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Summary

Photodarkening (PD) is the phenomenon that induces optical power loss, related to
material defects activated in a silica glass, when the glass is irradiated at wavelengths
resonant to the defects. The PD can lead to serious performance degradations and
lifetime limitations of optical devices such as fiber laser and fiber amplifier, and its
suppression requires optimization of materials and device operation conditions. In
particular, the PD can notably take place in an ytterbium (Yb)-doped fiber when the
fiber is pumped at the wavelength corresponding to Yb absorption band or visible
wavelength. PD in Yb-doped fiber induces a broad excess optical loss peaking at visible
wavelengths, and extending to the Yb emission band in the near infrared (NIR) range.
The induced loss is a detectable problem for high power operation. More seriously, the
PD influences pump efficiency and impairs the Yb-doped fiber laser performances
together with the excess loss. Therefore, PD should not be simply treated as an excess
background loss, but ought to be explicated together with pumping efficiency for the

power decay in both Yb-doped fiber laser and amplifier.

This thesis investigates on improving of performance of Yb-doped fiber laser
through PD reduction spanning laser cavity design to material engineering. Firstly, |
investigate device level PD suppression. It is found that the significance of PD is
dependent of pump wavelength selection. It has been known that the Yb inversion is
the only decisive factor considered for the PD. | show in this thesis that a pumping
wavelength of Yb ions is another non-negligible factor to determine the PD effects. My
experimental results indicate that under the same inversion level, a 976 nm pumping
leads to more significant PD than 916 nm pumping. Therefore, provided that other
conditions are invariant, selecting 916 nm as the pump wavelength is beneficial to

supress the PD effect in laser or amplifier operations.

Besides the pump wavelength selections, the output coupling ratio of Yb-doped
fiber laser has to be elaborately selected when the PD factor is considered. Output
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power as function of cavity reflectivity has been investigated without considering PD
effects. However, the extra cavity loss induced by PD is dependent on the selection of
cavity reflectivity due to the variation of population inversion in cavity. Therefore, in
this thesis | firstly point out that once the PD induced loss is considered, the optimal
coupling out ratio has to be adjusted. This finding delivers non-trivial impact in fiber

laser cavity improvement and guide more appropriate cavity parameter selection.

In a material level PD suppression, | report a method of suppressing PD while
increasing Yb concentration. An equi-molar aluminium: phosphorus (Al:P)
composition has been known to suppress the PD, but the realization of the equi-molar
Al:P with very high Yb concentration has been hindered by complexity in fabrication
process. A highly Yb doped Al:P fiber was fabricated at NTU, and | report its

characteristics and PD suppression behavior.

Finally, this study led to investigation of new material for saturable absorber to build
a 1 pm pulsed fiber laser. I adopted a novel carbon based material called carbon
nanoparticles (CNPs), as a modulator in passive Q-switched Yhb-doped fiber laser.
Different from any other reported optical materials working as saturable absorber,
CNPs can be efficiently obtained via a simple and low-cost flame synthesis process in-
house without heavy equipment. | report this new finding in the context of

demonstration of Q-switched fiber laser.

The works presented in this thesis provide a comprehensive analysis on impacts of
the laser cavity structure and introduce a novel PD-free highly Yb-doped fiber with
high lasing efficiency. Thus, this thesis contributes to technology progress on fiber

lasers and devices adopting fiber lasers.
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Chapter 1

Introduction

This thesis investigates the laser structure dependence of photodarkening (PD) on
Ytterbium-doped (Yb-doped) fiber lasers and discusses the PD reduction from the
perspectives of laser cavity design and material engineering. A comprehensive
investigation of the PD effects on Yb-doped fiber laser and optimization the fiber laser
cavity with appropriate pump wavelength and selected output coupling ratio for PD
reduction are firstly demonstrated. This chapter presents the background of PD study
on Yb-doped fiber, addresses motivation and objective of the research project, and lists

originality and major contributions of the work accomplished.

1.1 Background

Silicon dioxide plays an essential role in most electronics and photonics technologies
today. Currently, silica glass is widely applied in the cores and claddings of fiber optics
for light transmission, amplification and generation. In many applications, even high
purity silica glass cannot be free from structural defects which are introduced by
manufacturing process, ionizing radiations or stressful operation condition [1]. In
addition, pre-existed impurities can be served as a precursor for defect formation, and
one defect can be transferred to other type of defect [2]. E'-center, oxygen deficiency
center (ODC), non-bridging oxygen hole center (NBOHC) and peroxy radical are the
well-known defects in silica glass fibers [3,4]. In Ge-doped silica, germanium-related
E'-center exists as "Ge E'-center” which is analogous to silica E’-center. The optical
absorption band of Ge E'-centers is located at 6.3 eV with full width at half maximum
(FWHM) of 1.1 eV [5]. To date, Ge E’-center is likely to be most useful defect that

enables Fiber Bragg Grating (FBG) inscription directly in the optical fiber [6].



Photosensitivity of the E’-center induces refractive index change for the FBG
inscription. However, the same photosensitivity becomes problematic when it comes
to transmission of ultra-violet and visible wavelengths. The refractive index change is
accompanied with an excess absorption in the short wavelength region, hence reduces
the transmission. By and large, such defects can deteriorate optical properties of silica

and doped silica fiber [2].

The existence or creation of the optically responding defects in a rare earth doped
fiber is considered as the main limitation of realizing efficient and reliability fiber lasers
and amplifiers [7]. The main threats to the efficiency of the rare earth doped gain media
is called PD effect. This phenomenon was not reported in the early time, until the year
1997, Paschotta observed the strong unsaturable absorption of Yb-doped fiber induced
by pump wavelength [7]. Based on his experiment, he demonstrated that the
unsaturable absorption is caused by excited state lifetime of a part of the Yb population
is quenched by an unidentified, impurity or defect [8]. The knowledge on PD of Yb-
doped fibers has increased significantly in the recent decades. The occurrence of the
PD is identified as a permanent broad excess optical loss, peaking at visible
wavelengths, and the loss extends to Yb emission band in the near infrared (NIR) range
[9,10]. The excess loss is found to temporally develop to a saturation level. Thus, a
fully developed loss or a saturated loss can be measured and used as a reference to state
significance of the PD occurrence. J. J. Koponen et al. first standardized the way of
measuring PD caused by photo induced structure change [9]. They proposed a method
which is based on quantifying the observed difference of transmission changes at
visible wavelengths as an indicator of PD at the signal wavelengths. Later on, a large
number of studies have been conducted to identify influencing factors on PD and the
generation mechanism of PD. It was revealed that Yb content, density of excited Yb

ions, co-dopants and fiber fabrication conditions are the influencing factors [11-13].

The PD is somewhat reversible. A photobleaching effect has been investigated in

order to reduce the damage caused by PD. It has been found that either partially or
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completely reversible process is realizable through thermal bleaching or exposure to
UV and/or visible light [14]. In the year 2005, Jasapara et al. demonstrated a complete
recovery of the fiber to its fresh state by cooling the fiber to room temperature after
heating at a temperature of 500 <T [15]. Recovering the excess loss by exposure under
UV light at 355 nm was also reported at [16], they claimed that bleaching through this
way can guarantee that lasing characteristics can be fully restored. Reduction of PD is
also demonstrated by oxygen loading in [17], provided O2 molecules reached the core
zone and reacted with ODC, then a fraction of the ODC was removed. The Oz loading
technique is found to significantly suppress PD. Besides O2 loading, inducing hydrogen
is another alternative path to suppress PD [18]. H2 molecules react with the hole defects
generated on the oxygen atoms, form the hydroxyl groups and Yb?* ions subsequently.
The hole related color centers induce loss from visible wavelengths extending to near-
infrared wavelengths. However, such post-processing is not applicable to field
applications. Perhaps more practical approach is to modify the material compositions.
Adding phosphorus in the Yb-doped silica glass is found to suppress PD in terms of an
induced loss and a rate constant [19,20]. However, there are several non-negligible
drawbacks of co-doping with phosphorus. It will lead to a damaging central dip at the
refractive index profile as well as the Yb concentration distribution profile, a high
background loss and reduction of emission cross section and absorption cross section.
Alternatively, it was proposed that core compositions with equal molar content of
aluminum and phosphorus is superior to achieve high performance Yb-doped fiber
laser with largely suppressed PD effect. The PD loss is greatly suppressed in this

composition albeit complicated in realization.

1.2 Motivation

Over the past five decades, fiber lasers have been drastically advanced in nearly all
aspects of laser performances, leading to rapid deployment in wide applications. From

the aspect of generated wavelength, the emission wavelengths range of fiber lasers is



not only including the mid-infrared area but also contain the ultraviolet and visible
wavelength [21-24]. From the aspect of power scale, fiber laser stands out among its
competitors due to ease of high optical gain building, effective cooling and superior
wave guiding. Benefiting from these characteristics, industrial grade continuous-wave
(cw) Yb-doped fiber laser with output power exceeding 100 kW has been realized [25].
The output power evolution of CW fiber lasers operating in the 1, 1.5, 2, and 3 um
regions is shown in Fig. 1.1. For pulsed fiber lasers, average power up to 265 W, pulse
energy up to 10.6 mJ and pulse duration adjustable in the range 500 ps-500 ns has been
achieved in 2013 [26]. Generation of 830 W average power was reported from a
femtosecond fiber chirped pulse amplification system which compressed output pulses
to 640 fs at 78 MHz repetition rate resulting in a peak power of 12 MW at the year of
2010 [27]. Ultrashort pulses as short than 10 fs [28,29] have been reported in 2009. The
excellent performance of fiber lasers and their advantageous properties have facilitated
widespread take-up for applications in industry, medicine, research, defence and

security, and other areas.
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Fig. 1.1. Progress of output lasing power of CW fiber at 1, 1.5, 2, and 3 pm regions [30].
High-power CW Yb*" doped fiber lasers operating around 1 um have already

occupied the largest market share of laser industrial material processing [30].

Compared with COz2 laser, the 1 um wavelength fiber laser has better performance on



cutting highly reflective materials and sheet thickness below 4 mm [31]. For instance,
the better absorptivity of 1 um laser radiation on highly reflective metal surfaces make
Yb-doped lasers more suitable than CO:2 lasers for cutting Al and its alloys [32].
Furthermore, 1 um fiber lasers have already been successfully employed for
applications in cutting hydroformed automotive frames, welding the titanium of aircraft

skins, and laser cladding for aerospace and oil industries [33].

Yb is the promising rare-earth material widely used as the dopant in active fiber.
Compared with other rare-earth materials, Yb-doped laser crystals and glasses have a
number of interesting properties. It is well known by its simple electronic structure
guarantying no cross-relaxation and excited state absorption processes, while leading
to low quantum defect (its absorption and emission wavelengths are close which results
in the low quantum defect in the Yb-doped fiber laser), which potentially allows very
high power and high efficiency of lasers via mitigating thermal effects in high-power
operation. Additionally, the lifetimes of upper-state are relatively long, typically

around of 1-2 ms, which is beneficial for Q switching [34].

Despite the advanced features of ytterbium medium, PD sets restriction in adopting
the Yb-doped fiber in many fiber laser configurations. It was also recently found that
the PD is coupled to the detrimental transverse mode instability that limits average
power scaling [35,36]. Therefore, more alternative strategies to mitigate the PD are of

great importance to free up the PD related restrictions in laser configurations.

1.3 Objective and Contributions

In this thesis, | investigate mitigating strategies in a device design level and in a
material engineering level. It covers: (i) pump wavelength dependence of PD effect in
Yb-doped fiber; (ii) PD influence on fiber laser cavity design; (iii) perfection of Large
Mode Area (LMA) Yb-doped core composition for PD reduction.

The original contributions in this thesis are the following:



1) | demonstrated that the pump wavelength selection plays an essential role in PD
dynamics. It is found that 976 nm pump source can bring more significant PD
effects than 916 nm pumping at the same inversion levels.

2) lanalyzed the analysis on the relationship of the PD loss of the output lasing power
to the coupling out ratio of the laser ring cavity. I highlighted the significance of
the PD loss changes with the different selection of output coupler. To achieve the
maximum output lasing power, the selection of the output coupler must take into

account when the PD factor.

3) | reported a highly Yb-doped step-index fiber with a PD free feature has an
outstanding laser performance with 75% slope efficiency and generating more

than 100 W laser output.

4) The PD study also led to investigation of a new material for pulsed laser operation.
Carbon nanoparticles (CNPs), a promising new material in nano-tech field, are
adopted to pulsed fiber laser demonstration. A passive Q-switched Yb-doped fiber

laser has been successfully realized using the CNPs as the saturable absorber.

1.4 Thesis Organization

This thesis is divided into 7 chapters. Chapter 1 introduces the background, motivation,
objective and contributions of this project. Chapter 2 reviews the reported studies on
PD including the physical mechanism, characterization of PD, reduction of PD and
impurity roles in PD. Chapter 3 demonstrates the research on pump wavelength
dependence of PD in Yb-doped fiber, experimental results and mechanism analysis are
presented. Chapter 4 centers on PD influence on fiber laser cavity design with different
coupling out ratio selection. In chapter 5, a highly Yb-doped fiber with an outstanding
PD free feature is reported and the corresponding fabrication and characterization are
described. Chapter 6 presents the new nano material CNPs firstly applied in the Yb-

doped fiber laser as a saturable absorber, this material could be used as a modulator in



a broad wavelength range. Chapter 7 concludes this thesis and proposes future works

on further investigation on PD effects in rare earth doped fibers.



Chapter 2

Literature Review

This chapter reviews the reported studies on the physical mechanisms of PD including
charge transfer state, oxygen deficiency center and Thulium co-dopants. Next,
characterization of the PD is discussed, such as the measurement for benchmarking the
PD behavior, the influence factors including population inversion level and
temperature. In addition, prior studies on PD reduction are presented. Literature
discussed here serve as a guidance to our research works which are demonstrated in

details in the following chapters.

2.1 Physical Mechanism of PD Effect

The formation of color centers was acknowledged as the cause of PD. Color centers,
attributed to the silica defects, contribute to the optical absorption spectrum of synthetic
silica glass from UV to Near Infrared (NIR). An overview of different optical
absorption bands of defects in synthetic silicas is given in Fig. 2.1 [37]. Although the
formation of silica defects leading to color center formation is widely accepted, there
are currently at least three different hypotheses to interpret the origin of PD. One
assumption is that the photochemical reactions occurring under pumping involve not
only trivalent ytterbium ions, but also divalent ytterbium. Namely, the charge transfer
(CT) state would be the main cause of PD effect [38,39]. However, there is another, no
less widespread perspective [17,38,40], that the main role in PD would be played by
oxygen-deficient centres (ODCs). Co-doping of Tm in Yb-doped silica fibers is another

possible mechanism for the formation of color centers.
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Fig. 2. 1. Main optical absorption bands in synthetic silica with their relation to the most popular

lasers wavelengths. The bars height corresponds to FWHM of absorption bands. [37].
2.1.1 Charge Transfer State as the Main Mechanism in PD

Since the valence state of the Yb ions is known to be unstable [41], Yb?" ions can be
formed in the silicate glass matrix. A CT transition involves an electron transferring
from the surrounding ligands to the central Yb** ion. Thus, an Yb?" ion is formed with
a hole left behind on nearby ligands. Namely, the original trivalent valence state of the
Yb ion changes to divalent valence state accompanied by a released hole bound to the
Yb ion, but left behind on the oxygen ligands. The generated free hole is the origin of
color center. The model of Yb3" excitation to a CT state and a possible transition of

Yb?* to Yb?* is shown in Fig. 2.2.
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Fig. 2. 2. Model of Yb® excitation to a CT state and a possible transition of Yb®* to Yb?*.



The absorption spectra of Yb-doped aluminosilicate preform samples and non Yb-
doped preform sample in the wavelengths ranging from 180 nm to 500 nm are shown
in Fig. 2.3. The strong absorption band clearly seen at less than 250 nm wavelength is
related to the presence of Yb. In the Yb-doped aluminosilicate glass prepared under
reducing conditions, the absorption in the UV range is improved (see black line), due

to the increment of Yb?* fraction in the prepared aluminosilicate glass.
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Fig. 2. 3. Absorption coefficient plots for the charge-transfer (CT)-band of the reduced preform
(black), the oxidized preform (blue), the differential spectrum between the reduced and oxidized
preforms(red dashed) and non-Yb-doped preform absorption spectrum (green) [18].

