the main amplifier section of the system. The oscillator has been
operated at 1080 nm central wavelength with the help of the fiber Bragg grating
(FBG) pairs. However, in the main amplifier section, 25 m-long self-fabricated
105# fiber has been utilized to amplify the signal coming from the oscillator
section of the laser system. I have first characterized the laser system in terms
of the power, optical spectrum, and beam quality, which will give us information
about the TMI effect.

1250
a)
< 1000
o
750 -
]
e
. B0 T Equation y=a+b'x |
% W 0.99958
Laser Po Slope 0.70345
© L
Bk 250
0 = L n 1 " | . | .
0 300 600 9200 1200 1500
Pump Power (W)
-40

Intensity (dB)

-100
960 1000 1040 1080 1120 1160

Wavelength (nm)

Figure 4.5: (a) The power characterization of the laser system at up to 1 kW
power level and (b) the optical spectrum of the laser system at 1 kW power level
at logarithmic scale.

To begin with, power characterization of this MOPA laser system has been
performed up to nearly 1 kW power level with a slope efficiency of 70%, as shown
in Fig. [4.5a. The oscillator of this system has a 45 W power level, and this much
of the power has been amplified to a 960 W power level by pump sources with
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1400 W pump power. The optical spectra of the laser system have also been taken
while the system has been operating at its maximum power level, which is 960 W
in both logarithmic and linear scales, as sketched in Fig. [4.5b. As can be seen
clearly from Fig. [4.5b, both the unabsorbed pump and the Raman suppression
are above 20 dB, and thus this proves optimum fiber length has been utilized in
this system. The beam quality measurement, which is the most important one in
this specific study, has also been performed at different power levels of this laser
system to monitor the change in the M? values, so to speak, the beam quality.
Based on the design of the fiber coiling system, the TMI effect initiates after 700
W pump power level, and the M? values of the laser system start from 1.2 and

reach up to nearly two at the maximum power level of the system, as can be seen
clearly from the Fig. [4.6}.
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Figure 4.6: (a) The beam quality (M?) values of the system versus pump power
level at both x and y coordinates with the beam profiles (inset) and (b) the beam
quality (M?) measurement data at the maximum power level of the system at
both x and y coordinates.

As an illustrative example, the change in the beam profile of the laser system
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at both 200 W and 1400 W pump power levels can easily be seen comparatively
in the inset of Fig. . Not only the M? value but also the beam profile of the
laser system degrades when the TMI presents. As mentioned above, the presence
of HOMs and interaction with the fundamental mode is the main factor to trigger
the TMI effect. The M? values of the laser system start with 1.2 and continue
at this level up to a certain point. After achieving the threshold of the TMI
effect, it keeps increasing up to 2.1 as an average, as illustrated in Fig. [4.6j.
The comparison of the beam profiles of the laser system at both 200 W and 1400
W pump power levels respectively inset of the figure. As can be seen clearly,
the beam profile has also been distorted due to the onset of the TMI. What it
means is that the presence of the HOMs has increased in a considerable amount
in time. I have taken M? measurement at the maximum power level of the system
to quantify this distortion and obtained 1.86 and 2.11 at x and y coordinates,
respectively, as shown in Fig. [4.6pb.
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Figure 4.7: The power characterization of the back port of the laser system
Versus pump power.

The onset of the TMI can also be observed from the back output port of the
laser system due to the nonlinear interaction between the fundamental (LPg;)
and higher-order modes, especially (LPy;) by the interference of the counter-
propagating mode pairs |166]. Similarly, I have also characterized the back-port
output of this laser system to monitor the effect and the onset of the TMI. In
the normal condition, the back-port of a laser system is supposed to be constant

for a stable laser operation. Around 700 pump power level, back-port output
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power starts to increase exponentially up to a certain level depending on the
laser system itself as shown in Fig. . This data also agrees well with the M?
values since the degradation of the M? values starts to degrade around 700 W

pump power level as well.

4.3 Red Probe Laser Experiment in the Pres-
ence of the TMI

976 nm
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Figure 4.8: The schematic illustration of the laser system in the MOPA config-
uration with red probe laser, Comb., Combiner; HR-FBG, High reflective fiber
Bragg grating; OC-FBG, Output coupler fiber Bragg grating; CLS, Cladding
light stripper; DM, Dichroic mirror; PM, Power meter; OSA, Optical spectrum
analyzer.

After TMI analysis of the laser system, I have intended to benefit from the
refractive index change (RIC) of the self-fabricated active fiber during the high
power operation indirectly by measuring the intensity change of a laser probe
signal. The purpose and motivation of this experiment are to monitor this change
all over the laser power change. Therefore, I would establish a relation between
this RIC to the TMI effect based on the data. Having motivated, I have utilized
a laser source as a probe signal with a free space orientation for coupling to the
system for that purpose. The laser probe used in this system is Thorlabs SIFC635
operating around 637 nm wavelength range with a maximum output power of 2.5
mW. A lens pair has been used to collimate and focus the 637 nm laser signal
into the fiber, as shown in Fig. (4.8 Besides, a laser mirror operating around

1070 nm has been utilized in the middle of this system to prevent back-scattered
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210 mW, 1080 nm laser signal as plotted in Fig. [4.7] On the other hand, I
have implemented another free space-oriented part to eliminate the 1 kW 1080
nm laser light and extract to 637 nm laser signal at the end of the laser system.
For that purpose, a high-power mirror having 99.9% reflectivity has been used,
as sketched in Fig. [4.8] Then, a lens pair again has been used to couple the
637 nm laser light into the fiber input of the Ocean Optics HR4000CG-UV-NIR

high-resolution spectrometer working between 200 nm and 1100 nm wavelength

range.
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Figure 4.9: (a) The optical spectrum of the 637 nm laser source from direct
output and (b) the optical spectra from the output of the laser system taken with
spectrometer at two different power levels.

In this study, the motivation is to monitor the change in the spectrum of the
637 nm laser signal throughout the pump power change, and based on this data,
the difference in the RIC of the self-fabricated fiber would be estimated especially

on the TMI zone to establish a relation between them. First of all, I have taken
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the optical spectrum of the 637 nm laser source as a reference, and the data
obtained has been shown in Fig. in the logarithmic scale.