As shown in [18], in both the oxidized and reduced preform, the strong absorption
band is centered around 230 nm which is related to CT transition between the oxygen
ligands and the Yb ions. This is consistent with the optical electro-negativity formula

proposed by Jergensen [42]:
Ver =30,000] 7, (0*) = o (Yb*)Jem ™ (2.)

The location of the CT absorption band is estimated to be around 220 nm, which is
approaching the absorption band present in both the oxidized and reduced Yb samples
shown in Fig. 2.3. Thus, we conclude that this band is related to CT transitions. This is
an important observation to explain the PD procedure occurring in Yb-doped silicate
fiber lasers. CT transition results in the formation of hole related color center which

induces optical losses at visible and NIR wavelengths [43].
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Currently, the excitation route to reach the CT state under NIR laser diode pumping
is still unclear. Some hypothesises on the excitation routes are reported. One
perspective is that Yb-ion pairs which can reach the CT states may contribute to
develop intermediate energy states under NIR laser diode pumping. With the increasing
of Yb concentration, inter Yb atomic distances become smaller, generating a larger
number of Yb ion pairs. In contrast to single Yb ion, the energy level structure of these
Yb ion pairs slightly changes [44,45]. Besides the common 4f-4f transitions around
1000 nm, there are also transitions around 500 nm which can be considered as the Yb
ions pair energy level. The energy required to reach the CT states is equal to the total

energy of 3-4 pump photons [46].

Another possible excitation route which has been proposed is multi-photon
absorption (MPA). It has been reported that MPA takes place in several kinds of rare-
earth ions under the irradiation of near infrared wavelength. In this process, two (or
more) photons are involved and simultaneous absorbed from ground level, or excited
to intermediate level before reaching higher excited states of rare-earth ions [47,48].
Under high power pumping of near infrared wavelength, it is more likely that CT states
originate from the excited ions on 2Fs.2 level rather than the 2F7/2 level (ground level),
this is in accord with the widely acknowledged conclusion that PD significance is
dependent on the population inversion. Sufficient energy for reaching the first CT state
of Yb aluminosilicate fiber can be obtained from two photons absorbed at the excited
2Fs2 level.

Both of these two hypothesises about the excitation routes to CT state are to be
further verified. More studies will be necessary for thorough understanding about the

CT state mechanisms behind color center formation that results in the PD phenomenon.
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2.1.2 Oxygen Deficiency Centers (ODCs) as the Main Mechanism in PD

When Yb-doped fiber in heavy doping conditions, the number of Yb ions very likely
exceeds the available voids in the silicate matrix. In this case, the amount of ill-
valenced bonds from connection of two cations (eg. Yb-Al or Yb-Yb) has a large
possibility to increase. In the germanosilicate glasses, generation of ill-valenced bonds
resemble Ge-Ge or Ge-Si bonds originated from a deficiency of oxygen [17]. L. J.
Poyntz-Wright observed the characteristic absorption peak of ODC in germanosilicate
glass at 240 nm in the year of 1988 [49]. Under irradiation at a resonant wavelength,
the heavy doped Yb fiber will release a free electron which will subsequently be
trapped at nearby GeOs tetrahedra and form a color center called Ge(1). This Ge(1)
color center possesses an absorption band peaks at 280 nm and extends to the near

infrared. Appearance of this absorption band is similar to the PD loss distribution [50].

An experiment was carried out to verify that ODC is the precursor of color center in
Yb-doped fiber in 2007 [17]. Two different fiber preforms were employed, an Yb-free
fiber preform and an Yb-doped aluminosilicate fiber preform. The core sections of each
preform were irradiated for 5 hours at wavelength of 488 nm with an intensity of 446
mW/mm?. Absorption measurement results are shown in the following Fig. 2.4. For the
Yb-free preform slice, no obvious absorption peak was detected before and after
irradiation, and the irradiation induced loss was not significant as well (Fig. 2.4 (a)).
Conversely, the Yb-doped preform slice has a distinct absorption peak at 220 nm (Fig.
2.4 (b)). Thus, the peak at 220 nm was attributed to the existence of Yb ions. Due to
the broad 220 nm absorption peak in ODC, the employed Ar* ion laser which irradiates
at 488 nm wavelength, may expectantly break the hypothesized ODCs in Yb-doped
preforms. The breaking mechanism is considered to be two-photon absorption, free
electrons are released upon two-photon absorption. One of the released electrons
trapped at adjacent Aluminium or Yb sites could form a color center, resulting in PD
effect. In [17], the CT state is not considered as the main mechanism of PD since the

observed absorption curve shown in Fig. 2.4 (b) does not follow the typical divalent
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Yb absorption [51]. The large excess loss induced after 488 nm irradiation can be the
evidence for Yb-ODC model. In addition, reduction of PD by inducing high Al
concentration as the co-dopant has been reported [52], this ODC model is consistent
with the result, because high Al concentration can lead to more oxygen surrounding

spaces generation. Thus, possibility of ODCs existence decrease, which means the

hypothesized precursor to PD is suppressed.
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Fig. 2. 4. Optical absorption performance before and after 488 nm irradiation in (a) Yb-free
fiber preform and (b) Yb-doped aluminosilicate fiber preform. The inset graph of (b) highlights
the peak at around 220 nm with an enlarged scale [17].

Silica fiber defect non-bridging oxygen hole center (NBOHC) has been verified to
appear in pair with the E” center [53,54]. It has been reported that Si ODC (11) defect
in its lowest lying triplet manifold is the immediate precursor to the NBOHC [40]. A
frequency-tripled, mode-locked Ti:sapphire laser system that can generate sub-200
femtosecond pulses in the deep UV, has been employed as the pump source to excite
Yb-doped aluminosilicate fiber. Emission spectra from all optical active defects in
silica fiber ranging from the UV and/or visible range were observed. As the fibers were
prolonged exposed to 250 nm UV radiation, the triplet Si ODC population was

significantly decreasing together with the dramatic increment of the NBOHC number
density in the fiber, as shown in Fig. 2.5. This suggests that Si ODC(Il) ->NBOHC
excitation plays a dominant role in energy transferring in these doped glass fibers. With

the generation of NBOHC, E’ center appears simultaneously in the silica fiber.
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Research results in [40] provide support for the speculation that the conversion of

ODCs to E’ centers is partly responsible to photodegradation of Yb doped fibers.
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Fig. 2. 5. Spectra indicating the enhanced formation (or suppression) of optically active defects

due to the Yb-doped fibers were long-term exposed to 250 nm pump [40].

2.1.3 Role of the Tm Impurity in Formation of Color Centers

Tm trace impurities effect on PD in Yb laser fibers was first addressed by Peretti et al.
in the year of 2010 [55]. The fluorescence spectrum of the ytterbium-doped fiber is
shown in Fig. 2.6 (black dotted) for a 500 mW pump wavelength centered at 976 nm,
this fiber is phospho-aluminosilicate fiber doped with 1.7 wt% ytterbium, 3.3 wt%
aluminum and 1 wt% phosphorus. There are four distinct emission bands observed
across the spectral range. The four emission bands are shown separately and each band
is normalized to its maximum. According to the spectroscopy database, all the emission
peaks in the four bands is attributed to the presence of Tm3* ions. The raw doping
material for the fiber fabrication is in high purity, thus the purity of Tm contamination

presents in very small quantities (lower than 340 ppbw).

To verify the relation of observed emission (black dots in Fig. 2.6) and Tm
contamination, another fiber with the same ytterbium and co-doped with Tm is applied.

In this second fiber, Tm3* was induced intentionally and fixed to the level of 300 ppm-
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wt which is 1,000 times higher than the Tm content in the first sample. The
corresponding luminescence spectrum of this Yb: Tm fiber is reported in Fig. 2.6 (red
line). It is obvious that the red line and the black dots can largely coincide mutually.
This indicates that emissions at 300 nm, 360 nm, 475 nm and 650 nm are attributed to
Tm?3* existence. According to the literature [56-59], the four emission bands originate
from the (}l6,3Po)—>Hs; :D2—>Hs; 1Gs—>Hs and Gs—>F4 transitions. As illustrated in
[56], the Tm luminescence is obvious in the Yb doped fiber as a result of energy transfer

from the present Yb®* ions pumped at 976 nm.
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Fig. 2. 6. Normalized emissions the ytterbium doped sample of (black dotted) and Yb-Tm co-

doped sample as red lines [55].

To clearly explain the multi-step process for these up-converted emissions from
Tm?", the UV-visible-infrared energy level diagram of Tm3®" in silicate is depicted in
the following Fig. 2.7 [55]. Green arrows on the diagram indicate the luminescence
emissions. It is known that the 976 nm laser pump doesn’t resonate at Tm?®" energy
level difference for the step 1. Whereas, fortunately, Yb®" ions serve as an
intermediation, the Yb®* ions can transfer 976 nm pumping energy to Tm, which is due
to the Yb3* (~10% cm™) is close to the ®Hs level absorption (~8,500 cm™) of Tm®* as
shown in the step 1 of the Fig. 2.7. After excitation to ®Hs level, non-radiative relaxation
downward the 3Fs level (=6 kem™) is followed, excited state absorption (ESA)

occurring in the F4 level of via 976nm pump or energy transfer up-conversion is
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attributed to the presence of other Yb®* ion exciting to the (3F2-Fs) level and non-
radiation to the 3Ha level (~13 kem™). Similarly, further up-conversion processes
towards higher excited levels continue in consequence of the combined effect of the
resonance with the pump wavelength or the Yb®* emission wavelengths and the long
decay lifespan of excited levels. As shown in the Fig. 2.7, up-conversion can cascade
up to the highest 3Po, and *ls levels. Obviously, excitations to the highest energy level

is responsible of emission in the UV window as shown in the Fig. 2.6.
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Fig.2. 7. Schematic of up-conversion processes in the Yb-Tm co-doped fibers [55].

Comparison of the host absorption spectrum and the up-conversion emission bands
of Yb-doped fiber is reported in [55], as shown in the following Fig. 2.8. There is
obvious overlap between the glass host absorption and the UV emissions measured
from the Yb doped fiber sample. Thus, it can be deduced reasonably that the silicate
matrix can absorb the energy corresponding to these emission bands. Since UV light is
widely known to result in color centers in silica-glass [60], silicate matrix absorbed the

UV might lead to the formation of colour centres which manifest as PD.

However, different perspective about the role of Tm in PD of Yb-doped fiber is
demonstrated in [61], which concludes that the existence of Tm impurity is not the
reason of PD effect occurring in Yb-doped fiber, PD in Yb: Al silica fibers is an

intrinsic feature of this core material, Tm co-dopants reaching more than 10 mol-ppm
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can cause a second path of PD by Tm-assisted path of color center formation. In the
following Fig. 2.9 (a), VIS fluorescence intensities of two fibers with different Tm
concentration are compared. Obvious fluorescence is observed in # 6 fiber with a Tm
concentration of 7 mol-ppm. In contrast, fiber #3 with Tm concentration about 0.08
mol-ppm at the trace impurity level only shows a week blue fluorescence. As illustrated
by the inset of the Fig. 2.9 (a), the intensity at 473 nm emission increases with growth
of the Tm concentration. The 473 nm emission signal keeps increasing proportionally
with Tm content at the beginning, but turns to be weakened at the higher amount of

Tm, likely due to the decreasing molar ratio of Yb/Tm.

Energy (10°%cm™)

35 30 25 20 15
- ———————————————— 500

o~
=]
1S]
m

Glass matrix absorption (m™)

300

200

Normalized emission

100

300 350 400 450 500 550 600 650 700

Wavelength (nm)

Fig. 2. 8. Spectrum comparison of the host absorption (grey-shaded area) and the up-conversion

emission bands of Yb-doped fiber (black line) [55].

Fig. 2.9 (b) shows the PD kinetics of intentionally induced Tm codpants fibers (# 6-
#11) compared to Yb-fibers with only trace impurities of Tm (#1-#3). All of the fibers
under test have the same Yb concentration and are core pumped at 976 nm with a
constant Yb inversion at 0.46. The measurement results lead to the conclusion that trace
impurities of Tm (below 1 mol-ppm) do not have significant impact on the
characteristics of PD in Yb-doped fiber. The concentration of Tm has to reach at least
10 mol-ppm to result in a strong acceleration of the PD process, and the PD induced

loss at the final equilibrium state increases remarkably as well. However, in the fiber
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#11 with the highest Tm content, after reaching the maximum point, the PD loss begins
to decrease. It is speculated that this interesting behavior is on account of an
intermediate state in PD bleaching path, and bleaching effect might happen due to the

UV or VIS photons from Tm emission.
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Fig. 2. 9. (@) NIR-induced fluorescence spectra of the low Tm co-doped fiber #3 in comparison to
fiber #6; inset: Tm fluorescence intensity varying with Tm concentration, (b) PD kinetics of Tm
co-doped fibers compared to Yb fibers with only trace impurities. Tm content increases along
fiber #1 to fiber #11 [61].

2.2 Characterization of PD effect in Yb doped fiber

PD in Yb-doped fibers is a time-dependent effect which is commonly characterized by
an exponential build-up function. Typical parameters of the function, the saturated PD
loss aeq (equilibrium for long-term measurements), a typical time constant t and the
stretching parameter 3, provide the characteristics of PD effect. In this section, we will
introduce the typical experimental setup for the measurement of PD and analyse the

influential factors of PD characteristics.
2.2.1 Typical experimental setup for Yb-doped fiber PD measurement

J. J. Koponen firstly proposed a measurement techniques to quantify PD effect induced
loss in the year of 2006 [9]. This measurement method is to quantify the observation
of transmission changes at visible wavelengths range before and after PD. The typical
measurement method for characterization of PD is shown in Fig. 2.10 [9]. This setup

allows to measure the transmission spectra of white light propagating into the Yb-
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doped fiber before and after pumping by laser diode, the PD induced excess loss
spectrum is calculated by subtracting the spectrum before pumping and after pumping.
As shown in the Fig. 2.10, HeNe laser wavelength of 633 nm was applied as the
reference wavelength for the transmission spectrum measurements. Similarly, other
sources of different reference wavelength can be utilized as well, as long as they are
far from the Yb band and within the broad color center absorption band that induce the
excess loss. This typical setup is limited to single mode, core pumping fibers, but can

be used with different Yb-doped fibers.
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Fig. 2. 10. Setup for characterization of PD, where a white light source propagated the Yb-doped
fiber before and after pumping by laser diode, the PD induced excess loss spectrum is calculated

by subtraction the spectrum before and after the pumping. [9].
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Fig. 2. 11. Setup for characterizing the fiber transmittance performance during PD by excited
Yb ions [62].