On the other hand, I have also recorded the intensity change of the red probe
laser versus pump power. As a comparison, the plot of optical spectra, in the
range between 600 nm and 800 nm as the same as the spectrum of the laser
source, at two different laser power levels, namely 100 W and 1 kW, is shown
in Fig. [4.9b. I have chosen these two power values; one is nearly minimum
the other is the maximum power of the laser system to show the optical spectra
difference better. The relation between the laser power and the optical spectrum
change is linear, so to speak, the optical spectrum keeps changing increasingly
while the laser power increases. Additionally, I have also observed one of the
so-called color centers formed inside the fiber, none bridging oxygen-hole centers

(NBOHCs), corresponding to the emission of 645 nm wavelength as indicated in
Fig. [4.9p.
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Figure 4.10: The intensity change of three different chosen wavelength of the
637 nm laser source versus pump power.

From benefiting the spectrum change shown in this figure, three wavelengths
have been explicitly examined to illustrate the intensity change in the probe laser
throughout the laser system’s pump power change, including the TMI zone. These
three wavelengths have been chosen near the central wavelength of the 637 nm

laser probe signal. As a result, I have observed an exponential relation between

93



the intensity of the probe signal and the power of the laser system, as shown in
Fig. [4.10] I propose that the exponential decay is related to the RIC of the
fiber, caused by an increase in the temperature of the fiber core area. This process
is called thermal lensing in the literature. Due to this temperature change, the
index of the central part increases at a rate higher than the other parts, resulting
in a non-uniform change in the fiber’s refractive index. This thermal-optic effect
is introduced by Eqn. below:

n(r) =no(r) + krAT(r) (4.2)

where refractive index profile n, initial refractive index profile ny and change in
temperature AT are expressed in cylindrical coordinates, and k7 = 1.1 x 107°K~!

is the thermal-optic coefficient for silica [100}/164].

4.4 Green probe laser experiment

After examining the intensity change of the red probe laser, I have decided to
repeat the same experiment with a different probe laser source to prove the inde-
pendence of this behavior from the probe laser wavelength. For that purpose, I
have utilized a green laser source operating at a 520 nm central wavelength region
with a 300 mW maximum output power. However, this time the source is more
powerful but has multi-mode output. This multi-mode behavior will bring extra
transmission loss due to the long and complex structure of the high power am-
plifier system. Still benefiting from the power of the probe laser with a suitable

free-space arrangement, this shortcoming can be compensated.

4.4.1 GPL experiment in the presence of the TMI effect

As mentioned above, I have utilized an Elite Optoelectronics RG-600FC branded

green probe laser operating at 520 nm central wavelength for this experiment.
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Figure 4.11: (a) The photograph of the green laser source and (b) the picture
of the fiber while transmitting the green probe laser.

The photograph of this probe laser has been shown in Fig. [4.11a. Additionally,
after certain free-space alignment, including two lenses, explained in detail in the
previous section, I have coupled the probe light into the fiber laser system. To
illustrate, I have taken a picture of the fiber laser system while the probe laser
propagates inside as shown in Fig. @d.11]b. Before the experiment, I have first
characterized the green probe laser to examine the external effects on the intensity

change, such as the cooling water’s temperature of the fiber laser system.
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Figure 4.12: Power stability characterization of the green probe laser during 30
minutes.
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For that purpose, I have observed the impact of the temperature change of
the cooling water varying between 18°C to 22°C. In between these temperatures,
the probe laser has behaved the most stable in the gap between 21°C to 22°C.
Therefore, this experiment has been conducted for over 30 minutes while the
cooling water temperature rose from 21°C to 22°C. During this period, the green
laser’s intensity slightly increased from 55000 to 60000 counts. Thus, the light
intensity is 57500 + 2500 between these temperatures. The data belonging to
this experiment has been plotted in Fig. |4.12]
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Figure 4.13: (a) The optical spectra of the green probe laser and (b) the in-

tensity change graph of two selected wavelengths vs. laser power in the TMI
region.

Considering this information, I have decided to conduct the green probe laser’s
intensity change experiment in this interval to minimize the error in the exper-
imental data. After this stability test, I have performed this experiment by in-

creasing the laser power from 0 to maximum power level, 1 kW, and plotted the
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optical spectra, especially on the TMI region, as shown in Fig. [4.13a. Addition-
ally, the intensity change of the two-wavelength selected with maximum intensity
has been plotted versus the laser power, as shown in Fig. [4.13b. In summary, I
have observed the same trend as the one in the previous report for the red probe
laser. The exponential decay fit has been applied to this data, and 0.9971 and
0.99582 of the R? values have been obtained, respectively.
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Figure 4.14: (a) The optical spectrum showing NBOHC color center formation
inside the fiber at 1 kW output power level and (b) the intensity change in the
NBOHC signal versus laser power.

Just as a reminder, a phenomenon called color center is created inside the
fiber’s core region due to the formation or breaking up of the chemical bonds
between the SiOy, Al, P, and Yb elements in this case. As explained in the
previous section, I have observed one of them: none bridging oxygen-hole centers
(NBOHCs), whose emission corresponds to the wavelength around 645 nm, most

dominantly. The optical spectrum belonging to the NBOHC color center has

97



been taken while the laser operates at the maximum output level, 1 kW, as
shown in Fig. [4.14a. T am supposed to note that this spectrum belongs to the
fiber operated for tens of hours and thus exhibits a cumulative behavior. This
fiber will be compared with a new fiber to elaborate on the difference in the next
section. I have also recorded the NBOHC signal intensity in return for the laser
output power and plot the graph, as shown in Fig. [4.14p.

There is an exponential growth trend up to 600 W power level, corresponding
to the beginning of the TMI effect for this laser system. After the TMI threshold,
the signal follows a different exponential growth pattern with an R? value close
to 1. This information is a clue for the connection between the TMI effect and
the color center formation mechanism. However, this data needs to be verified
with a scheme without the TMI effect. This experiment will also be done in the

next section.

4.4.2 GPL experiment without the TMI effect

In the previous case, I had coiled a 25 m piece of 105# homemade self-fabricated
active fiber with helical structure cooling apparatus with a larger bending di-
ameter to sustain the existence of the TMI effect due to the survival of the
higher-order modes (HOMs). Additionally, several optical characterizations have
been performed, including beam quality measurement, to support the existence
of the TMI effect.

After that, I studied the relation between the TMI effect and the color center
formation under the high-power laser operation. The results obtained belonging
to the experiments with the TMI effect have been shared above. However, in this
case, I have coiled a 25 m piece of pristine 105# active fiber and repeated the
same experiments without the TMI effect to explore any difference between these
two cases. The real photograph of the cylindrical cooling system, utilized with
a 10 cm bending diameter to get rid of the TMI effect, has been shown in Fig.
[4.15h. In addition, the thermal camera image of the cylindrical cooling system

has been taken during the laser operating at its maximum power level, 1 kW, as
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Figure 4.15: (a) The real photograph and (b) the thermal camera image of the
active fiber coiled at 10 cm diameter with a cylindrical cooling system to get rid
of the TMI effect at 1 kW power level.

shown in Fig. b. In the picture, there is also a flat cooling plate to cool both
the splicing point and the first part of the active fiber. Finally, the maximum

temperature on the fiber is recorded as 35.5°C at the 1 kW output power level.

After the characterization of the revised system without the TMI effect, the
optical spectra of the Green probe laser have been recorded and plotted versus
laser power, as shown in Fig. [4.16fa. The intensity of the probe laser decreases
as the laser power increases, as shown in Fig. as in the previous case.
For comparison, I have plotted the two wavelengths, 515.252 nm and 515.677
nm, versus the laser power with R? values of 0.99688 and 0.99632. Although
they exhibit the same behavior, the rate of the total intensity change for without
the TMI effect case is more than the other one. The reason behind this tighter
bending diameter (10 cm) of the active fiber is the refractive index distortion of
the fiber with this bending. That situation, thus, provides additional transmission
loss for the green probe laser. It can be concluded from this study that there is
no direct relation between the TMI effect and the intensity change of the probe
laser. In other words, no direct impact of the TMI effect had been observed on the
refractive index change of the fiber since similar results have been obtained from

the two experiments based on with and without the TMI effect configurations.

After the green probe laser experiment, I have measured the signals coming
from the color centers in this new configuration for comparison. I have taken the

optical spectrum of the NBOHC color center with this new piece of fiber, and the
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Figure 4.16: (a) The optical spectra of the green probe laser and (b) the inten-
sity change graph of two selected wavelengths vs. laser power for comparison.

spectrum has been sketched for without the TMI effect case, as shown in Fig.

4.17A.

For comparison, the peak wavelength of the NBOHC color center has also
been detected as 647.286 nm with an Ocean Insight Flame Miniature model
spectrometer. The intensity change of this wavelength has been recorded versus
laser power and plotted as in Fig. [4.17b. The graph shows a gap around the
500 W power level, which resembles the graph obtained in the previous case.
Likewise, the slope of the graph also changes beyond this power level. However,
this situation is also most probably due to temperature-driven effects. Therefore,
I have attained the same trend from two experiments with and without the TMI
effect cases. And thus, the gap created around 500-600 W power level is not due
to the TMI effect.
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Figure 4.17: (a) The optical spectrum showing NBOHC color center formation

inside the fiber at 1 kW output power level and (b) the intensity change in the
NBOHC signal versus laser power for the pristine fiber.

Besides NBOHC color center, I have also observed the cooperative lumines-
cence (CL) phenomenon during the experiments. Just as a reminder, the back-
ground of green luminescence of Yb** around 500 nm was explored in 1970 and
determined as photon emission by a pair of excited ions in cooperation. Another
vital piece of information about CL is that it could contribute to the Photo-
darkening (PD) effect through the color center formation [177]. CL could be
influenced by the increase in Yb?* and provide insight into the PD mechanism as
explained in the previous section in detail. To emphasize the impact of the laser
operation time on the color center intensity change, I have plotted both spectra

belonging to both cases on top of each other for comparison.

In brief, I have observed an obvious difference between the used fiber and the
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Figure 4.18: (a) The comparison of the pristine and the used fiber in terms of
NBOHC color center and CL signal and (b) the evolution of the NBOHC signal
for the pristine fiber versus laser power.

pristine one as shown in Fig. [4.18@a. It is important to note that not only CL
but also NBOHC color center signal increases in time. Additionally, I have also
taken the color center spectra belonging to power levels between 400 W and 1
kW to illustrate the increase in the color center signal as shown in Fig. [4.18p.

As mentioned earlier, there is a relation between CL and CT (Eqn. ,
responsible for the Photodarkening effect inside the fiber. This effect appears
more dominantly while the laser operation time increases as observed in the
previous study. Beside CL is present under 915 nm and 975 nm pump radiation
exposure, it also presents under UV excitation [172]. Therefore, I have decided to
support the CL data shown in Fig. [4.18a. For that purpose, I have exposed both
used and pristine versions 105# fiber to a UV laser operating 325 nm wavelength.
As a result, I have obtained the data and sketched it as illustrated in Fig.
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As expected, CL signal of used fiber is five times greater than the pristine one
and it is consistent to the data given in the previous figure. Both spectra proves
that while the laser operation time passes more CL signal is attained and so the

Photodarkening effect is more dominant.
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Figure 4.19: (a) The UV excitation result of both used and pristine 105# fiber.

To sum up, in this study, I could not establish any organic relation between
the TMI effect and the color center formation; however, I have observed the
Photodarkening effect and analyzed NBOHC color center formation versus the
laser power. Also, the pristine and the used versions of the same fiber have been
investigated concerning the color center formation mechanism inside them based

on home-made Yb-doped active fiber.
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Chapter 5

Side-Pump Combiner Fabrication

in (1 + 1) x 1 Configuration

5.1 Introduction

Fiber laser oscillator and amplifier systems consist of critical components, i.e.,
semiconductor diode lasers, pump combiners, fiber Bragg gratings (FBGs), and
active fiber. One of the crucial components is pump combiners utilized to combine
multiple high-power diode lasers’ power into one output fiber to maintain the
monolithic structure of the fiber laser systems. Pump combiners are divided into
two concerning the existence of the signal fiber. One is composed of pure pump
fibers, and the other, along with the pump fibers, also includes a signal fiber
called a combiner with signal feed-through [178-184]. Regardless of the signal
fiber’s existence, the most popular fabrication technique of the pump combiners
is the fused tapered fiber bundle (TFB) for end-pump configuration. The only
difference is that the pump and the signal fiber are tapered together for the pump
combiner with signal feed-through. However, since the whole fibers, including

the signal fiber, are tapered in the end-pump configuration, the pumping can
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only be achieved in one direction. Therefore, this situation results in the non-
homogeneous thermal load on the active fiber, decreasing the threshold for non-
linear effects in the fiber laser system. But, recently, it has been demonstrated
that counter-pumping or bi-directional pumping mechanisms allow the power to
scale up, providing higher non-linear interaction thresholds by homogenizing the
thermal load on the active fiber. The non-linear interactions fed on the thermo-
optical effects are mainly Stimulated Raman Scattering (SRS) and, most recently
and notably, Transverse Mode Instability (TMI). This effect is present due to the
interactions between the fundamental and higher-order modes (HOMs). It thus
reduces the quality of the laser beam drastically, as explained in the previous

chapter of this thesis.