To measure the temporal evolution of PD, an experimental setup has been proposed in
[11,62], as shown in Fig. 2.11. The principle of the temporal evolution measurement is
similar to the transmission loss measurement shown above.
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The difference between the fiber transmittances needs to be recorded in a constant
time interval. The fiber transmittance is calculated by
T(@)=P(t)/P, (2.2)

where Poand P(t) depict the respective transmitted probe powers before and during PD.
A stable, broadband light source (halogen lamp) and the chopper/lock-in technique are
employed to facilitate the PD kinetics measurement with low-noise. The core excess

loss was calculated through time-dependent PD curve by

a(t) =—10log(T (t))/L (2.3)
the unit of (t) is dB/m, «(0) =0, L is the length of fiber under test. The formula

applied to fit the temporal evolution is

a(t) = a[1—exp(—(t/7)")] (2.4)

In this fitting formula, oeq is the saturated PD loss at equilibrium state, 7 is the typical
time constant r and the g is the stretching parameter. A typical PD temporal evolution

fitting curve is depicted in Fig. 2.12 with a set of parameter values used in this example.
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Fig. 2. 12. Exemplary PD loss curve corresponding to the stretched exponential function of Eq.
(2.4) [62].
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2.2.2 Yb inversion dependence of PD characteristics

Pump-induced PD was attributed to the number of excited Yb ions and can be
characterized in accelerated PD procedure at high Yb inversions [11,63] . It has been
found that the relaxation to well-defined equilibrium states of the core excess loss is
dependent on the Yb inversion [11]. The measurement setup is shown in the Fig. 2.13,
and the Yb-doped fiber under test is cladding pumped by a 915 nm laser diode.
Modulated light from a halogen lamp with monochromator is used as a probe light
source with 633 nm emission wavelength and spectral width of 25 nm. The length of
the fiber under test is 5 cm. Lasing and strong amplified spontaneously emission (ASE)
are unwanted in the PD measurement. For this purpose, in the setup, the feedback is
suppressed by the multimode fiber at one side and by an angle connector at the output

end of the single cladding fiber, as shown in the Fig. 2.13.
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Fig. 2. 13. (a) Experimental setup for measuring PD, the modulation frequency of chopper is
from 4 Hz to 10 kHz. Photodarkening dynamics is definitely slow than the chopping frequency;
(b) Normalized probe transmission vs time measured in a Yb-doped fiber with a length of 5 cm
using different initial cladding pumping powers: 1 W (lilac), 1.8 W (cyan), 2.1 W (green), 3.7 W
(red) and 6.1 W (blue); after applying sufficient initial pump power, the Yb fiber core was “fully

darkened” by applying a 13.2 W pump power (steep decrease section) [11].
The temporal transmission curves of the Yb-doped fiber under test are shown in
the Fig. 2.13 (b). It is easily observed that with the larger input pump power, the loss
of the probe light transmission is accelerated. Additionally, the final equilibrium state

of probe light transmission is larger under higher pump power, which suggests more

severe PD effect occurring under higher power pumping. After a nearly constant
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transmission level had been reached with the selected pump power, the highest pump
power (13.2 W) available in this setup was induced for strong darkening of the fiber
core, a transmission of 0.003 to 0.02 was found for all fibers investigated under

different selected cladding pump of 915 nm laser diode.
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Fig. 2. 14. (a) PD induced temporal excess loss under test with different Yb inversions, (b)

characteristic 1 (PD rate constant) of fiber under test with different Yb inverisons [62].

Higher pump power indicates a higher population inversion level of an identical fiber.

For the case of short fiber piece, the inversion level of Yb can be calculated by Eq. (2.5)

and Eq. (2.6)
o 1
| = ——a . 2.5
Gabs + Gem 1+ Psat / I:JP ( )
Psat = A hvp /((Gabs + Gem)TYb) (26)

where Pp is the launched pump power (photon energy is hvp), gabs and oem are the
absorption and emission cross sections at the pump wavelength, Psat is the saturation
pump power, A is the fiber cross section, and zvs is the Yb3* near-infrared fluorescence
lifetime [13]. The two main parameters of the PD characteristics, time constant t and
saturated PD loss at equilibrium state aeq, are investigated under different Yb inversion
level respectively as shown in the Fig. 2.14 [62]. The inversion level is defined as nz/no,
the ratio of upper state population density to total ion density. In the condition of [62],
Yb-doped fibers under examination are with core and cladding diameter of 10 pm and

125 um, caps is 5.6*10%° m?, typ is 830 us, the pump wavelength is 915 nm and its
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maximum power is 20 W [62]. According to the equation and the corresponding
parameters, when launched pump power is 12.6 W, the inversion level is 0.64, it is
demonstrated by [62]. The highest inversion level 0.67 presented in Fig. 2.14 is at the
launched pump power of 20 W. From the Fig. 2.14 (a), under the highest inversion
demonstrated here (1 = 0.67), the PD curve of temporal evolution saturates within 25
mins measurement. However, under the condition of lower Yb inversion, the PD
procedure needs much longer time to reach the final equilibrium saturation state. It is
obvious that aeq is proportional to the inversion level. Furthermore, the relationship of
the PD rate to the inversion level is shown in the Fig. 2.14 (b), fiber under test pumped

to the higher inversion level has a faster PD rate.

2.2.3 Temperature dependence of PD characteristics

It has been reported that the characteristics of PD kinetics of Yb-doped fiber is strongly
affected by the temperature [64,65]. It has been observed that enhanced temperature
can result in PD rate accelerating. In [65], fiber samples in short piece (1 to 2 cm) with
high Yb concentration were utilized to guarantee a homogeneous Yb inversion of 0.46
along the fiber. Temporal evolution measurement was investigated under wide

temperature range from from 77 to 773K. The measurement results are shown in the

Fig. 2.15.
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Fig. 2. 15. (a) Temporal evolution of PD loss at different temperatures during pumping, (b)

Maximumm PD loss and rate constant vary with temperature growth [65].
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From the Fig. 2.15 (a), the increasing tendency of the PD induced loss at the
beginning seems to follow the typical fitting function Eq. (2.4); this tendency is most
obvious for the measurement at 77 K and 296 K. The PD induced loss evolution at
higher temperature ranging from 373 K to 773 K, reaches the loss maximum in the
initial period, and then the PD loss starts to decrease. The maximum PD loss value, the
rate constant, and the stretching parameter are determined according to the Eq. (2.4).
Fitting results are shown in the Fig. 2.15 (b). Itis clearly observed that, for highly doped
Yb fiber, the maximum PD induced loss value decreases at higher temperatures,
whereas the PD rate accelerates with temperature. However, for the Yb fiber with low
concentration, things are different [64,65]. Measurement of temperature dependence of
PD temporal loss evolution for a low concentration Yb-doped fiber is shown in the
following Fig. 2.16 [65]. The PD speeds up noticeably with temperature increase.
However, only at the temperature of 573K, PD loss maximum value could be calculated
by fitting, whereas for lower temperature at 473 K and 296 K, there is no sure results

by fitting with Eq. (2.4) for the temporal loss evolution plots.
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Fig. 2. 16. PD temporal loss evolution of a low Yb concentration fiber at different temperatures
[65].
For the high concentration Yb-doped fiber, from beginning to the loss maximum,
the rapid PD process is considered to be less affected by thermal annealing at high
temperature. In contrast, Yb-doped fiber in the low concentration (Yh203 < 0.3 mol %),

the PD loss temporal evolution is very low at the beginning and gradually slows down.
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In these scenarios, the experimental PD rate is dominated by thermal processes. This
investigation of temperature influence on PD is very important in practical PD
measurement experiment. In Yb-doped fiber under pumping, the optical absorption will
induce temperature increase and consequently lead to an acceleration of the PD rate.
However, for a long measurement time, a lower PD loss value at finial equilibrium state

may be achieved.

2.3 PD Reduction in Yb-doped fiber

Pump-induced PD is a widely acknowledged harmful process hindering the
performance of Yb-doped fiber laser and amplifier in various applications. Several
methods have been reported to reduce PD effect in Yb-doped fiber lasers. The
techniques to reduce the PD effect can be divided into two categories, one is modifying
the fabrication atmosphere of the preform of Yb-doped fiber and the other one is

optimization of the core composition of the Yb-doped fiber.
2.3.1 Preparation in reducing atmosphere and hydrogen loading

For a preform of Yb-doped fiber fabricated under reducing conditions, a part of the Yb-
ions will change to divalent valence state from the original trivalent valence state. The
PD process in this sort of Yb-doped fibers is schematically depicted in the following
Fig. 2.17 [18]. Once excitation to the upper CT-state, an electron shifts from the oxygen
ligands to the nearby Yb3* ion, and a free hole can be generated from an oxygen ligand
between an Yb®* ion and an Yb?* ion. This generated hole very likely recombines with
the electron originated from the pre-existing Yb?* ion from the fiber prepared in
reducing condition rather than recombine with the formed Yb?* ion in the process of
excitation to CT State. The net structure can be simply considered to result in a position
shifting of the Yb?* ion in the net structure of Yb clustering. Therefore, less PD induced
loss at visible and NIR range can be observed. The PD measurement results for fibers
under different preparation conditions is shown in the Fig. 2.18. No obvious PD loss

can be observed for the preform sample prepared in reducing condition under UV-irra-
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Fig. 2. 17. Excitation to the higher CT-state (CTS*) in a glass with pre-existing Yb?* ions from
the reduction condition results in a characteristic Yb** luminescence by CT-relaxation. The net
result of the process 1-3 is merely a shifted position for the Yb?* ion [66].

-diation. The results from [18] are in accordance with previous results from [67]. [18]

reported that no PD induced loss could be observed in transmission measurement for

an Yb-doped fiber prepared in reducing condition under 976 nm radiation.
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Fig. 2. 18. PD induced transmission loss measurement of prepared preforms under different
conditions. [18].

An alternate method to reduce PD is by hydrogen loading of the Yb-doped fiber in
a pressure chamber at room-temperature. In contrast with PD bleaching at high-
temperature annealing in a Hz/N2 atmosphere, the hydrogen loading of the glass
material is different, since the hydrogen molecules do not undergo chemical reaction
at room-temperature. Once the Yb-doped fiber is excited to the CT-band, the H:
molecules will react with the generated holes on the oxygen ligands from CT process,
thus forming hydroxyl groups and Yb?* ions. The whole procedure is illustrated in Fig.
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2.19 [18]. The H2 molecules annihilate hole related color centers and PD induced loss
decreases at visible and NIR wavelengths range, as shown in the red curve in the Fig.
2.18. However, as shown in the step 4 in the Fig. 2.19, the formed Yb?* ions can be
further photo-ionized, resulting in the formation of Yb®* ions and free electrons. This
will generated electron related color centers in hydrogen loaded Yhb-doped fibers. This
increasing number of electron related color center seems to be the reason why PD of
the Hz loaded Yb preform remains at a non-negligible levels at visible and near infrared

wavelengths.
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Fig. 2. 19. The hole related color center are generated form step 1-3, and eliminated by an

electron under H: loaded case. [18].

2.3.2 Optimization of the core composition

The role of aluminium (Al) or phosphorus (P) as co-dopants in rare earth doped fiber
was first proposed in the year of 1986 [68]. Influences of Co-doping on the fluorescence
and structural properties of neodymium-doped silica glass were investigated in [68]. It
was found that a slight doping level of Al or P was enough to disperse the clustering
Nd ions in a glass matrix and facilitate lasing fluorescence of Nd doped fiber. Nd ions
can be perfectly incorporated into a silica glass network by introducing Al or P as co-
dopants. In the liquid state, Al oxide Al203 dissolves well in SiO2, while Nd20Os can
dissolve in Al20s3 as well. As a consequence, AlOu4/2 and/or AlOs/2 behave as solvation

shells to facilitate Nd®* ions distribution in the SiO2 network. Similarly, it is well known
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that P2Os was good solubility in SiOz in the liquid state. POs/> and/or POa4/> coupled

with SiO2 constitute the solvation shell for Nd** ions in the silica network.

For the Yb-doped fiber, the use of the Al and P co-dopants to suppress PD effect
was proposed in [52,69]. It has been concluded that high Al concentration into Yb-
doped fiber is effective to suppress PD [52] and P is more effective than Al to suppress
PD in Yb-doped fiber, especially for operation at high upper level population [69]. In
[20], by increasing Al content as a co-dopant, PD in Yb-doped fibers could be reduced,
as shown in Fig. 2.20 (a). Fiber #1Al to #5Al share the same amount of excited Yb ions
[Yb ], the number of excited Yb ions [Yb*] was calculated as the product of the
concentration of Yb ions and Yb ions inversion. Among the five fiber samples under
test, #1Al has the lowest Al content and the Al content increases successively until
reaching the maximum in #5Al. From the Fig. 2.20 (a), it is quite obvious that with the

same amount of excited Yb ions, PD effect is suppressed with higher Al content.

While doping with Al or P can actually decrease the PD loss, however, both of these
two methods have several serious disadvantages. High Al concentration will increase
the reflective index of fiber core, and it leads to an enhanced core numerical aperture
(NA) and reduced beam quality. On the other hand, heavy P concentration will cause a
harmful central notch in the refractive index profile by P evaporation. In addition,
similar to Al co-doping, P co-doping results in high core NA that makes the preparation
of large-mode-area (LMA) fibers more complicated. Furthermore, the Yb absorption

and emission cross sections decreases as well by co-doping with P [70].
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Fig. 2. 20. Photodarkening loss with time of the co-dopant fibers under different series (a) #Al
and (b) #P. The respective fitting procedure with the stretched exponential function are shown as
dashed lines [20].

The influence of the combination of Al and P was also investigated in [20]. As
shown in Fig. 2.20 (b), when the number of excited Yb ions and the Al content are
fixed as for a series of fiber samples, the P content keeps increasing from # 1P to # 4P.
Apparently, additional co-doping with P can lead to further significant reduction of the
PD loss. It has been concluded that co-doping P and Al at an equal concentration can

lead to almost fully suppression of PD.
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Fig. 2. 21. Refractive index profiles of the co-dopant fibers under differentseries (a) #Al and (b)
#P [20].

Refractive index (RI) profiles which are measured on the preforms and then

transferred to fiber radius r scale are shown in Fig. 2.21 [20]. In series of Al co-doped

fiber samples, the refractive index increases with higher Al content, as shown in Fig.

2.21 (a). In the series of P co-doped fiber samples, the refractive index decreases
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regardless of the P concentration, this anomaly results from the interaction of Al and P
ions, which was explained in fibers without Yb [71]. As indicated by the Fig. 2.21 (a)
and (b), all fiber samples under test are free from a central index notch by this
combination of two co-dopants. Fortunately, reduction of the core refractive index (Fig.
2.21 (b)) in the series of P co-doped fiber is accompanied by a reduction of PD effect
as shown in Fig.2.20 (b). This will not cause adverse effects on preparation of large-

mode-area (LMA) fibers.

30



Chapter 3

Pump Wavelength Dependence of
Photodarkening in Yb-doped Fiber

3.1 Background

It has been known that the pump-induced PD is tightly associated with the number of
excited Yb ions, namely PD equilibrium depends on Yb ions population inversion level
[12,63]. As discussed in Section 2.2.2, it has identified the relationship between PD
saturation loss and inverted Yb ions [13]. Therefore, higher Yb concentration and more
intensive pump power can lead to severe PD [12,72,73]. However, the previous studies

assumed that the PD behavior follows Yb inversion regardless of pumping wavelengths.
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Fig. 3. 1. PD parameters (Yb inversion=0.46) varies with the Tm concentration for core pumping
at 976 nm (red squares) and cladding pumping at 915 nm (black squares): (a) PD loss maximum,
(b) PD rate constant [61].

There is another route to induce PD in Yb-doped fiber as reported in [55,61,74]. A non-
negligible level of Tm concentration can accelerate the PD effect in Yb: Al as well as
Yb: P fibers through the so-called “Tm path to UV” process as discussed in Section
2.1.3 [55,61]. In such process, the energy transfer from Yb to Tm was proposed as a

plausible route to induce the PD, and the process is pump wavelength dependent in that
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the route becomes more efficient at 976 nm than 915 nm, thus causes more PD under
976 nm pumping [61]. As shown in Fig. 3.1, when the Tm concentration is less than
10 mol-ppm, no obvious influence of Tm on the measured PD loss and rate constant is
only observed. On the contrary, 976 nm core pumping leads both PD loss and rate
constant strongly increasing after the Tm concentration reaching 10 mol-ppm. This Tm
induced PD path is strongly associated with multi-step Tm excitation including energy
transfer from Yb ions to Tm ions and ESA of pump photons [55]. 976 nm affects the
PD parameters of these fibers more significantly than pumping at 915 nm due to better

overlap with the ESA spectrum of 976 nm pumping.

3.2 Theory

3.2.1 Yb** Energy Level and Basis for Inversion Level Calculation

An Yb*" ion has a very simple electronic level structure, with only one excited state
manifold (?Fs;2) and the ground-state manifold (F72), which consists of 3 and 4
sublevels, respectively. The Yb®" energy levels based on the germanosilicate host are
shown in Fig. 3.2 (a). The typical Yb®" transition cross sections in a germanosilicate

glass are shown in the Fig. 3.2 (b) [24].