As a solution to these problems, an alternative to the end-pump technique
has been proposed to make both counter pumping, and bi-directional pumping
possible is the side pump coupler technique. The fiber core remains uninterrupted
[185-187], and there is no restriction for the number of the pump ports [188], thus
providing more freedom than the other one. There are several techniques on the
side pump combiner fabrication published in the literature, such as the V-groove
technique [189], the embedded-mirror method [190], angle-polished pump fiber
technique |191}/192], and fused tapered method [193}/194]. This method is based
on a direct fusion of one or several tapered pump fibers to the surface of a signal
fiber. In that respect, this method is promising because of its high coupling
efficiency and handling high pump power up to kW-class.

5.2 On a Home-Made Photonic Cyrstal Fiber

I have followed the direct fusion method to fabricate the side pump combiners
since it allows high power operation with a high pump coupling efficiency. This
method consists of two consecutive steps. The first one is to taper the pump
fiber adiabatically to sustain the guidance of the pump light in the pump fiber
while the diameter of the fiber decreases. After then the tapered pump fibers

are fused to signal fiber horizontally to accomplish the side coupling by fusion
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splicing. The schematic representation of a side pump combiner in a (1 + 1) x 1

configuration has been shown in Fig. for the sake visualization.

LTaper . IJW aist

Signal Fiber

Figure 5.1: Schematic representation of a side pump combiner in (1 + 1) x 1
configuration.

Several critical parameters determine the quality and pump coupling efficiency
of the side pump combiner: taper length, waist length, and the waist diameter of
the taper. Both the taper process and the fusion splicing have been performed by
Fujikura LAZERMaster LZM-100 glass processing system, whose photograph is
shown in Fig. Additionally, all of the parameters mentioned above can be
highly controlled by this equipment as well. The so-called glass processing system
has an embedded COy laser inside with a 10.6 um central wavelength and 30 W
maximum output power. The reason why a CO, laser has been utilized in this
system is that the absorption of SiOs material is at the maximum level between
the 8 um-10 pm wavelength regions . In this region, there is only one laser
system readily available is CO, laser. Additionally, all of the fibers that I have
been dealing with are aluminophosphosilicate fibers. It is also a general fact that
the vast majority of these fibers consist of SiOs material. SiO5 has a tetrahedral
structure, Silicon (Si) atom in the center bonded to 4 Oxygen (O) atoms. The
absorption phenomenon occurs due to the interaction of the CO5 laser and the
Si — O bond. The dihedral angle between two Si — Si bonds (tetrahedron angle)
is 109.5° and the angle formed by the Si — O bonds in the Si — O — Si bridge is
144° [196].

COg laser source has a 4 mm beam diameter and is divided into two parts

via a beam splitter to radiate the fiber from two axes. This feature provides
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Figure 5.2: Fujikura LZM-100 LAZERMaster glass processing system.

homogeneous heat distribution along with the fiber. This machine is also capable
of rotation besides horizontal movement with a micron size precision and has 15

cm maximum stage movement capability.

5.2.1 Taper results of the pump fiber

As a first step for the side pump combiner fabrication, I have tapered a 130
pm cladding diameter pump fiber to 30 pym and 45 pm taper waist diameters,
respectively, with taper lengths of 50 mm and 70 mm for comparison. However,
70 mm taper length has been utilized to produce side pump fabrication in this
study. Before working with the LZM-100 glass processing machine, the CO, laser
model requires a warming-up process for the sake of stability, and this situation

is also a general procedure for all laser systems based on any gas.

Another critical step needed after the warming up process is the power cali-
bration to scale the necessary power to taper. This process has generally been
completed with a fiber sample having 125 pym cladding diameter. In this process,
the machine operates and gradually increases the laser power until the fiber’s
melting temperature. At this point, the power level corresponding to the melting

point of the fiber is recorded as a reference laser power level during the whole
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Taper Software for Fujikura FSM-100 and LZM-100
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Figure 5.3: The interface of the software of the LZM-100 glass processing sys-
tem.

experiment. As a piece of additional information, this process must be repeated
in a maximum of six months. The power calibration process has ended with
a 622-bit value corresponding to a power level of 9.75 W for this specific fiber.
This number will be a reference power level throughout this study, and it will be
arranged accordingly. In the taper software program, 622-bit laser power value
is accepted as absolute laser power parameter from now on, as can be seen from
the Fig. The other parameters that can be altered via this software are
taper lengths, waist diameter, pulling speed, relative power, waist add power,

and rotator speed.

Figure 5.4: Optical microscope image of the cross-section of the pump fiber
having 130 pm cladding diameter with 50x objective in Dark Field (DF) mode.
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All of these so-called parameters have been optimized for the fiber having 130
pm cladding diameter whose optical microscope image of the cross-section has
been shown in Fig. As mentioned briefly above, the 130 pum cladding
fiber has been tapered to two different taper waist diameters and taper lengths
for comparison. The chosen parameters are 30 pm and 45 pm for taper waist
diameter and 50 mm and 70 mm for taper length. First, the pump fiber tapered
to 30 pum taper waist diameter corresponds to a taper ratio of 4.33. Then, I have
tapered the pump fiber to 45 um taper waist diameter, corresponding to a taper
ratio of 2.89.

For the taper ratio of 4.33, I have optimized the power of the CO, laser to
STD-20 bit (9.4 W) and the pulling velocity as 0.02 gm/ms for 50 mm taper
length. Waist add-power has also been arranged as 30 bit to sustain the waist
diameter to achieve the desired diameter. The rotation speed has also been set
to 45°/s for all the tapers and has never been changed during the experiments.
The parameters have been kept the same other than the pulling speed since taper
length increases from 50 mm to 70 mm. However, I have slightly increased the
pulling speed from 0.02 gm/ms to 0.026 pm/ms for the sake of saving some time
during the taper process since while the pulling speed is low, it takes much more

time to be completed.

Table 5.1: PCF Side Pump Combiner Fabrication Parameters.

Taper length | Waist diameter | Laser power | Pulling speed
50 mm 30 pm STD-20 0.02
45 pm STD-40 0.03
70 mm 30 pm STD-20 0.02
45 pm STD-40 0.026

For the taper ratio of 2.89, I have slightly decreased the power of the COy
laser to STD-40 bit (9.2 W) and increased the pulling velocity to 0.03 pm/ms
for 50 mm taper length as compared to 30 pum taper waist diameter. Since
while desired taper waist diameter decreases, the pulling speed must be slowed
down accordingly. The other parameters have been kept the same for 70 mm

taper length for 45 pym taper waist diameter since this amount of power has been
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enough to taper. The summary of all of the parameters has shown as in Table
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Figure 5.5: The taper results of the 130 ym pump fiber with 50 mm taper
length for (a) 30 pm and (b) 45 pm taper waist diameter.

Tension

Diameter (mm)

The taper results obtained regarding all the parameters listed above have been
grouped based on the taper lengths 50 mm and 70 mm, respectively. Firstly, I
have shared the taper results of the pump fiber with 50 mm taper length for both
30 pm and 45 pm taper waist diameters as shown in Fig. [5.5]

In the same manner, the taper results of the pump fiber with 70 mm taper
length for both 30 pm and 45 pum taper waist diameters have been shown in Fig.
After completing the taper process, by clicking the measure button on the
taper software, the machine scans the whole taper region, takes pictures, and
forms a single photograph. The images belonging to each taper have also been

shown below the taper results in these two figures.
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Figure 5.6: The taper results of the 130 ym pump fiber with 70 mm taper
length for (a) 30 pm and (b) 45 pm taper waist diameter.

5.2.2 Photonic crystal fibers

Yb doped high power fiber laser systems have reached saturation in all regards,
such as power scaling and the non-linear effects thresholds. Therefore, several
other specialty fibers have been proposed to further both power scaling and the
thresholds of the non-linear effects. These so-called specialty fibers are of a more
general class of micro-structured optical fibers, where light is guided by struc-
tural modifications and not only by refractive index differences. These fibers
can be divided into two groups based on the waveguide mechanisms. First one is
hollow-core Photonic band-gap fibers (HCPBGF's) [197-200], and the other one is
solid core Photonic crystal fibers (PCFs), also called holey-fibers or hole-assisted
fibers . PBGF's have hollow core structures, unlike solid-core PCF's and
the working principle is also different than them. The photonic band-gap effect
is responsible for the guiding light inside the core due to the micro-structured
cladding region rather than a core with an increased refractive index compared

to conventional step-index fibers.

On the other hand, the index guiding mechanism is responsible for solid core
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PCFs like the conventional optical fibers. And, the cladding region of these
fibers has been formed with the periodic structure of air holes, most likely in a
hexagonal lattice form by utilizing the capillary tubes for the preform fabrication.
The fiber’s design may vary depending on the parameters such as d, the diameter
of the air holes, and A, the distance between two adjacent holes (lattice constant).

The criteria for the single-mode operation of a PCF is given below [205-207]:

% < 0.4. (5.1)

In the light of this information, I have also studied the all-solid core PCF
fabrication with various air hole and fiber cladding diameters; however, all have
been designed and fabricated based on a 2-layered hexagonal lattice structure.
For the preform fabrication, silica rods and capillaries have been used to form
the planned construction, and then the whole stack has been fused to fabricate
the PCF form. Although there are fibers in the repository having 8 pm air
hole diameter, I have chosen the PCF #7 whose core/cladding diameters are
45 pm/360 pm, respectively. Additionally, the average air hole diameter for this
fiber is around 12 um, and the average lattice constant is 25 pm, then by a simple

calculation

d 12um
L= ﬁ = .48, (5.2)
With these specifications, this fiber is not a single-mode one before the CO,
laser operation compared to the other ones. However, on the other hand, I have
confronted the air hole collapse problem while working with the PCF having 8
pm air hole diameters with a specific laser power required to achieve enough fuse
depth. In this respect, I have benefited from a larger air hole diameter of the
PCF #7 and prevented the collapse of the fiber, and arranged the power of the
CO, laser system more freely during the side pump combiner fabrication. An
optical microscope image of the cross-section of PCF #7 having 360 pym cladding
diameter has been shown in Fig. with 20x objective in Dark Field (DF)

mode for the sake of visualization.
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Figure 5.7: Optical microscope image of the cross-section of PCF #7 having
360 pm cladding diameter with 20x objective in Dark Field (DF) mode.

5.2.3 Characterization of the combiners

Before the side pump combiner fabrication, I have studied the CO, laser power
optimization to analyze the power threshold that the fiber collapses. For this
experiment, I have exposed only the PCF to the CO, laser radiation and observed
that the air hole diameters of the fiber dramatically decrease beyond the laser
power level of STD-100 (8 W). Afterward, tapered pump fibers and PCEF #7
signal fiber have been spliced to fabricate side pump combiners.However, the
laser power optimization study has been performed again to achieve the desired
fused depth and prevent the collapse of the PCF simultaneously for this case
since with the tapered fiber, the total size of the sample increases. PCF alone
has 360 pum diameter, but adding the tapered fiber up becomes 390 um for 30
pm and 405 pm diameters for 45 pm taper waist diameters, at the center and

keep increasing up to the edges.

Therefore, the laser power has been rearranged to STD-135 bit (7.4 W) in
this study for both combiners. The difference between the two power calibration
values is that while the sample size increases, the interaction of the laser and the
material also enhances, and thus the required energy lowers. Therefore, I have

also obtained the best results with this laser power value.

As mentioned above, taper waist length has been chosen as 30 mm with a taper
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Figure 5.8: Optical microscope images of the cross-section of (1 x 1) + 1 PCF
side pump combiners based on (a) 30 pm taper and (b) 45 pm taper, and (c, d)
their side-view images, respectively.

length of 70 mm. Therefore, to cover the taper waist region with some regions of
the tapered fiber, the splice has been performed along 60 mm long. It has taken
60 seconds with 1000 pm/ms stage velocity by the LZM-100 LAZERMaster glass
processing system. The PCF and the tapered fiber have been carefully mounted
to the fiber holder to attain the best contact region so that the pump coupling
efficiency would be higher. Besides, two fibers have been coiled to each other
in helix structure by rotating two left and right rotators of the splicing machine
in counter direction for 360° angle. After many trials, I have fabricated two
combiners based on these parameters. As a result, optical microscope images of
the cross-section of the (1 + 1) x 1 PCF side pump combiners have been shown
in Fig. and Fig. based on 30 pum and 45 pm tapers, respectively. In
addition, side view images of the combiners have also been demonstrated in Fig.
and Fig. to illustrate the splice quality between the tapered pump
fiber and the PCF.