As shown in the Fig. 3.2 (b), the two significant absorption peaks are located at 916
nm and 976 nm, becoming the prominent pumping wavelengths for laser and amplifier
construction. Around 916 nm, there is a broad absorption bandwidth which can
accommodate the pump light source with a broad linewidth. On the other hand, the
absorption bandwidth at 976 nm is sharp, thus leading to a strict small linewidth
requirement for the pump source. But the 976 nm pumping offers shorter absorption
length and smaller quantum defect than the 916 nm counterpart, since 976 nm is more
close to the lasing wavelength. Hence, the two wavelengths offer unique properties
which can be selectively utilized for specific applications. For instance, the broad
bandwidth at the 916 nm is more advantageous for high power cw lasers when laser

wavelength drifting over a driving current is acceptable for the interest of cost. On the
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other hand, the 976 nm pumping is more favourable when short absorption length is
critical such as high power ultrafast laser construction. Hence, | investigate both the

important wavelengths in my PD study.
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Fig. 3. 2. (a) Yb3+ energy level diagram, (b) Typical Yb transition cross sections of a
germanosilicate glass [24] .

In my experiments, ensuring constant inversion level is the prerequisite of
investigation when comparing both the wavelengths in the context of PD to study pump
wavelength dependence of a PD effect. Therefore, accurate inversion level calculation
is critical before experiment. ASE is efficiently suppressed in this experiment and
purely homogenous broadening is assumed. Under this condition, a simplified
numerical model of a Yb-doped fiber laser can be established similarly to the erbium

doped fiber laser [34,75-77].

In Yb-doped fiber laser, population of upper and lower states are governed by the

following rate equations [34]:

dn,

W:(Rﬁ +W12)n1_(R21 +W21+A21)n2 (3'1)
dn
E = _(R12 +W12)n1 + (R21 +W21 + A21)n2 (3'2)

From Eq. (3.1) and Eq. (3.2), the excited state population values at the steady-state

are obtained:

33



— R12 +W12 (3.3)
R12 + R21 +W12 +W21 + AQl

n,

n+n,=1 (3.4)

transition rate for pump light is given by:
Ry =0, "1, 1ho, , Ry=0,"1,/hv, (3.5)

transition rate for signal light is given by:
W, =6,"I/hog , W, =0, Thog (3.6)

where ¢12® and 621 are the absorption and emission cross sections in m?at a pump
wavelength, o12®) and 21 are the corresponding values at a signal wavelength. I and
Is are the pump and signal intensities (W/m?). Az: is the constant for spontaneous
emission. Ri2, Rz1, W12, W21 and A2z are in the unit of s™%. It is obvious that the n1 and n2
are determined by the Ip and Is which are dependent on pump power and signal power

along the fiber [34]:

dp,

E =1p (0'21(p)n2 - O-lz(p)nl) Nt P (3.7)
dP. s s
d_ZS =T]s (621( )nz - 612( )nl) Nt Ps (3.8)

where Pp and Psare the pump and signal power, Nt is the total density (m™) of Yb ions,
and #p and #s are an overlap factor accounting for a transverse overlap of the optical
beam with the dopant ions. In the experiment, the incident pump beam is single-moded
through fibers under test. An overlap integral between the dopant and the optical mode

in a core pumping configuration can be defined by the following formula [76].
Heore_pumoing = . |, 1 (F, #)rdrdg (3.9)
where i, (r, ¢) is the normalized single mode optical intensity of pump light in radial

and azimuthal coordinates and b is the Yb doping radius [76]. For cladding pumping
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configuration, the Eq. (3.9) needs modification to factor in beam extension to the

cladding area by adding a core to cladding area ratio as:

_ Core_Area
Metaddig _ pumping Cladding_ Area

[ [[i(r. gyrdrdg (3.10)

In our experiment, fibers under test are all around 1 cm in length for the purpose of
suppressing the unwanted ASE and achieving uniform inversion along the fiber length.
Furthermore, fibers in such a short length hardly gather sufficient gain for stimulating
signal power. Therefore, in the above rate equations, the values of Is and Psare so small

that can be considered negligible.
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Fig. 3. 3. Typical cross sections of (a) Yb: Al fiber and (b) Yb: P fiber [78].

In the experiment, both of Yb: Al and Yb: P fibers are employed. The cross sections
of Yb in the Yb: Al fiber and the Yb: P fiber are essential parameters to calculate the
inversion level as described in the Eq. (3.3) and Eq. (3.4). The typical cross section

spectroscopies of Yb: Al and Yb: P fiber from reference are shown in the Fig. 3.3 [78].

With the known cross sections and a calculated overlap factor, inversion level is
increasing with the growth of the launched pump power, which apparently illustrates

that specific inversion levels are obtained by adjusting the launched pump power.
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3.2.2 Background Review: Core Composition Effects on Spectroscopic Cross

Sections and Lifetime of Yb-doped Fiber.

For the purpose of inversion calculation, spectroscopic cross sections of tested fibers
need to be obtained. In our experiment, two different Yb: Al fibers and one Yb: P are
employed, which are different in fiber size, ytterbium concentration and core
compositions. In [79], influences of Yb3* ions concentration on the spectroscopic
properties of silica glass fabricated by solution doping technique has been investigated.
In that paper, six fiber samples with different concentrations of Yb®* (0.15, 0.20, 0.25,
0.30, 0.60, and 0.85 wt%) and without codopants were prepared. The absorption
spectrum of each fiber is recorded by a double-beam spectrophotometer in a range of
850 nm to 1100 nm at room temperature. The fluorescence decay curves of the 2Fs;2to
2F72 transitions have been recorded by exciting at 974 nm at room temperature and the
excitation laser beam was modulated by a mechanical chopper. The upper-state
lifetimes of the fiber samples were obtained from fluorescence decay curves using a

digital oscilloscope.

There are usually two ways to obtain the emission cross-section of Yb%": 2F72 to
2Fs/2 transitions. One is the reciprocity method based on McCumber relation shown as
the Eq. (3.12) [80],

E,—hv
KgT

O-em (U) = Gabs (U) exp( ) (312)

where ks is the Boltzmann’s constant, Eo is the zero-line energy which is considered to
be the energy separation between the lowest components of the upper and lower states.
The zero-line energy is associated with the strong peak in the absorption spectrum of

an Yb-doped glass.

If the absorption spectrum is unknown, there is another method to obtain the
emission cross section that is the Fuchtbauer-Ladenburg (F-L) formula based on the

analysis of fluorescence (shown as the Eq. (3.13)) [80].
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2 1(2)

O-em j’ =
@ 8mcn’r,,, j 1(2)dA

(3.13)

where n is the refractive index, c is the vacuum velocity of light, 4 is the overlap peak
wavelength of absorption spectrum and emission spectrum and I (A1) is the fluorescence

intensity at given wavelength.

In [79], the emission cross-section of Yb®" ions was calculated by a reciprocity
method. The absorption cross section spectrum from absorption measurement and its
derived emission spectrum for two representative samples with 0.20 wt% and 0.85 wt%
Yb?" concentration are plotted respectively, at Fig. 3.4 (a) and 3.4 (b). It is observed
that compared with 0.85 wt% Yb-doped fiber, Yb-doped fiber with 0.20 wt% Yb

concentration has higher values in absorption and emission cross sections.
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Fig. 3. 4. Absorption and stimulated emission cross-section of the silica glass samples doped with
(a) 0.20 wt% and (b) 0.85 wt% of Yb®* ions [79].

Table 3.1 summarizes the spectroscopic properties of these six Yb-doped fiber
samples. As shown in Table 3.1, fiber sample with 0.15 wt% of Yb®*" concentration
reveals the highest peak absorption cross-section with value of 2.40 pm? at 977 nm.
With the growth of the Yb concentration, both absorption and emission cross sections
keep decreasing, which results from the Yb®" ions cluster effect into the silica glass

matrix [81,82], leading to the spectroscopic properties being impaired.
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Table 3.1 Various optical properties of Yb-doped silica glass preforms [79]

Yb concentration lon density Ga0s(975 nm) 6em(1032 nm)
(wt %) (><10%cm) (pm?) (pm?)
0.15 1.15 2.40 0.77
0.20 1.53 2.37 0.73
0.25 1.90 2.35 0.69
0.30 2.30 231 0.64
0.60 4.60 2.18 0.52
0.85 6.50 211 0.49

Normalized fluorescence decay curves of three representative samples doped with
differentYb®" irons concentration of 0.15, 0.30 and 0.85 wt% of Yb®" are shown in Fig.
3.5. The Y axis is scaled in In (I1/1(0)). The upper-state population exponentially decays
with a certain decay time, this certain decay time is the upper state lifetime. In
measurement, the decay time is considered as the time after which the population has
decayed to 1/e (= 37%) of the initial value, namely the time duration for In (1/1(0)) = -
1. According to the plots in Fig. 3.5, it is can be figured out that Yb-doped fiber in 0.15
wit% has the longest time duration for In (1/1(0)) = -1 and this time duration is decreased
with the Yb concentration increasing. The lifetime reduction is explained by the

radiative trapping and self-quenching by the clustering effect induced by heavy doping.
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Fig. 3. 5. Normalized decay curves of 2Fs.2 level for silica glass with three different

Yb3* ions concentration [79].
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From [79], It is known that both transition cross sections and upper-state lifetime
are effected by the Yb concentration. In addition, reliable measurement methods for
transition cross sections and upper-state lifetime are obtained that could be the guide

for our experiment in next section.

Besides the effect from the Yb** ions concentration, the compositional dependence
of the spectroscopic properties of Yb®* ions on various host glass oxides have been
reported [83-86]. It has been shown that rare earth ions have much higher solubility in
silica glass by codoped with phosphorus ions. Recently Yb203 of up to 11 wt% was
doped in phosphosilicate fibers [87]. In [88], the difference in spectroscopic property
and upper-state lifetime of ytterbium doped aluminosilicate fiber and ytterbium-doped
phosphosilicate fibers are investigated. As shown in Fig. 3.6 (a), the line shape of
transition cross sections of the two fibers is different. The emission peaks of Yb-doped
phosphosilicate fibers are at shorter wavelengths compared to those of Yb-doped
aluminosilicate fibers. Due to the Stark level split is distinctly smaller in the
phosphosilicate fibers, emission wavelength has blue shift. From Fig. 3.6 (b), it can be
observed that the upper-state lifetime in ytterbium-doped phosphosilicate fiber is

longer than the ytterbium-doped aluminoslicate fiber.
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Fig. 3. 6. (@) Normalized absorption and emission cross sections of Yb-doped aluminosilicate and

Yb-doped phosphosilicate fibers. (b) Lifetime measurement of the Yb-doped fibers [88].
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In summary, both ytterbium ions concentration and fiber composition with different
co-dopants can make the difference in the line shape and value of transition cross

sections. The upper-state lifetime is affected as well.

3.3 Experimental Results

PD has been widely understood to be closely associated with the number of excited Yb
ions, namely PD induced loss at equilibrium state [11,12]. A linear relation between
the PD saturation loss oeq and the inversion of Yb ions is verified [13]. Core
composition and launched pump power are determining factors of the Yb inversion in
Yb-doped fiber and the influences of these two factors on PD were well investigated
[89,90]. However, the previous studies assumed that the PD behavior follows only the

inversion level regardless of pumping wavelengths.

In this section, | present the pumping wavelength dependence of PD of Yb-doped
fibers. The PD dynamics is monitored by employing pump-probe technique [9].
Temporal evolution of optical power at a visible wavelength is traced when the Yb-
doped fibers under test is pumped to reach the pre-determined inversion level. 916 nm
and 976 nm pump sources are chosen to examine the pump wavelength effects on PD
at the same Yb inversion level in Yb:Al as well as Yb:P fibers. Additionally, I interpret
the pump wavelength dependence with a hypothesis of multi-photon absorption (MPA)
[46]. Hence, this research contributes to insightful experimental results in pump

wavelength dependence of PD, which has been overlooked in prior studies.
3.3.1 Experiment Setup

I examine the PD in the experimental setup with a core pumping configuration as
shown in Fig. 3.7. A visible wavelength at 620 nm is selected as a probe since the PD
induced loss can be easily detected and the wavelength is also located far from the Yb-
band [9]. A tungsten white light source is coupled to the fiber under test (FUT) through

a wavelength division multiplexing (WDM) coupler, and the transmitted power at the
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probe wavelength is selected and monitored in a spectroscope. The WDM coupler
combines the pump wavelength to the FUT. A short bandpass filter is inserted before
the spectroscope to suppress unwanted pump wavelength, and avoid saturation of the
detector in the spectroscope. The launched pump power is adjusted to control the level
of Yb excitation. The temporal evolution of probe light intensity is monitored when the
pump is on. A transmission spectrum through the FUT is recorded by an optical
spectrum analyzer (OSA) before and after pumping. | keep the fiber length short at ~1
cm to suppress undesired amplified stimulated emission and maintain uniform
inversion level through the fiber. In addition, the FUT is placed on a heat sink to avoid
high temperature building during the measurement. The measurement was conducted
at room temperature with controlled air convection. | did not notice a significant

temperature rise which might affect the PD behavior [65,91].

Laser Diode Spectroscope: Temporal
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Fig. 3. 7. Experimental setup for PD temporal decay measurement. The pump light and white
light source are combined via a WDM coupler, and coupled to YDFs. Transmitted power at the
probe wavelength is monitored in the spectroscope. Transmission spectrum of YDF is measured

by an optical spectrum analyzer (OSA).

3.3.2 Fabrication and characterization of Yb-doped fibers under test

In the experiments, two Yb:Al fibers and one Yb:P fiber are fabricated in-house using
modified chemical vapor deposition process (MCVD) and solution doping technique.
The key parameters of the fibers are listed in Table 3.2. To quantify the dopants in these
three different fibers, we use electron probe micro-analyzer (EPMA) to scan the fiber

preform slices. The EPMA results are shown in Fig. 3.8 and Fig. 3.9. Fiber 1 is highly

41



doped by 1.1 wt% of Yb dopant and 0.9 wt% Al dopant while Fiber 2 contains 0.5 wt%
and 0.28 wt% of Yb dopant and Al dopant, respectively. In Fiber 3 (Yb:P) the
concentration of the Yb dopant is 2.5 wt% and the concentration of P dopant is up to
9.0 wt%. Electron microscope images of each fiber are shown in the insets with a 20
um scale bar. The core size and numerical aperture (NA) of the fibers are listed in Table

3.2.

Table 3.2 Dopants concentration and parameters of FUT

Yb Al P Core diameter | Cladding diameter | Core Upper state
No.
(wt %) wt %) | (wt %) (pm) (pm) NA lifetime (ms)
#1 1.1 0.9 0 10 125 0.11 0.76
#2 0.5 0.28 0 13.2 175 0.06 0.91
#3 2.5 0 9.0 8.2 125 0.23 0.83
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Fig. 3. 8. EPMA characterization with refractive index profile of Yb: Al fibers (a) Fiber 1 and.
(b) Fiber 2 and (c) Fiber 3. The scale bars for the EPMA images are 20 pm.
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Fig. 3. 9. EPMA characterization with refractive index profile of Yb: P fiber (Fiber 3). The scale
bars for the EPMA images are 20 pm.

The refractive index profiles (RIPs) of these three fibers are shown as the dash lines

in Fig. 3.8 and Fig. 3.9. Apparently, the RIPs of two Yb:Al fibers follow the Yb and Al

concentration in each fibers, while the RIP follows the Yb and P concentration in Fiber

3.