After the fabrication, both side pump combiner samples were subjected to the

optical characterization, which was performed with a high-power diode laser with
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Figure 5.9: The infrared camera image of a PCF side pump combiner sample
in (1 + 1) x 1 configuration during the coupling efficiency test.

976 nm central wavelength and 125 W maximum output power. The output fiber
of the pump diode has been spliced to the pump port of the combiner directly. As
an example, the infrared camera image of a side pump combiner sample has been
taken during the pump-power coupling efficiency test for the sake of visualization.
60 mm-long splice region at the center could be observed by the infrared camera

thanks to the light guiding. The image belonging to this experiment has been
shown in Fig. [5.9]

Eventually, I have obtained 113.4 W power of total launched pump power
with an efficiency of 90% for the combiner based on 45 um tapered pump fiber,
as shown in Fig. [5.10pa. On the other hand, I have obtained 119.2 W power of
total launched pump power with an efficiency of 95% for the combiner based on
30 pm tapered pump fiber, as shown in Fig. [5.10b. In this study, I have also
observed a 5% difference between the 30 ym and 45 pm taper waist diameters. In
summary, the optical efficiency increases while the taper waist diameter decreases

as expected with parallel to the intuitive sense and the literature study that has
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Figure 5.10: Power and efficiency characterization of the side pump combiners
(a) based on 45 pm taper waist diameter and (b) based on 30 pm taper waist
diameter.

been published [187,|193}194].

5.2.4 Signal Transmission of the PCF

After the pump power and coupling efficiency test, I have also tested the signal
transmission capability of PCF #7. For that purpose, I have taken a piece of
signal fiber, and to fulfill the whole core region of the PCF, I have integrated 4
mm 105pm /125pm multi-mode (MM) fiber with a 0.22 numerical aperture (NA).
After then, this fiber has been integrated into PCF, whose optical microscope
image has been shown in Fig. [5.11ja. Finally, having utilized a 30 mm asphericon
lens, I have obtained an output beam profile as shown in Fig. [5.11)b.

In high-power laser applications, an endcap component would be added to
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Figure 5.11: (a) Optical microscope image of the splice point between 125 pym
fiber to PCF and (b) the corresponding beam-profile output and (c) the optical
microscope image of the endcap and (d) the corresponding output beam profile
for PCF signal transmission study.

the system to prevent damage to the output fiber. For that purpose, a 5 mm
piece of triple-clad fiber (400pm/440pum/660um) has been spliced to the end of
PCF as an endcap. The optical microscope image of the splice between the PCF
and the triple-clad fiber has been shown in Fig. [5.1Ikc. Moreover, the output
beam profile has been recorded to prove the preservation of signal transmission
over the endcap, as shown in Fig. [5.11d. In conclusion, PCF based side pump
combiner study has been completed using PCF #7 and 130 gm pump fiber with

two different taper waist diameters.

5.3 On a Ultra-low NA Active Fiber

I have continued the side pump combiner study with a different fiber elaborated
in the 3rd chapter of this thesis. The so-called fiber is ultra-low NA active fiber
with octagonal shape whose optical microscope image of the cross-section shown
in Fig. with low and high index polymer coatings onside, respectively. Just

as a reminder, the cladding diameter of the fiber is 410 pm. Therefore, since this
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Figure 5.12: Optical microscope image of the pump fiber’s cross-section having
250 pum cladding diameter to taper.

fiber has larger cladding diameter than PCF and is a step-index all-solid LMA
fiber, power optimization study will be easier than the previous one. Differently,
I have chosen a pump fiber having a 250 pum cladding diameter, considering high
power laser applications for the future in this study. As a beginning, the ultra-
low NA acive fiber based side pump combiner will also be fabricate in a (1 +

1) x 1 configuration. The optical microscope image of the pump fiber has been
demonstrated in Fig.

5.3.1 Taper results of the pump fiber

In this study, 250 pm cladding pump fiber has been tapered to two different waist
diameters for comparison. First of all, I have tapered this pump fiber to a 40
pm taper waist diameter, as shown in Fig. [5.13h. In addition, taper length
has been modified to 65 mm in this experiment. And then I have decided to
increase the length of the taper waist. Thus, I have increased it to 35 mm for
this taper to make the splicing process more effortless and enhance the pump

coupling efficiency.
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Table 5.2: Ultra-low NA Side Pump Combiner Fabrication Parameters.

Taper | Waist Waist Pulling | Laser Waist-add
length | diameter | length | speed power power
65 mm | 40 pum 35 mm | 0.025 STD-150 | 20 bit
bit
60 mm | 50 pm 40 mm | 0.04 STD-150 | 20 bit
bit

After determining the taper parameters, I have also optimized the power of the
COq laser to STD-150 bit (7.2 W) and the pulling velocity as 0.025 pm/ms for 40
mm taper length. As mentioned earlier, while the fiber enlarges, the interaction
between the laser and the material increases, and thus the required energy lowers.
The reason why lower power is enough for 250 ym cladding pump fiber than 130
pm cladding pump fiber is this so-called fact. Waist add-power has also been
arranged as 20 bit to sustain the waist diameter to achieve the desired diameter

for this taper.
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Figure 5.13: The taper result of the 250 pm pump fiber (a) with 65 mm taper
length for 40 pm taper waist diameter and (b) 60 mm taper length for 50 pm
taper waist diameter.
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Secondly, I have tapered this pump fiber to a 50 um taper waist diameter, as
shown in Fig. [5.13p. Taper length has been altered to 60 mm, and waist-length
has been increased to 40 mm for this taper. I have used the same power level but
changed the pulling velocity to 0.04 pm/ms for 50 mm taper length. Waist add-
power has also been arranged as 20 bit to sustain the waist diameter to achieve
the desired diameter. All parameters have been summarized as in Table [5.2]

5.3.2 Optical characterization of the sample

After the tapering process, I have studied the splicing of the ultra-low NA active
fiber and the tapered pump fiber utilizing the LZM-100 glass processing system.
First of all, the laser power optimization study has been performed to achieve
desired fused depth for this side pump combiner fabrication. Since this fiber
has an octagonal shape and does not have air holes like PCF, I could utilize
more power than the previous case. Thus, the laser power has been set to STD—
75 bit (8.5 W) in this study for both combiner samples. The splice has been
performed along 70 mm-long, and it has taken a time of 70 s with 1000 gm/ms
stage velocity by the so-called glass processing system. However, the octagonal

shape of the fiber prevented us from twisting fibers from each other.