To control the Yb inversion level in the PD measurements, | first characterize
absorption and emission cross-sections of the fibers. Transmission spectra from the
fibers were collected using an OSA to determine the absorption cross-section. A
tungsten white light source was used as a broadband source. The method to obtain the
absorption spectra is similar to the method applied in [79] which is introduced in the
last section 3.2.2. The emission cross sections were obtained by capturing transverse
fluorescence from the Yb-doped fibers and its upper level lifetime measurements. The
values of emission cross sections in this study were achieved through the Fuchtbauer-
Ladenburg (F-L) formula (shown as Eq. (3.13)). The measured cross-sections scaled to
unity at the maximum are presented in Fig. 3.10. The two Yb:Al fibers share the same
spectral shapes but with different peak values. Fiber 1 has a higher Yb concentration
and its peak value at 976 nm is 1.857 pm?, while the Fiber 2 has peak value of 2.897
pm?. This observation is consistent with the clustering effects on the cross sections
demonstrated in [79]. The cross sections of Fiber 3 are shown in Fig 3.10(b), which
vary from the Yb:Al fibers as expected [20]. In contrast to the Yb:Al fibers, the peak

43



value of the cross section of Yb:P fiber dramatically decreases to 1.298 pm?. Cross
sections of the Yb:Al fiber and Yb:P fiber from our measurement are in good agreement

with the commonly applied cross-sections [20,34] respectively.
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Fig. 3. 10. (a) Absorption and emission cross-sections of Fiber 1 and Fiber 2. The peaks at 976
nm are at 1.857 pm? and 2.897 pm? respectively. (b). Absorption and emission cross-sections of

Fiber 3 with its peak value of 1.298 pm? at 976 nm.

3.3.3 Temporal Decay of Yb:Al Fibers and Yb:P fiber Induced by Photodarkening

To investigate the pump wavelength dependence, it is important to keep the same Yb
inversion level under both pumping wavelengths at 916 and 976 nm. The inversion
level is controllable by adjusting input pump power. The cross-sections in Fig. 3.10 are
used to determine the pump power required for the same inverted Yb ions. In addition,
we used the measured RIPs in Fig. 3.8 and Fig. 3.9 to find overlap between a pump
beam in the fiber core and the dopant to accurately determine the required pump power.
The calculation error for the overlap is anticipated within 3-4 % due to uncertainty of
the pump beam profile in the tested fiber core. I consider a fundamental mode excitation
and fully excited modes in the FUTSs for the anticipated error. Variation of pump beam
profile changes the pump-dopant overlap factor that generates discrepancy in inversion
calculation. However, its influence on the inversion level is only 0.5-1.5%, thus

insignificant.
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The determined parameters are used in the inversion level calculation. A commercial
software (Fiber Power) was used to calculate the inversion level, and consequently the
required launched pump power [92]. A quasi-three level system is assumed for the

calculation.

For Fiber 1, pump power at 976 nm is adjusted to 16 mW and 916 nm to 19 mW
based on our calculation to achieve 37% inversion. According to the Eq. (2.5) and Eq.
(2.6), because of the different cross sections at 916 nm from 976 nm, the inversion
expressions under the two wavelengths pumping are different. Under 916 nm pump, its

corresponding inversion level can be derived to be

56 Pp

1916 nmpump: 68 Pp +2.973 (314)

Similarly, under the 976 nm pump, its corresponding inversion level is derived to

be

200 Pp

1976 nm pump™= 400 Pp+2.790 (3.15)

From Eq. (3.14) and Eq. (3.15), it can be derived that when the inversion level below
43.8%, higher pump power is required at 916 nm pump. On the contrary, when the

inversion level above 43.8%, higher pump power is required at 976 nm pump.

The measured temporal decay at 620 nm is represented in Fig. 3.11. Despite the
same inversion level in both pump wavelengths, the PD appears more severe under 976
nm pumping. | fit the measurement with a stretched exponential function as shown in

Eq. (2.4) in chapter 2.
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Fig . 3. 11. PD induced temporal decay loss of Fiber 1 at 620 nm under 976 nm (red) and 916 nm

(blue) pumping. Fitting results are shown in the smooth curves.

Table 3.3 PD experimental conditions and fitting results of measured PD loss, aeq, and rate

constant t!

N Inversion | Pump Wavelength Power Oleq Tl
0.
Level (%) (nm) (mWw) (dB/m) %10 (s7)
976 16 210 4.5
#1 37
916 19 185 4.0
a7 976 30 57 5.9
” 916 325 38 5.2
15 976 86 62 6.6
916 46 47 6.5
976 63 37 19
#3 41
916 66 17 18

The fitting curves are shown as violet lines in the figure. | summarize the temporal
decay results in Table 3.3. It is revealed that there is a striking difference between the
976 and 916 nm pumping. The 976 nm pumping induces larger oeq at a faster rate as
compared to the 916 nm counterpart despite the same inversion level. The higher oeq
by 976 nm pumping was reported when the “Tm path to UV” is established with
considerable Tm concentration [55]. However, the Tm contamination in our fibers is
found as ~0.5 ppm-wt through fiber core absorption measurement. This is consistent
with the manufacturer’s note. Thus, our results evidence that the pump wavelength

influences the PD. We note that, in the absence of Tm, variation of PD induced loss at
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different pump wavelengths was reported in [61], but it was due to different pump
configurations. By contrast, all my measurements were conducted under core-pumping
configuration, hence our results truly indicate the pump wavelength dependence of PD

at the same level of inversion.

The same pump wavelength dependence is observed in Fiber 2. Fig. 3.12 (a) and (b)
represents the pump wavelength dependence in Fiber 2 for the 37% and 46% inversion
level, respectively. It is clearly observed that, despite the same inversion level, the 976
nm pumping has greater PD effect as compared to the 916 nm pumping. The oeq ratios
between 976 and 916 nm remain within 1.3 to 1.5 at the given inversion levels as
summarized in Table 3.3 above. It should be noted that the aforementioned error of 0.5
to 1.5% in the inversion does not affect our results. The error contributes to higher
inversion at 916 nm, and reaffirms that the 976 nm pumping induces more significant

PD.
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Fig. 3. 12. PD induced temporal excess loss for Fiber 2 at 620 nm under 976 nm (red) and 916 nm
(blue) pumping. (a) The inversion level is 46%. (b) The inversion level is 37%. Fitting results are
shown in the smooth curves.

It is also worth noting that the wavelength dependence doesn’t necessarily follow
the Al/Yb ratio. Fiber 1 has higher Yb and Al concentrations than Fiber 2. However,
the Al/Yb ratio is much higher in Fiber 1 as well. A high Al/Yb ratio is expected to

evenly disperse the Yb ions [93,94], hence suppressing the PD. However, | don't see
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obvious benefit of the high ratio of Al/Yb when the Yb concentration is as high as in
Fiber 1. The absolute Yb concentration seems to bring heavier impact in the PD than
the Al/Yb ratio, which is consistent with the discussion in [72]. The measurement
results in [72] reveal that even the PD effect is more severe in an Yb heavy doped fiber
with lager Al/YD ratio than another light Yb light doped fiber with lower Al/Yb ratio.
This is similar to the experiment in this thesis. Fiber 1 has a higher Yb concentration
and higher Al/Yb ratio, it has more severe PD effect than Fiber 2 which has a lower Yb
concentration with lower Al/YD ratio. It was concluded that absolute values of Yb and
Al concentration rather than the Al/Yb ratio that play the decisive role. The reason is
that no complete solvation shells for the incorporated Yb®" ions are obtained with Al
codoping in contrast to P codoping. Therefore, Yb concentration is more influential
than Al/Yb ratio. If the absolute value of Al concentration is increasing greatly which
enchances the Al/YD ratio at the same time. Therefore, there is no doubt that the PD
effect will be greatly suppressed compared to the demonstrated PD performance in the
thesis, since more Al ions will be more helpful to homogeneously distribute the Yb

ions and suppress the clustering effect.

| extend our experiments to Yb:P fiber, Fiber 3 in Table 3.2, to investigate the pump
dependence in the PD suppressed fiber [20,95]. Key parameters of the fiber are
tabulated in Table I11. I place Fiber 3 in the setup in Fig. 3.7 to examine its PD. An
inversion level of 41% is maintained at the both pump wavelengths. As shown in Fig.
3.13, the pump wavelength dependence is apparent even in the Yb:P fiber. The
measured temporal power evolution at 620 nm exhibits 37 dB/m of aeq under 976 nm
pumping which is in contrast to 17 dB/m under 916 nm pumping. Thus, we conclude
that the pump wavelength dependence is a general behavior in Yb-doped fibers. It
would be of interest to test other types of PD suppressed fibers such as Ce:Yb co-

dopoed fiber to gather more insightful results [96].

48



—— 976 nm pump
—— 916 nm pump
| = Fitting curve

Loss (dB/m)

Fiber 3 at 41% inversion level

0 500 1000 1500 2000 2500 3000
Time (Seconds)

Fig. 3. 13. PD induced temporal excess loss for Yb: P fiber at 620 nm under 976 nm (red) and 916
nm (blue) pumping. The inversion level is 41%. Fitting results are shown in the violet smooth

curves.

3.4 Mechanism for PD Dependence on Pump Wavelength

The physical mechanism of the PD in Yb-doped fibers has been intensively
investigated in recent years. Formation of color centers is widely accepted as the cause
of excess optical loss from PD [11,63]. However, the physical mechanism of the
formation of defect centers is still a subject of discussion. For example, a valence state
change of Yb ion occurring through a charge transfer (CT) process is believed to
account for the generation of color center [97]. Also intrinsic defects such as Oxygen
Deficiency Center (ODC) can serve as a precursor for the pumped induced hole-related
color centers [98]. The charge transfer process and ODCs have been introduced in
details in chapter 2. Validating the mechanism is out of the target of this research.
Rather, it would be more interesting to understand the pump wavelength dependence
under the context of both mechanisms. We assume both CT and ODC as a possible PD
precursor generating the color centers. Reaching to the CT (~5.39 eV) [97] or ODC
level (~5 eV) [99] under NIR pumping is plausible through MPA which involves
absorption of two or more photons from the ground, or excited intermediary states to
higher excited states [47,48]. Characteristics of the CT absorption band in Yb:Al silica
fibers have been reported [46,100].
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Fig. 3. 14. CT absorption band of the 0.2 at% Yb/Al doped silica glass preform (blue line). The
black dashed lines show a Gaussian deconvolution of CT absorption band and the absorption
spectrum of a non-Yb doped reference preform is shown as the red dashed-dotted line [100].
As shown in the above Fig. 3.14, the CT band is characterized by a broad absorption

band around 230 nm in a Yb:Al doped silica glass, and consists of several sub-bands,
including a dominant one centered at 243 nm, spreading from 200 nm to 300 nm.
Meanwhile, the absorption band of ODC has been thoroughly investigated in the Yb:Al
fiber [101].
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Fig.3. 15. Cladding absorption spectra measuremnt of two Yb-doped fibers: Green for Fiber C
(green) and Red for Fiber. [101].

As shown in the Fig. 3.15, two Yb-doped fibers with different Yb concentration and
different fiber size share the similar absorption range and absorption peak. The

absorption spectrum ranges from 220 nm to 270 nm and its peak centers around 245
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nm. Both characteristics are consistent with the known parameters of the deep-UV

absorption of the ODC (I1) defect in silica [102,103].

In Fig. 3.16, the spectra of the dominated sub absorption band of CT and the ODC
absorption band are manifested as demonstrated in [97,101]. The schematic diagram of
excitation procedure to reach the precursors via MPA under 976 nm and 916 nm
pumping is shown in Fig. 3.16. The MPA via 976 nm pumping could reach to the center
of both the ODC absorption and the dominant CT sub absorption band. In contrast, the
MPA under 916 nm pumping would be off-centered from the peak. Thus, it would
suggest that reaching the absorption bands of the precursor (CT/ODC) is more efficient
under 976 nm than 916 nm pumping through the MPA. This would result in more color
centers generation accounting for the PD under 976 nm pumping in the Yb:Al silica

fiber.
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Fig. 3. 16. Multi photons absorption excitation mechanism in Yb:Al fiber under 976nm and
916nm wavelength pumping. Absorption band of the dominated sub band of CT and absorption
band of ODC are based on [97] and [101] respectively.
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Fig. 3. 18. Excitation spectra characterization for the Yb/Al and Yhb/P-doped preform. The UV-
irradiation profile is also shown[46].

In [46], the CT band of the Yb:P glass has been investigated. The absorption spectra
and emission spectra are presented in the following Fig. 3.17 and Fig. 3.18, respectively.
From the excitation spectrum in Fig. 3.18, it is found that the peak of the CT-band for
the Yb: P preform appears to be centered on 192 nm. This is difficult to be observed in
the absorption spectrum in Fig. 3.17 due to overlap with the host lattice absorption.
Although the specific CT sub band absorption is not known, If we assume the 192 nm
absorption band is the dominant CT band, at least five pump photons are required to
reach the absorption band via MPA in the Yb:P fiber. This may suggest the low PD as
compared to the Al:P counterpart. Moreover, the 976 nm pumping is more resonant

with the 192 nm peak than the 916 nm pumping. Hence, this hypothesis seems evident
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from the observed wavelength dependence, but it is necessary to locate all CT bands as
well as ODC absorption in the Yhb:P fiber to attain more comprehensive insights on PD

routes.

In addition, from the above cross section measurement results, it has been observed
that the absorption cross section at 976 nm is still much higher than the 916 nm. It
reveals that even the four-photon absorption effect is considered, the 976 nm pump
efficiency is still advantageous to 916 nm pump because of its larger absorption cross

section.

3.5 Conclusion

This study presents the strong dependence of the PD on the pump wavelengths of Yb-
doped fibers. The experimental results consistently indicate that the PD is severely
influenced by the pumping wavelengths at the same Yb inversion level. It is found that
the 976 nm pumping leads to more significant PD than 916 nm. Such dependence is
persistent across various fibers with different compositions including the widely used
Yb:Al and Yb:P. Thus this conclusion contributes to Yb-doped fiber lasers and
amplifiers design. A plausible mechanism was discussed to portray the observed pump
wavelength dependence, adopting the MPA model and absorption peaks of CT and
ODC bands. In summary, my results provide an additional guide of pump wavelength
selection in high power Yb-doped fiber lasers and help efforts in optimizing long term

performance of high-power laser devices.
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Chapter 4

Photodarkening Influence on Fiber Laser
Cavity Design

4.1 Background

With the larger development of fiber lasers in these few decades, the performance of
the fiber laser keeps breading records. The design of the cavity is of great importance
for achieving high output lasing power. Generally speaking, the parameters influencing
the laser performance include the active fiber length, the intracavity losses, and the
output coupling ratio. Investigation of the laser cavity design is crucial for achieving
high performance laser [104,105]. For instance, fiber length and output coupling ratio
were theoretically and experimentally identified as critical parameters [105] to
optimize a 980 nm pumped erbium-doped fiber ring laser. In [105], theoretical
calculation of the output power utilized an analytical gain equation that was derived for

erbium-doped fiber amplifiers [106], the experimental setup used for cavity design

(@)

investigation is shown in Fig. 4.1.

980/1550 nm Er-doped \
WDM coupler Fiber
Polarization Optlcal
Controller Filter
Isolator Tunable Fiber
Coupler
\ [ )
——

Fig. 4. 1. Experimental setup used for cavity design investigation of the erbium-doped fiber ring
laser [105].
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Fig .4. 2. Output power as a function of reflectivity R for AL= 1533 nm. Pump power 52 mW,
active fiber length (a) L =10 m, (b) L =20 m and (c) L = 30 m [105].

In the Er-doped fiber laser experiments of [105], output lasing power variation with
reflectivity R is shown in Fig. 4.2 for different fiber lengths (L = 10-30 m) at AL = 1533
nm. The reflectivity of a fiber ring laser means the percentage of the signal power stay
in the cavity after propagating through the output coupler. From Fig. 4.2 (), it can be
observed that the maximum output lasing power is achieved when the reflectivity is

selected around 35 %. Furthermore, this fiber laser with 10 m Er-doped fiber length
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cannot lase for a reflectivity below 2%, since the fiber is short and cannot provide
enough gain to compensate the high ring losses. For the cases at L=20 m and L=30 m,
the laser can oscillate at all values of reflectivity and the maximum output lasing power
can be realized when the reflectivity is around R=5-10%, as shown in Fig. 4.2 (b) and
Fig. 4.2 (c). The agreement between experimental results (shown in dots) and
theoretical calculation (shown in solid lines) is good. Some uncertainties occurred in
experiments are responsible for the slight deviations between the theoretical curves and
experimental points. This investigation shows a guideline for the impact of cavity

reflectivity on the output lasing power.

4.2 Theoretical Analysis of Output Coupling Ratio Influences on PD

Induced Loss in Cavity

4.2.1 Fiber Laser Cavity Setup

To theoretically analyze the influence of the laser output coupling ratio on PD induced
loss, | utilize the model of Yb-doped fiber laser setup from RP fiber power software
for modelling calculation [92]. The Yb-doped fiber laser cavity employed in this study

is shown in Fig. 4.3.

976 nm § 1035 nm laser output
Pump @ § and rest pump
- . \ m)
Yb-doped fiber s
L1 L1 L2 k L2
M1 M2

Fig.4. 3. Yb-doped linear cavity fiber laser setup. L1 and L2 are lenses, and M1 and M2
represent mirrors.
In this fiber laser setup, a 976 nm single mode laser diode with 600 mW power is
used as the pump source for core pumping. | chose 976 nm as a pump source to
highlight significance of the PD in laser cavity design. Nonetheless, the overall trend

of cavity optimization won’t be affected by pumping wavelength. I expect the similar
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trend with 915 nm. The pair of lenses L1 is used for alignment and coupling for
launching the pump light into the Yb-doped fiber. The pair of lenses L2 is utilized for
alignment and collecting the output lasing signal. M1 and M2 construct the lasing
resonant cavity. The 976 nm pump wavelength is considered to fully transmit through
M1 and M2. The 1035 nm lasing wavelength is 100% reflected by M1 and partly
reflected by M2 with adjustable output coupling ratio. The Yb-doped fiber employed
in this setup is an Yb: Al fiber possessing 6 um core diameter with 1 wt% Yb dopant
concentration. Since the fiber is highly doped, the spectroscopic cross sections of Fiber
1 in Chapter 3, shown in Fig. 3.10 (a), is employed for the calculation here. To simplify
the analysis, | assume that the pump power launching efficiency is 100%. The Yb-
doped fiber with different fiber length and different cavity loss are discussed in this
chapter. For the fiber length, conditions of 5 cm, 10 cm and 15 cm are selected for the

analysis. For the cavity loss, conditions of 0.3 dB, 0.45 dB and 0.75 dB are considered.

600
=5 cm fiber

= 10 cm fiber
500 = 15 cm fiber

400 H

300

200

Output Power (mW)

100

O 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0

Reflectivity

Fig. 4. 4. Output lasing power as function of reflectivity for Yb-doped fiber length L=5 cm (red),
10 cm (blue), 15 cm (green).

Firstly, I use three Yb-doped fibers with three different fiber length to understand
the relationship between cavity reflectivity and the output lasing power. These three
fibers with different length have same background loss of 0.1 dB/m and same devices
loss of 0.285 dB. As shown in Fig. 4.4, the calculation results for these three fibers

present the same features as found in [105]. As illustrated in Fig. 4.2, the shorter the
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active fiber is, the more reflectivity of the resonant cavity is required for achieving the

maximum output lasing power.
4.2.2 Variation of Inversion Distribution with Reflectivity of Output Coupler

It is expected that the output coupler of a laser cavity determines the ratio of the
generated lasing power between inside a cavity and outside the cavity. With an output
coupler providing higher reflectivity, more lasing signal reflects back into the cavity
and stays inside the cavity. Under this condition, the inversion level inside of the cavity
will be affected as well. Here, the rate equations described in chapter 3 are employed

for numerical analysis;

— R12 +W12 (3.3)
RlZ + R21 +W12 +W21 + Az1

where Riz2and Rz are the transition rate for pump light, which are given by:

n,

Ry =03, 15 /v R21:O-21(p)IP/hUP (3.5)

p H

W12 and W21 are the transition rate for signal light, that are given by:

W12:O'12(S)|s/hvs , W212521(S)Is/hvs (3.6)

where ¢12® and ¢21® and are the absorption and emission cross sections for pump
wavelength, 012 and 62:© are the corresponding values for signal wavelength. Ip and
Is are the pump and signal intensities (W/m?). Az: is the constant for spontaneous
emission. In this setup, the pump wavelength is assumed to be 976 nm, according to
the spectroscopic characteristics of Yb: Al fiber, g12® = 521%), Therefore, R12= R21. The
signal wavelength selected here is 1035 nm, based on the spectroscopic characteristics
of Yb: Al fiber,o12®is a very small value when compared with ¢21¢). For this reason,

W12 becomes negligible.

The condition analyzed here is that the value of the reflectivity of the output coupler
becomes larger and it results in increasing of the Isinside the cavity. Here, parameter a
is introduced in this discussion for describing the increasing magnitude of signal

intensity. | assume that the signal intensity inside the cavity change to Is', and Is'= als,
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a>1. Therefore the transition rates of signal light change to aWi2 and aWzi. The

corresponding upper state population changes to n2 which is expressed as:

! _ RlZ +aW12 (41)
R, +R, +aW, +aW, + A,

N,

Then, the difference between n2and nz'is found to be:

' — Ry, +W,, _ Ry, +aW,, (4.2)
Rip + Ry + Wi, +Woy + Ay Rip + Ry +aWy, +aW, + Ay

n,—n,

Following my earlier assumptions, Ri2 = R21 and W12 =0, Eq. (4.2) is reduced to:

’ RlZ R12
n,—n, = -
2R12 +W21 + AZl 2R12 + aWZl + AZ].
— (a-1 R12W21 (43)
(2 RlZ +W21 + A21 )(2 R12 + aWZl + AZ].)
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Fig. 4. 5. Inversion distribution along the fiber length with different reflectivity of output coupler
(a): 10 cm Yb-doped fiber, (b): 15 cm Yb-doped fiber.

- 4 - -
Since a>1, thereforen, —n, >0, namely, inversion level becomes smaller when the

reflectivity of output coupler increases. Intuitively, with higher reflectivity, more
energy of the lasing signal will stay inside the cavity. The strong signal causes quick
depopulation, thus large W21, that makes the population in the upper level becomes
smaller as indicated in Eq. (3.3). Hence, high reflectivity induces lower n2 as deduced
from Eq. (4.3). To confirm this, | numerically calculate the inversion distribution along

a fiber by changing reflectivity. Two different fiber lengths, 10 cm and 15 cm, are
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selected for the calculation. As shown in the Fig. 4.5(a) and (b), the inversion level is
high at the pump input end and decreases along the fiber length. More importantly, for
both 10 cm and 15 cm fibers, it is clearly observed that the inversion level keeps
decreasing with the growth of reflectivity of the output couple. Thus, the conclusion is

consistent with the prediction from Eq. (4.3).
4.2.3 Variation of PD induced loss with reflectivity of output coupler

It is widely known that the PD induced loss is dependent on the population density in
the upper state level which has been introduced in the chapter 2, section 2.2.2. In [73],
it has been reported that the PD losses at 633nm is linearly dependent on the density of
the excited ions on the upper state of the active fiber. On the other hand, in [11], it was
shown that the maximum PD loss at 633 nm is nearly quadratic dependent on the total
Yb®" ion concentration in the Yb-doped fiber. In [107], they combined the two factors

to generate a single formula as shown in the following Eq. (4.4):

N N,/N
PD**"(dB/m) =|175- 209 ). 2 4.4
(dB/m) ( 674107 j 0.46 449

where PD ®33 "™ represents the PD induced losses at 633nm in the unit of dB/m, N is the
total concentration of Yb®* ion in the fiber in the unit of ion/m® and Nz is the population
density of the excited ions on the upper state level in the unit of ion/m3. Therefore, the
factor N2/N represents a fraction of population density in the upper laser level, namely
the inversion level that I use in this thesis. An inversion level of 0.46 is assumed in Eq.
(4.4), and a conversion factor of 8.74x10?° is employed to change the ion concentration

from ion/m? to wt%.[73],

According to [9,108], the PD loss at ~1um is directly proportional to the loss

measured at 633 nm with a fixed ratio. Therefore, it can be written in the Eq. (4.5):

633nm
leﬂm(dB/m)=PD—(dB/m) (4.5)
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Where the value y is within the range of 10-70 [8, 9]. In my simulation, a single mode

Yb-doped fiber is assumed to be core pumped by a single mode 976 nm laser diode.

This follows experiment condition in [9]. Thus, the value y is set to be 70 for the

calculation here.

Based on the above Eq. (4.4) and Eq. (4.5), the PD induced loss distribution at the

1035 nm lasing wavelength along the Yb-doped fiber can be calculated based on the

earlier calculated inversion distribution. Here | choose 15 cm Yb-doped fiber of 0.1

dB/m fiber background loss with three different reflectivity of the output coupler. The

PD distributions along the fibers are shown in Fig. 4.6

Inversion

0.6
Inversion Distribution (Left)

L = PD |_oss Distribution (Right)
0.5 c

o

~ .,
04l T~ A
4+ ~ AN
NN

03F AAY

11.0

0.2 AN coe
N
\~
01f =

0 2 4 6 8 10 12 14
Fiber Length (cm)

12.0

115

(wygp) sso| ad

10.5

0.0

Fig. 4. 6. PD loss distributions at 1035 nm lasing wavelength along the fiber length with

corresponding inversion distribution at three different reflectivities of the output coupler. Solid

line: reflectivity = 0.9, Dash line: reflectivity = 0.11, Dots: reflectivity = 0.002.

It can be observed that the PD loss distribution follows the inversion level

distribution in all the reflectivity selected. The average PD loss in the fibers can be

given by:

fiberlength

average

P 1035mm (d B) — I pD 1035nm (dB/ m) *dz
0

(4.6)

The average PD loss represents additional cavity loss caused by the PD. The average

PD loss will be affected by the inversion level controlled by the cavity reflectivity.
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Characteristic of the average PD loss vs. reflectivity is studied in Fig. 4.7. Here, the
calculation results of 15 cm and 10 cm fiber of 0.1 dB/m fiber background loss are

summarized.

Fig. 4.7 reveals that the total PD keeps decreasing with the growth of the reflectivity
of the output coupler. The rate of the drop is very steep at the beginning, and it generally
becomes flat with the reflectivity increasing. Hence, higher reflectivity helps suppress

the additional cavity loss, but it will compromise extractable power.
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Fig. 4. 7. Variation of total PD loss with the reflectivity of output coupler Yb-doped fiber laser
setup. (a): 10 cm Yb-doped fiber, (b): 15 cm Yb-doped fiber.

4.3 Optimal Reflectivity of Output Coupler in the presence of PD

According to the investigations in the last section, the PD induced loss is largely
determined by the cavity design. In this section studies, the calculated PD loss is
employed in rate equations for the laser operation calculation. Here, Yb-doped fiber
with 0.1 dB/m background loss is investigated. For the 10 cm Yb-doped fiber, as shown
in the Fig. 4.8 (a), without PD influence, the output lasing power reaches the maximum
value of 511 mW when the reflectivity is around 10%. Once the PD factor is considered
in the laser cavity, the optimal reflectivity for achieving the maximum output power
shifts to 13% and the maximum power is affected by the PD loss and falls down to 482

mW. Regarding to the 15 cm Yb-doped fiber shown in Fig. 4.8 (b), the maximum lasing
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power is 513 mW at reflectivity of 4% under the condition of no PD. However, the
optimal reflectivity shifts to 5.8% with PD influence and the maximum output lasing

power falls to 492 mW.
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Fig. 4. 8. Variation of output lasing power with the reflectivity of output coupler. Blue curves
show without PD and red curves represent with PD. (a): 10 cm length Yb-doped fiber, (b): 15 cm
length Yb-doped fiber.

1.05 1.05
@) —— without PD (b) —— without PD

€ 100t —— with PD E 100t —— with PD
3 s
S 0.95f S 095
= =
[<5] [<5]
2 090 g 090
[a o
2 o085} 2 085
> >
o} e}

0.80 e st 0.80 ' : : : :
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.00 0.05 010 0.15 0.20 0.25 0.30
Reflectivity Reflectivity

Fig. 4. 9. Variation of output lasing power ratio (peak value scaled to 1) with the reflectivity of
output coupler. Blue curves show without PD and red curves represent with PD. (a): 10 cm
length Yb-doped fiber, (b): 15 cm length Yb-doped fiber.

For observing the reflectivity shifting more clearly, the output lasing power at each
reflectivity point is divided by the maximum power, thus the peak value for each curve
is scaled to 1. The curves with new scaling are shown in Fig. 4.9. In this figure, it is
clearer that the optimal reflectivity for output lasing power is right shift to the larger

value. Both of the 10 cm Yb-doped fiber and 15 cm Yb-doped share the consistent
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results. It can be clearly observed that, under 10 cm fiber length condition, the optimal
reflectivity shifts from 10% to 13%, its increasing rate is 30% (calculation error 3.5%).
Under 15 cm fiber length condition, as shown in Fig. 4.9 (b), the optimal reflectivity
shifts from 4% to 5.8%, its increasing rate is 45% (calculation error 4.2 %). Therefore,
it can be concluded that Yb-doped fiber laser with longer fiber length induces more

significant change in the optimal reflectivity of the output coupler affected by PD loss.

Besides the different fiber length, Yb-doped fiber lasers with different cavity loss
are discussed here. 15 cm Yb-doped fibers of 0.1 dB/m fiber background loss with 0.45
dB and 0.75 dB cavity loss are investigated. Here, the cavity loss is defined as the loss
including fiber background loss and device loss. The average PD losses are calculated
by the same procedures introduced in the previous section. The results are shown in the
following Fig. 4.10. From Fig. 4.10, it can be observed that the average PD loss
variation with reflectivity of 15 cm Yb-doped fibers with 0.45 dB and 0.75 dB cavity
loss share similar trends as fibers of different fiber length discussed in the last section.
From Fig. 4.10, it can be observed that 0.75 dB cavity loss leads to higher PD loss than
0.45 dB cavity loss. This is because larger cavity loss will enhance the general inversion

level distribution along the fiber, thus, it will lead to higher PD loss.
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Fig. 4. 10. Variation of total PD loss with the reflectivity of output coupler of 15 cm length Yb-
doped fiber. (a): 0.45 dB cavity loss, (b): 0.75 dB cavity loss.
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Similar to the fibers with different fiber length discussed above, the calculated
average PD losses are used in the laser operation calculation. The variations of output
lasing power with reflectivity of 15 cm length Yb-doped fiber laser setup with 0.45 dB
and 0.75 dB cavity loss are investigated, respectively, and the results are shown in the

following Fig. 4.11(a) and Fig. 4.11(b).

For the Yb-doped fiber laser with 0.45 dB cavity loss, shown in Fig. 4.11(a),
without PD influence, the output lasing power reaches the peak value of 487 mW when
the reflectivity is near 4%. When the PD factor is considered in the laser cavity, the
optimal reflectivity for achieving the maximum output lasing power shifts to 6% and

the peak value of the output lasing power drops to 467 mW.
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Fig. 4. 11. Variation of output lasing power with the reflectivity of output coupler for 15 cm Yb-
doped fiber laser setup. Blue curves show without PD and red curves represent with PD. (a): 0.45
dB cavity loss, (b):0.75 dB cavity loss.

Regarding to the Yb-doped fiber laser with 0.75 dB cavity loss, as demonstrated in
the Fig. 4.11 (b), without PD factor, when the reflectivity of the output coupler is
approaching to 2%, the output lasing power can achieve its maximum power of 451
mW. Once the PD effects is considered in the laser cavity, the optimal reflectivity for
achieving the maximum output lasing power moves to 5% and the maximum output

lasing power falls down to 431 mW.
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To observe the reflectivity shift more clearly, the same data manipulation to the
fibers with different length has been done to Yb-doped fiber laser with different cavity
loss. The output lasing power at each reflectivity point is divided by the maximum
output lasing power and the peak value for each curve is scaled to 1. The curves with
new scaling are shown in the following Fig. 4.12. It can be clearly observed that, under
0.45 dB cavity loss condition, the optimal reflectivity shifts from 4% to 6%, its
increasing rate is 50% (calculation error 4.8%). Under 0.75 dB cavity loss condition,
as shown in Fig. 4.12 (b), the optimal reflectivity shifts from 2% to 5%, its increasing
rate is 150% (calculation error 7.3%). Therefore, it can be concluded that the higher
cavity loss induces more significant change in the optimal reflectivity of the output

coupler affected by PD loss.
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Fig. 4. 12. Variation of output lasing power ratio (peak value scaled to 1) to the reflectivity for 15
cm Yb-doped fiber laser setup. Blue curves show without PD and red curves represent with PD.
(a): 0.45 dB cavity loss, (b): 0.75 dB cavity loss.