Figure 5.14: Optical microscope images of the cross-section of (1 x 1) + 1
ultra-low NA side pump combiners based on (a) 40 pm taper and (b) 50 pm
taper.

On the contrary, the interaction between the ultra-low NA active fiber and
the pared fiber decreases, and thus the splice quality and efficiency are affected

severely. Therefore, I decided to perform the splicing in a horizontal configuration
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to tapered fiber lying on the top edge of the active fiber. I have increased the
splicing length and time since I have also increased the taper waist length to
avoid losing the pump coupling efficiency. After all these arrangements, I have
fabricated two combiners based on 40 ym and 50 um tapered pump fibers. As a

result, the optical microscope images of the cross-section of both combiners have

been shown in Fig. |5.14a and Fig. |5.14b.
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Figure 5.15: Power and efficiency characterization of side pump combiner on
the low-NA active fiber with 40 yum taper waist diameter of 250 pm pump fiber.

I have fabricated two combiners based on two different tapered fibers as men-
tioned above; however, I have just characterized the one based on 40 pum tapered
fiber due to the failure during the test for the other one. Thus, the optical char-
acterization of this successful combiner has been performed with the same setup
explained in the previous section. In return, I have obtained 111.6 W power of
total launched pump power with an efficiency of 89% for the combiner based on
40 pm tapered pump fiber, as shown in Fig. [5.15]
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Chapter 6

Conclusions

In the first part of this study, I have built high-power fiber laser oscillators and
amplifier systems utilizing commercial Yb-doped active fibers. Having gained
engineering experience, I have contributed to the mechanical design of the laser
cavity itself, the cooling plates for optical components, and the active fiber that
needs to be cooled down during high power operation. Besides, I have extensively
studied the handling of an optical fiber, such as cleaving and splicing processes,
having vital importance for high power laser operation. Additionally, I have also
studied carefully the thermal management of the whole system. As a result of
this extensive study, I could have built high power fiber laser systems with up to

a 2 kW maximum power level based on commercial Yb-doped active fibers.

Besides, I have fabricated Yb-doped active fibers having 20 pym and 400 pum
core and cladding diameters, respectively. After certain optimization studies, I
have fabricated low-loss high-quality Yb-doped Aluminophosphosilicate (APS)
fibers similar to the commercial counterpart, Nufern branded optical fibers. In
the same manner, I have also established high power fiber laser systems to char-
acterize the homemade self-fabricated Yb-doped fibers in the Master Oscillator
Power Amplifier (MOPA) configuration. During these studies, I have confronted
the so-called non-linear effects mentioned in the 1st chapter of this thesis, namely,

the SRS, the SBS, finally, and most importantly, the TMI effect. Decreasing the
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fiber length and increasing the bandwidth of the FBG component in the cavity
might resolve and mitigate the SRS and the SBS effect. However, on the other

hand, mitigating the TMI effect requires more effort and a new approach.

For that purpose, I have aimed to fabricate a new generation of Yb-doped
active fiber having a numerical aperture (NA) lower than the value of 0.06, also
called ultra-low NA active fiber. I have achieved this by precisely controlling the
amount of the Yb element in the matrix with the help of the Modified Chemical
Vapor Deposition (MCVD) system. Since the Yb element increasingly contributes
to the fiber’s NA, I have decreased the Yb ion concentration to obtain an active
fiber having an NA of 0.034, as explained in the 3rd chapter of this thesis. After
the fabrication, I have performed optical characterization of the fiber up to 1
kW power level in a MOPA configuration in a bending diameter around 90 cm
with a diffraction-limited output beam. Our system was pump limited; therefore,
I could not observe the TMI threshold of the fiber. In brief, this study proves
that ultra-low NA fibers might be a powerful tool to mitigate the TMI effect by
inhibiting the higher-order modes (HOMs) intrinsically.

In the second part of this thesis, I have aimed to establish an organic relation
between the color center formation inside the fiber and the TMI effect. For that
purpose, first of all, I have configured a laser cavity to trigger the TMI effect by
bending the active fiber loosely, in a greater diameter than the one required to
eliminate the HOMs. This time we favor the presence of the HOMs to sustain
the TMI effect in the cavity. Then, I have utilized two different probe lasers
(red and green) and measured the change in their intensities in the presence of
the TMI effect. Afterward, I have repeated the experiment by revising the laser
cavity by bending the active fiber tight in a 10 cm diameter to eliminate this
time the HOMs. We expected to observe different attitudes in the change of the
probe lasers’ intensity; however, the expectation was not fulfilled. As a result, I
have obtained the same behavioral pattern from the probe lasers’ intensity in the
presence and the lack of the TMI effect. Therefore, I have concluded no organic

relation exists between the color centers inside the fiber and the TMI effect.
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Finally, I have studied side pump combiner technique, another method to mit-
igate the TMI effect by decreasing and homogenizing the thermal load on the
active fiber. For that purpose, I have studied side pump combiner fabrication
based on (1 + 1) x 1 configuration, comprising one signal fiber and one pump
fiber. Aiming to achieve novelty, I have implemented this technique to a home-
made Photonic Crystal Fiber (PCF) and the ultra-low NA active fiber mentioned
previously. For that purpose, I have utilized a COs laser system to taper the pump
fiber up to desired taper waist diameters. After that, the tapered pump fiber and
the signal fiber have been spliced by the same system. As a result of this pre-
liminary study, I have attained 95% and 89% pump coupling efficiencies from
the PCF and ultra-low NA active fiber-based side pump combiners, respectively.
These results have been obtained by carefully adjusting the power of the COq

laser and the exposure time.