In terms of extractable power, for the 15 cm Yb-doped fiber laser with 0.45 dB
cavity loss, the maximum output lasing power is 487 mW before PD at 4% reflectivity.
After PD, the output lasing power drops to 464 mW, as shown in Fig. 4.11(a). Thus,
the PD induces 4.7% of power degradation. By changing the reflectivity to 6%, the
power drop is reduced to 467 mW. This corresponds to 0.65% of more extractible
power by optimizing the cavity design. Similarly, for the 15 cm Yhb-doped fiber laser

with 0.75 dB cavity loss, the maximum output lasing power is 451 mW before PD at

66



2% reflectivity. After PD, the output lasing power drops to 427 mW, as shown in Fig.
4.11(b). Thus, the PD induces 5.3% of power degradation. By changing the reflectivity
to 5%, the power drop is reduced to 431 mW. Thus, 0.93% of more extractable power
is achievable by optimizing the cavity design. Therefore, in order to reach the
maximum output power when considering PD, larger reflectivity is needed to

compensate the excess loss in the cavity.

4.4 Conclusion

In this chapter, | discussed the output lasing power as a function of cavity reflectivity
before and after considering PD effects. Without considering the PD factor, the results
in this chapter are consistent with results shown in the references [105]. However, with
the presence of the PD factor, it has been revealed that the extra cavity loss induced by
PD is dependent on the selection of cavity reflectivity due to the variation of population
inversion in the cavity. Conditions of different fiber lengths and laser cavity loss were
discussed. It is concluded that, despite fiber length and cavity loss, the optimal
reflectivity of the output coupler needs to be adjusted to larger value for achieving
maximum output lasing power. Furthermore, the research results reveal that the longer
the Yb-doped fiber or the larger the laser cavity loss is, the more significant shift of the
reflectivity will take place. This finding firstly points out the PD influence on output
coupler for fiber laser cavity improvement and possesses the significance of guiding

more appropriate cavity parameters selection.
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Chapter 5

Material Approach to Photodarkening
Reduction

5.1 Background

The performance of Yb-doped fiber lasers has been greatly improved in recent years
making them a good choice for a variety of industrial and medicinal applications.
However, for applications requiring high peak powers and high pulse energies, such as
in material processing, fiber lasers still lag behind solid-state lasers, mainly due to
lower nonlinear threshold [88]. A shorter fiber with a large mode area is the design of
choice for high energy pulsed laser applications. However, the short length
requirements implies high Ytterbium (Yb) doping, which pushes up the core numerical
aperture (NA) and increases the chances of clustering as well. It was discussed in
Chapter 2 that the clustering causes the unwanted PD. Out of various approaches to
mitigate the issues, codoping with Phosphorous (P) and Aluminum (Al) has been found
to be a good method to satisfy the two contradicting requirements of low NA and high
concentration [109]. When Al and P co-exist at an equivalent molar ratio, they form
AIPO4 that mimics the SiOz structure and possess a same refractive index of silica [110].
In addition, the presence of P greatly suppresses PD [110]. Consequently, a good deal
of effort has been made towards achieving such YDb/AI/P co-doped core
[20,88,111,112] , although previous reports seem to suggest that achieving highly Yb
doped Al:P composition is very challenging in terms of index profile control and low
background loss, in particular when Yb concentration is high (above 0.4 mol% Yb20s3),
as shown in the following Fig. 5.1 [110]. From the Fig. 5.1, it is clearly observed that
the index profile has a severe distortion and does not follow the dopants’ concentration

distribution along the diameter of the preform. This distorted index profile will squeeze
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the mode field and make it becomes narrow. Therefore, it will impede the large mode

area fiber fabrication.
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Fig. 5. 1. Radial profiles of refractive index (a) and dopant concentrations (b) of Yb-doped Al:P
preform with equi-molar of Al:P

This severe distortion in the index profile is generally attributed to the evaporation

of Yb or P [110,113], or non-uniform distribution of the dopants [109,110]. In addition,
the background loss seems dependent on compositional ratios. It was reported that the
loss is manageable in a ~10 dB/km level of a Yb-doped fiber with ~0.5 mol% Yb203
(but with a distorted index profile) when the equi-molar ratio is achieved [109,110].
The loss sharply increases when the host material becomes P dominated [110]. Hence,

high Yb doping, refractive index profile control, and a low background loss in equi-
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molar Al:P compositions have not been appropriately addressed as one package, either

via solution doping [109-113] or chelate delivery method [113].

In this work, a step-index Al:P equi-molar fiber with 0.5 mol% Yb20s across the
entire core, fabricated using MCVD and solution doping technique is reported. Despite
the high Yb concentration, the core index contrast is as low as 0.0035 thanks to the
equi-molar Al:P. The fiber shows a PD-suppressed characteristic and a low background
loss of 10 dB/km. Laser output power of more than 100 W was achieved in the fiber

(limited by pump power), with a slope efficiency of ~75%.

5.2 Fabrication of High Yb Doped Equi-molar Al:P Preform

Fabrication resorted on the MCVD technique together with solution doping to produce
the highly Yb-doped AIl:P fiber preform. The standard solution doping MCVD
procedure is shown in the following Fig. 5.2. Fiber preform fabrication constituted of
mainly three stages including Ge-doped cladding deposition, high Yb doped P: Al core
deposition, and silica outer cladding removal and octagonal shaping. The raised
cladding was realized by depositing multiple layers of GeO2-SiO2 by flowing in gas
mixture of SiCls and GeCls into the silica substrate tube. Since the tube undergoes
gradual collapsing over the depositions due to high temperature from a H2/O2 burner,
a backward pressurizing system was employed to keep the tube open. During the
deposition, the burner temperature and the gas flow rates were adjusted to compensate
additional temperature gradient, thus maintaining same thermophoresis force over the
depositions. With the developed recipe, | can routinely achieve raised Ge cladding of
6 - 9 mm thickness and a raised index contrast of 0.015 — 0.020 from silica. The doped
Ge content is estimated in the range of ~12 mol% of GeO.. Thus, the superior physical
and chemical properties of silica are not compromised. | have not noticed abnormality
while splicing and cleaving this fiber although more systematic study is required to
confirm its characteristics. The Ge cladding deposition is followed by a core deposition

of Yb:Al:P doped silica. | use phosphosilicate soot and a solution doping technique to
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introduce Yb and Al. A uniform and stable P20s—SiO2 soot is deposited using the
MCVD reagents of SiCls and POCls. A pre-sintering pass was employed to stabilize
the deposited P20s—SiO2 soot and control its porosity. Later Yb and Al were introduced
via the solution doping technique. Subsequently, the conventional preform fabrication
steps were carried out to sinter the soot, collapse the tube and seal it to a preform. |
intentionally feed in extra POCIs flow during the high temperature collapse passes to
compensate for the evaporation of P due to its high vapor pressure. The fabricated
preform with triple layers of core, Ge cladding and silica cladding was later milled
down to the Ge doped cladding layer, thus completely removing the outer silica layer
from the preform rod. While removing the silica cladding, the preform was shaped to
an octagonal cross-section under the milling to improve pump absorption. The milled
preform was later polished and drawn in low index acrylic coating to form a double

clad laser fiber.
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Fig. 5. 2. Fabrication procedure of preform by solution doping MCVD. (a) Silica soot fabrication
(b) Solution absorbed by soot (c) Collapsing and sealing.

5.3 Characterization of Yb Doped Equi-molar Al:P Preform and

Fibers.

After MCVD procedure, the preform is milled to an octagonal shape. Later, a standard

fiber drawing tower is employed to draw the preform into an optical fiber. Fiber

72



drawing is initiated by heating one end of the preform above silica glass softening
temperature and pulling a drop into a fiber. A fiber was drawn to 25 pm core, 250 pm
flat-to-flat octagonal shaped cladding in a low index polymer coating. The
characterization results of the preform and fiber are presented. The index profile of the
fabricated preform is represented in Fig. 5.3. From 5.3, it is evident that we were able
to achieve a good step index profile with Index difference of 0.0035240.0006 despite
the high Yb203 concentration of ~0.5 mol% as shown in Fig. 5.4. It is found that Al
and P follow the same distribution profile, leading to the excellent index profile. Fig.

5.4 (a) represents a Scanning Electron Microscopy (SEM) image and concentration

distributions of various oxides measured using Energy Dispersive X-Ray Analysis
(EDX). The maximum Yb20s, Al203 and P20s concentrations were found to be ~0.5
mol%, ~4.4 mol% and ~4.2 mol% respectively. A slightly higher P concentration
compared to Al was intended to suppress PD [109]. And, the ratio between Al203/P20s

and Yb203 was kept to ~9 so as to minimize background loss [111].

It should be noted that the overall index only increases by ~0.0035, despite the
presence of high concentrations of the various oxides. A rare-earth oxide is known to
contribute ~0.0067 index increase per mol% [8]. And the doped 0.5 mol% Yb20s is
already sufficient to raise the index by ~0.00335. Hence, we can conclude that the
measured refractive index contrast is almost fully contributed by the Yb203, and the
incorporated Al203 and P20s are very well networked to form the desired AIPOa.
Background loss was measured using a cutback method and was found to be ~10
dB/km at 1200 nm, confirming the near uniform compositional distribution. Regarding
the Yb absorption, measurements show that the fiber has an absorption value of 4.07

dB/m at 915 nm and 14.03 dB/m at 976 nm.
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Fig. 5. 3. Refractive index profile of the fabricated Yb-AI-P doped fiber preform. Index
difference in the core was found to be ~0.003520.0006
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Fig . 5. 4. () SEM image of the fiber core & (b) Concentration of various oxides in the core in
mol% measured using EDX. Oxides of Al and P can be seen to be almost perfectly matched in

the core, which has led to index suppression.

5.4 Fiber Laser Performance and Photodarkening Measurement

A 4 meter length Yb-doped Al: P fiber is tested in a free running 4% - 4% linear cavity
for laser efficiency. The fiber was pumped at 975 nm in the cladding pump
configuration as shown in Fig. 5.5. In this fiber laser setup, L1 and L2 are employed to
align the pump light and couple it into the Yb-doped Al: P fiber. L2 also shows aligning

the backward output signal power for collection. Therefore, L1 and L2 are anti-
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reflection coated both at pump wavelength and signal wavelength. L3 is utilized for
aligning the forward output signal power and residual pump for collection. Thus, L3 is
anti-reflection to pump wavelength and signal wavelength. Dichroic mirrors (DM) used
in this fiber laser setup are for establishing beam paths. DM1, DM2 and DM3 in this
setup are highly reflective at the pump wavelength and highly transmissive at a signal

wavelength.
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Fig. 5. 5. Yb-doped Al:P fiber laser setup

To investigate the laser performance, two sets of experiments are carried out here: the first
using the wavelength unstabilized LD pumping a 2 m long fiber, and the second using a
wavelength stabilized LD pumping a 0.5m long fiber. The 2m long fiber was cladding pumped
by the unstabilized LD, and it generated 107 W of output power at 1050 nm. Its laser slope
efficiency is measured as ~86%. The experiment was repeated using the wavelength stabilized
LD. Thanks to the good overlap with the Yb peak absorption wavelength, the fiber length
can be shortened to 0.5 m. A maximum output power of 58.6 W was observed at 71.5 W of
launched pump power. The output power is only limited by the available pump power. Its laser
slope efficiency is measured to be ~80%. The laser performance is shown in the following Fig.

5.6. The output lasing power is monitored for several hours, and no power decay is observed.
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Fig. 5. 6. (a) Laser output power versus pump power in a 2m long fiber pumped using
wavelength unlocked diode source and in a 0.5m long fiber pumped using 976nm wavelength
locked diode source. The inset (1) shows the laser spectrum at full power in 2 m long fiber and
inset (2) shows the laser spectrum at full power in 0.5 m long fiber; (b) measured beam quality

factor at 107 W output power in a 2 m long fiber, with an inset showing beam profile.
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Fig. 5. 7. PD induced temporal excess loss for Yb-doped Al:P fiber at 634 nm under 120 mW 975
nm pumping.

To give a more thorough investigation on the PD effect of this Yb doped Al:P fiber, I used
the typical experimental setup for Yb-doped fiber PD measurement mentioned in the Chapter
2 and the Chapter 3. The same experimental setup as illustrated in Fig. 3.7 was used for this
fiber test. A 634 nm wavelength is selected as a probe since the PD induced loss can be easily
detected and the wavelength is also located far from the Yb-band. A short fiber (~1.5 cm) is

examined to suppress undesired amplified stimulated emission and maintain uniform inversion
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level through the fiber. Following the calculation procedure described in Chapter 3, an
inversion level is calculated at an available pump power level. In experiments, pump power at
975 nm is adjusted to 120 mW based on the calculation to obtain 42% inversion. The
measurement is conducted continuously for around 1 hour. The measured temporal decay at
634 nm is shown in Fig. 5.7, which indicates that no PD decay is observed during the whole
measurement. Therefore, it can be concluded here that this Yb-doped Al:P fiber exhibits

negligible PD even at a high inversion level (~42%).

5.5 Conclusion

An equi-molar aluminium: phosphorus (Al:P) composition is known to suppress the PD in Yb-
doped fiber significantly, but the realization of the equi-molar Al:P with very high Yb
concentration has been hindered by complexity of the fabrication process. In this chapter,
highly Yb-doped Al:P fiber with very good index profile using the conventional
MCVD process is achieved by optimization of several aspects of the preform
fabrication procedures from several aspects. PD suppression is realized in the
fabricated fiber in conjunction with index suppression and low background loss. In

addition, laser slope efficiency of ~75% is demonstrated with over 100W output power.
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Chapter 6

Exploration of New Material as a Saturable
Absorber for Pulsed Fiber Laser

6.1 Background

Short pulsed fiber laser, capable of achieving high output peak power and pulse energy
with lower pump power demand, are anticipated to find wide applications in nonlinear
optics, distributed sensing, optical signal processing, laser surgery, range finding and
LIDAR systems. Fig. 6.1 presents the progress in pulse energy and average power
generated by ultrafast pulsed fiber lasers achieved within the last decade [114]. It is
shown that fiber laser has made great achievement in obtaining high average power and
high pulse energy of ultrafast laser performance. High average powers of 800 W with
moderate pulse energy (10 uJ) have been demonstrated [114]. On the other hand,
appreciably high energy of 2 mJ with moderate average power of 10 W has been
achieved. However, beyond 100 W in the high pulse energy regime (>10 uJ) or 1 kW
in the lower energy regime (< 10 wJ), delineated with the dashed line, the operation of
pulsed fiber laser is severely limited by mode instabilities, resulting in significant
output power fluctuation and beam pointing drift. However, there are several big
breakthroughs of the short pulsed fiber lasers in the recent years. CPA (chirped-pulse-
amplification) technique and large-mode-area fiber designs have been proposed and
demonstrated to keep break the records in Fig. 6.1. In 2016, M. Kienel et al. present fs-
pulses with 12 mJ pulse energy and 700 W average power by applying both temporal
and spatial multiplexing in an FCPA (fiber-chirped-pulse-amplification) [115]. In 2017,
extra-large mode area gain fibers together with pulse shaping capabilities of the seed
laser were ultilized to suppress nonlinear effects and achieved 105 mJ pulse energy at

more than 1 kW average output power [116].
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Fig. 6. 1. Ultrafast pulsed fiber laser parameter space [114].

Passive mode-locked fiber lasers are one of the most common pulse-generation

schemes available today because of their simplicity, flexibility and cost-effectiveness.

One of the most efficient methods for realization passive Q-switching in fiber lasers is

to employ the optical materials with saturable absorption feature (i.e. saturable

absorbers, SAs) [117-119]. In the past decade, carbon based materials (single walled

carbon nanotubes SWCNTSs [120,121], graphene [122,123]), as shown in Fig. 6.2, have

been consecutively discovered and have been demonstrated to be excellent SAs for Q-

switched fiber lasers.
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Fig. 6. 2. Schematic representation of graphene (left) and SWCNT (right).