In conclusion, this thesis mentions the development of fiber laser systems hav-
ing high-power, high-beam quality, and related problems. Pointing the most
critical and recent issue out, I have proposed some solutions to mitigate this phe-
nomenon, the TMI effect. Additionally, I have conducted experiments to relate

the TMI effect and intrinsic properties of the active fiber.
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Appendix A

RP Fiber Power script made

based on the form settings

include 7 Units.inc”
lambda:=660 nm
include 7 Yb-Nufern LMA-YDF-20-400-M.inc”
; Basic fiber parameters:
L_f:= 16 fiber length
No_z steps:=100 {no steps along the fiber}
; Refractive index profile:
r_core:=10 um {core radius}
n_cl:=1.44 {cladding index}

dr:=2e-6 {radial resolution of index table}
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defarray n_f[0,r_core,dr]

readlist r, n_f[le-6™1]:

0, 1.442

2, 1.444

4,1.444

6, 1.443

8, 1.441

10, 1.44

n_f(r):=if rj=r_core then n_f [r| else n_cl
calc

begin

n_max:=n_cl;

for r:=0 to r_core step dr

do n_max:=maxr(n_max,n_f(r));
end

; Parameters of the channels:

1. p1:=976 nm

w_pl:=w_p

I pl(r):=(r<=w_pl)
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1.s1:=1080 nm

w_sl:=w_s

[.s1(r):=exp(-2*(r/w_s1)A2)
P_pumpl_fw_in:=1300

P_pumpl_bw_in:=0

P _signall _fw_in:=0

P _signall_bw_in:=0

; Function for defining the model:
def_model():=

begin

global allow all;

set_fiber(L_f, No_z steps, "Yb’);
set_n_profile("n_f”, r_core); {for the mode solver}
add_ring(r_core, N_Yb);

max_N:=N_Yb;

max_I:=r_core;

P_in_max:=0;

P_in max:=maxr(P_in_max, P_pumpl_fw_in);

pumpl_fw:=addinputchannel(P_pumpl fw_in, 1.p1, 'I_p1’; loss_p, forward);
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P_in_max:=maxr(P_in_max, P_pumpl_bw_in);
pumpl_bw:=addinputchannel(P_pumpl _bw_in, 1 p1, 'I_p1’, loss_p, backward);
P_in_max:=maxr(P_in_max, P_signall_fw_in);
signall_fw:=addinputchannel(P _signall_fw_in, 1.s1, 'T.s1’, loss_s, forward);
P_in_max:=maxr(P_in_max, P_signall_bw_in);
signall_bw:=addinputchannel(P _signall _bw_in, 1.s1, ’I.s1’, loss_s, backward);
set_R(signall_fw, 0.99, 0.1);

finish_fiber();

end;

calc def_model()

show “Output powers:”

P_pumpl _fw_out:=P _out(pumpl _fw)

show “pumpl_fw: 7, P_pumpl_fw_out:d3:” W”

write [“P_pumpl_fw_out=", P_pumpl_fw_out:d3: “W”], >>(FName$)
P_pumpl_bw_out:=P _out(pumpl_bw)

show “pumpl_bw: 7, P_pumpl_bw_out:d3:”W”

write [“P_pumpl_bw_out=", P_pumpl_bw_out:d3:“W”], >>(FName$)

P signall fw_out:=P _out(signall fw)

show “signall _fw: 7, P _signall_fw_out:d3:“W”
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write [“P_signall_fw_out=", P_signall_fw_out:d3: “W”], >>(FName$)
P signall _bw_out:=P _out(signall_bw)

show “signall_bw:", P_signall _bw_out:d3: “W”

write [“P_signall_bw_out=", P_signall_bw_out:d3:“W”], >>(FName$)
G _signall:=sp_gain(signall _fw)

show “G_signall:”, G_signall:d3:np:“dB”

write [“G_signall=", G_signall:d3:np:"dB”], >>(FName$)

show “r_core:”, r_core:d3:“m”

show “n_cl:”, n_cl:f3

show “n_max: 7, n_max:f3

show “lambda: 7, lambda:d3:“(n)m”

l_max:=l max(lambda)

m_max:=m_max(lambda)

; Display all existing modes with their beta values

; in the output window:

show NoModes(lambda), ” modes:”

for m:=1 to m_max do

for 1:=0 to 1. max do

if ModeExists(l,m,lambda)
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then show “LP”, 1, (if I>9 or m>9 then ”,”), m, ": 7|
beta_lm(l,m,Jambda)*1e-6:£5:“/pm”

ModeList$(lambda):=

list of all modes in text form

begin

global s$, lambda;

s$:="";

for m:=1 to m_max(lambda)

do for 1:=0 to . max(lambda)

do if ModeExists(1,m,lambda)

then s$:=s$+”, LP”+str(1)4(if 1>9 or m>9 then ”,”)+str(m);
copy (s$,3,1000);

end;

; Calculate maximum mode amplitudes for scaling purposes:
defarray A_max lm[0,]_ max; 1,m max]

calc

begin

v_g min:=c; v_g max:=0;

for 1:=0 to 1. max
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do for m:=1 to m_-max

do if ModeExists(l,m,lambda)

then A_max_Im[l,m|:=sqrt(maxf(I_lm(l,m,Jambda,r), r in [0, r_core],
divide=20, xtol=0.1e-6));

end

lambda_p:=lambda

| max:=l max(lambda_p)

m_max:=m_max(lambda_p)

diagram 1, size_px=(600,80+((600)-50)*(m_max/(1+l-max)))
"Transverse Mode Profiles”

defarray I_max lm|[0,]_ max; 1,m _max]

calc

begin

for 1:=0 to . max

do for m:=1 to m_max

do if ModeExists(1,m,lambda_p)

then I max Im[l,m|:=maxf(I_lm(l,m,lambda_p,r), r in [0, 2*r_core],

divide=20, xtol=0.1e-6);
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end

x: -0.5, ILmax+0.5, 1
"mode index 17, @x
y: +0.5, m_max+0.5, 1
"mode index m”, Qy
frame

legpos 200, 0

hx hy

' r max:=1.8%r_core
cp:

begin

var I, m, xm, ym, A;
l:=round(x);
m:=round(y);

if ModeExists(l,m,lambda_p)

then begin
xm:=l;
ym:=m;

A:=A _lm xy(l,m,Jambda_p,r max*2*(x-xm),r max*2*(y-ym))/sqrt(I_max_lm(l,m]);
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color_A(A)

end

else white;

end

diagram 2, size_px=(600,400):

x: 0, L_f

"position in fiber (m)”, @x

P _max:=P_in_max
P_max:=maxr(P_max, P(pumpl _fw,L_f))
P_max:=maxr(P_max, P(pumpl_bw,0))
P_max:=maxr(Pj*_max, P(signall_fw,L_f))
P_max:=maxr(P_max, P(signall _bw,0))
y: 0, 1.1*P_max

frame

legpos 200, 0

hx hy

f: P(pumpl fw, x),

color=red, width=3, "pumpl _fw (W)”
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f: P(pumpl_bw, x),

color=red, style=dotdashed, width=3, ”pumpl_bw (W)”
f: P(signall fw, x),

color=Dblue, width=3, "signall _fw (W)”

f: P(signall_bw, x),

color=Dblue, style=dotdashed, width=3, "signall_bw (W)”
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