Semiconductor SWCNTSs possesses the semiconductor band-gap character. Once

the excitation light intensity at sufficiently high level, the photon-generated-carriers fill

the CNTs’ conduction band, making the conduction band full but valence band empty,
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which prevents further photon absorption. Therefore, optical absorption by SWCNTSs
decreases and tends to saturate with the increase of incident light intensity. When
applied into a laser cavity, SWCNT-based SAs can facilitate laser system to achieve
stable pulse formation. The SWCNTSs have exhibited low saturable optical intensity
and fast recovery time to serve as a good SA. However, SWCNTSs have a constraint of

spectral response bound to its diameter, thus restricting broadband tunability [124].

On the other hand, different from the conventional semiconductor saturable
absorbers, the energy band diagram of graphene shows zero bandgap and a linear
dispersion relation. These unique energy band features combined with the Pauli
blocking principle enable graphene to possess a full band saturable absorber
characteristic. Fig. 6.3 shows a schematic illustration of the energy band structure and

different wavelength photon absorption of graphene [124].
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Fig. 6. 3. Schematic of graphene's energy band structure and photon absorption [124].

Even though graphene features wavelength-insensitive saturable absorption
characteristic and wideband nonlinear optical response over visible to near-infrared
because of its zero band gap property, it holds an intrinsic disadvantage of weak
absorption efficiency due to a low modulation depth [122]. In addition, preparation of
graphene-based SAs requires relatively complex and costly clean-room-based chemical

vapor deposition (CVD) fabrication system [125].

Until now, researchers are still making great efforts to develop new SAs which are
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expected to offer desirable characteristics including wavelength-independent saturable
absorption, low saturable optical intensity, large modulation depth, simple preparation

process and low fabrication cost.

6.2 Carbon Nanoparticles (CNPs) as a saturable absorber

Very recently, due to its unique photoluminescence properties among the carbon
based materials (including SWCNTS and graphene), carbon nanoparticles (CNPs) have
drawn great attention in the field of biomedical, life sciences and other different
optoelectronic device applications [126—130]. Previously, semiconductor quantum dots
such as CdSe were considered the best choice for optical imaging experiments in vitro
and in vivo, according to their outstanding two-photon fluorescence characteristic
[131,132]. However, serious concerns to the safety of those high performance
semiconductor quantum dots has raised. Since the quantum dots are composed of heavy
metals which is known for toxicity and potential environmental hazard. Therefore,
carbon nanoparticles exhibiting bright photoluminescence in the visible are now

considered as a good substitute for semiconductor quantum dots.

Once the CNPs’ surface is passivated by attaching simple organic species to the
acid-treated carbon particles, bright luminescence emissions can be observed as shown
in Fig. 6.4. Organic molecules such as PEG1500N can serve the purpose of surface
passivation [133]. Mechanistically, the carbon-based photoluminescence has been
attributed to passivated defects on the carbon particle surface acting as excitation

energy traps [129].
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Fig. 6. 4. Aqueous solution of the PEG1500N-attached carbon dots (a) excited at 400 nm and

photographed through band-pass filters of different wavelengths as indicated, and (b) excited at
the indicated wavelengths and photographed directly [133].

In terms of fabrication, the CNPs can be easily obtained via a simple and low- cost
flame synthesis process [134] , thus not requiring large investment in equipment. More
interestingly, producing CNPs does not require any starting material. They can be
gathered via incomplete combustion of alcohol molecule in air. Thus, it is largely safe,
abundant and cost-effective to prepare CNPs. As compared with other carbon-based
materials, adoption of CNPs in a laser field has been slow. | investigated performance
of the CNPs as a saturable absorber in a fiber laser ring cavity. The CNPs prepared in-
house was inserted in a fiber ring cavity, and a successful pulse operation was
demonstrated using the CNPs as a saturable absorber for the first time to my knowledge.
Hence, this study adds another carbon based optical material which is abundantly

obtainable and performs as a saturable absorber.

6.3 Fabrication and Characterization of CNPs

The CNPs used in the experiment are grown in the ceramic strips by a simple flame
synthesis process [134]. In short, a ceramic strip is mounted at the ethanol flame top of
a common alcohol burner for a several minutes. The experimental setting is shown in
Fig. 6.5. When the color of the strip surface exposed to the flame turns from gray to
black, the color change indicates growth of CNPs. The collected CNPs from the

ceramic strip are then transferred to the annealing furnace and annealed at 500°C for 1
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hour to remove organic impurities generated during the flame synthesis. The dimension
of the CNPs is characterized by Transmission Electron Microscope (TEM) images that
are represented in Fig. 6.6. The low magnification TEM image shown in Fig. 6.6 (a)
indicates that the CNPs have dendrite-like morphology and consist of nanoparticle
network-like structures. A higher magnification image (Fig. 6.6 (b)) reveals that CNPs

consist of many curved carbon lamellas with diameter of ~35 nm.

Fig. 6. 5. Experimental setup for the synthesis of CNPs [134].

Fig. 6. 6. TEM images of in-house CNPs at (a) low magnification and (b) high resolution.

In order to measure optical properties of the prepared CNPs, 5 mg of the prepared
CNPs flakes are added into 5 mL DI water. With being ultrasonicated for 30 minutes,
the CNPs become well dispersed in the DI water (Step 1). Subsequently, 0.25 g of
polyvinyl alcohol powder is added to the CNPs DI water suspension (Step 2). At the
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same time, the same amount of polyvinyl alcohol powder is added to 5 mL pure DI
water as the reference sample. In the following steps, the reference sample is proceeded
by the same methods as the CNPs sample. The polyvinyl alcohol powders are well
dissolved in the water after 1 hour stirring under 95°C (Step 3). This procedure is used
to disperse CNPs into the colloidal solution, which is helpful to generate a polymerized
film for measurement. The CNPs suspension is sprayed and deposited onto a glass
substrate by spin-coating (Step 4). The deposited CNPs are dried on a heat plate at 120°C
for 35 minutes (Step 5). The schematic diagram of the process flow is shown in Fig.
6.7. The prepared CNP film and reference film are loaded in a visible-mid-IR
spectrometer (Perkinelmer Lambda 7500) to measure their transmission. Fig. 6.8
presents the transmission spectrum of CNPs ranging from 500 nm to 2500 nm by
subtracting the two transmissions using an optical spectrometer (Perkinelmer Lambda
7500). The transmission curve shows that the CNPs have a relatively flat transmission
from visible to the mid-infrared wavelength band with 72% transmittance at 1035 nm,

indicating their potential for broadband pulsed fiber lasers.
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Fig. 6. 7. Schematic diagram of processing flow of CNPs sample and reference sample. The

corresponding steps are described in the text.

100

= Linear Transmission\

O e

10 e

T

70—

0

Transmittance (%)

500 1000 1500 2000 2500
Wavelength (nm)

Fig. 6. 8. The linear transmission spectrum of the CNPs sample.
6.4 Carbon nanoparticles as saturable absorber

To integrate the CNPs into the laser with all-fiber structure, the CNPs saturable
absorber is deposited onto a facet of a fiber ferrule. A well dispersed CNPs solution is

prepared by adding 1 mg as-prepared CNPs into 5 ml ethanol and ultrasonicating for
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30 minutes. To deposit the CNPs on the fiber core, optically driven deposition method
is employed here [135]. In [135], the process for depositing the carbon nanotubes is
presented in detail. The setup for depositing nanotubes on optical fiber end-facet is

shown in Fig. 6.9. In the experiment, | employ

Iight single-mode

optical fiber
source “ P

ey
"-..q_____ ____,_,__.-’
gradient

dispersion of |fgrea A%
single-walled | mmd i\
nanotubes in J s
ethanol £ ;m:atﬂe[ing

force

\-._,_\_\_\_‘—‘_'_‘_,_,_.a‘I

Fig. 6. 9. Setup for depositing carbon nanotubes on the ends of cleaved optical fibers using
optical radiation. Forces due to optical radiation are also shown [135].
the same setup to deposit the CNPs on fiber core. A 100 mW laser at 975 nm is coupled
to a single mode fiber patch cord. The output end of the fiber is immersed in the
prepared solution. The applied optical power is sufficient to generate thermophoretic

force to move and deposit the CNPs on the fiber end-facet.

The CNPs-deposited fiber end facet is inserted in the laser cavity through a fiber
mating sleeve as schematically shown in Fig. 6.10. A compact ring cavity consists of a
3.0 m long Yb-doped fiber with 10-15 dB/m core absorption at 975 nm. A pump laser
at 975 nm is coupled to the cavity via a 980/1030 nm wavelength division multiplxer
(WDM), and pumps the Yb-doped fiber. A polarization controller (PC) is inserted to
adjust cavity birefringence and stabilize pulses. The CNP deposited facet is placed
between the PC and a 90/10 coupler that induces 90% of signal output coupling. Since
the Yb-doped fiber employed in this setup is a commercial PD-suppressed fiber, 90%

output ratio can approach the maximum output lasing power according to the
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discussion results in Chapter 4. A polarisation-independent isolator is also employed
for ensuring unidirectional operation. Characteristics of the output laser are monitored
by an optical spectrum analyzer (OSA, Advantest Q8384) and a high-speed
photodetector together with a digital oscilloscope (Tektronix TDS2024).
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Fig. 6. 10. The schematic of the Q-switched laser setup based on CNPs.

In this experiment, the laser operates in a continuous-wave mode at low induced
pump power. With pump power increasing, it transits to the Q-switching operation at
215 mW, demonstrating functionality of the CNPs as a modulator. With the pump
power gradually increased from 215 mW to 325 mW, as shown in Fig. 6.11, the stable
pulse trains with the higher repetition rates were observed, following typical feature of
passive Q-switching. The center wavelength of the Q-switched pulses is at 1035 nm,
measured under 215 mW pump power as shown in the inset of Fig. 6.11 (a). The
average output power can reach the maximum value of 2.8 mW under 432 mW pump
that is the largest incident pump power achieved in this experiment. The center
wavelength is located at 1035 nm which is shown in the inset of Fig. 6.11(a). Its 3 dB
bandwidth is 270 GHz (delta A = 0.9 nm).
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Fig. 6. 11. The Q-switched pulse trains under different pump powers Pp, (a) Pp =215 mW,
repetition rate = 22.10 kHz, inset: lasing spectrum at 215 mW pump (b) Pp = 252 mW, repetition
rate = 31.25 kHz (c) Pp = 289 mW, 40.00 kHz (d) Pp = 325 mW, 50.00 kHz.
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40.0 ps/div

Fig. 6. 12. Typical Q-switched pulses at different time scale under the 432 mW pump power of
the Q-switched laser.
Fig. 6.12 shows a typical Q switched pulse train measured with different time scales
under 432 mW pump power. The shortest Q-switched pulse width was about 1.9 us
under 432 mW pump power as shown in Fig. 6.12(a). Fig. 6.12 reveals that very stable

Q-switched pulses were achieved in this experiment.
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The pulse repetition rate and the pulse duration vary as a function of the incident
pump power, as shown in Fig. 6.13. As increasing the pump power from 215 mW to
432 mW, the pulse width significantly narrowed from 7.9 ps to 1.9 ps, and meanwhile

the pulse repetition rate increase from 22.73 kHz to 86.96 kHz.
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Fig. 6. 13. Pulse width and repetition rate versus the incident pump power.

To confirm the role of the CNP in the Q-switching experiments, | removed the CNP
coated ferrule and introduced a new ferrule to maintain the same cavity configuration.
Hence, the new setup provides the same cavity except absence of the CNPs. In the
subsequent laser experiments, only CW operation was obtained even under the

maximum pump power at 432 mW. This clearly confirms the CNPs role as a SA.

6.5 Conclusion

In conclusion, | present the first demonstration, to the best of my knowledge, of CNPs-
based passive Q-switched fiber laser. In-house CNPs are successfully used in a diode-
pumped Yb-doped fiber laser to generate stable 1.9 us Q-switched short pulses with a
pulse repetition of 86.96 kHz. This experimental result clearly shows that CNPs
possesses the desired properties for optical modulation. Considering the broadband
absorption band of the CNPs measured by transmission spectrophotometry, it is
believed that CNPs could have a great potential as saturable absorbers to generate short

or even ultrashort laser pulses in various wavelength regions.
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In the aspect of fabrication, the CNPs can be easily obtained via a simple and low-
cost flame synthesis process, thus do not requiring investment on heavy equipment.
Fabricating CNPs does not require any starting material preparation either. They can
be produced via incomplete combustion of alcohol molecules in ambient air. Thus, it
is straightforward and cost-effective to produce the CNPs. In addition, considering the
broadband absorption of CNPs, there is the possibility that CNPs could be a potential
candidate to enable diverse applications including optical signal processing and
ultrafast laser pulse generation at various wavelengths. At the present stage, this is the
first experimental demonstration of CNPs as an optical modulator to generate Q-
switched pulses in a fiber laser. The laser performance demonstrated in the thesis by
employing CNPs is not that good as the mature pulsed laser employing CNT. Anyway,

we will keep optimize the characters of CNPs saturable absorber in pulsed laser.
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Chapter 7

Conclusion and Future Works

7.1 The Conclusion

In conclusion, this thesis presents investigations on PD reduction by improvement of
lasing cavity design and material engineering. The relationship of pump wavelength
and cavity reflectivity to PD significance are firstly disclosed in this thesis. A novel
PD-free highly Yb-doped fiber with high lasing efficiency is achieved by improvement
of preform fabrication. In addition, 1 pm pulsed fiber laser with new saturable absorber

IS investigated.

From the perspective of laser cavity design, strong dependence of the PD on the
pump wavelengths of Yb-doped fibers is investigated. Experiment results reveal that
the 976 nm pumping leads to more significant PD than 916 nm under the condition of
same Yb inversion level. Investigations on fibers with different compositions including
the widely used Yb:Al and Yb:P present persistent experimental results. Such
dependence is persistent across various fibers with different compositions including the
widely used Yb:Al and Yb:P. This research result has the guiding significance on pump
wavelength selection in high power Yb-doped fiber lasers and optimizing long term

performance of high-power laser devices.

Besides the improvement of pump wavelength selection, optimal reflectivity of the
laser cavity needs to be adjusted with the presence of PD factor. It is revealed in this
thesis that the extra cavity loss induced by PD is dependent on the selection of cavity
reflectivity due to the variation of population inversion in cavity. The research results
demonstrate that despite of the fiber length and cavity loss, the optimal reflectivity of

the output coupler needs to be adjusted to larger value for achieving maximum
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extractable output lasing power. This research result possesses the significance of

guiding more appropriate cavity parameters selection.

From the perspective of material engineering, a PD free highly Yb-doped Al:P fiber
with very good index profile using the conventional MCVD process is achieved by
optimization several aspects of the preform fabrication procedure. Previous reports
indicate that achieving highly Yb-doped Al:P composition is very challenging in terms
of index profile control, and low background loss. With this preform fabrication
method, the problem of severe distortion in the index profile of Yb-doped Al:P fibers
is solved. High performance fiber laser with PD free feature has been realized with this

fabricated Yb-doped Al:P fiber.

Finally, the study in this thesis provides exploration of new material as a saturable
absorber for pulsed fiber laser. A novel carbon based material CNPs is applied in a
passive Q-switched Yb-doped fiber laser as a modulator. Different from the majority
of optical materials working as saturable absorber, CNPs can be efficiently prepared
and obtained via a simple and low-cost flame synthesis process in-house, without the
need of complicated equipment. The experimental result clearly illustrates that CNPs
possesses the desired properties for optical modulation and it is believed that CNPs
could have a great potential in various wavelength regions as saturable absorbers to

generate short or even ultrashort laser pulses due to its broadband absorption band.

7.2 The Future Works

1. Pump wavelength dependence of PD in Yb-doped Fiber has been investigated in
this thesis. From the temporal decay measurement, it is clearly observed that 976
nm pumping leads to more significant PD than 916 nm pumping. Besides the
temporal decay measurement for probe light, it is also meaningful to check the fiber
laser performance with different pump wavelengths. This is of great significance in

practical application and should be carried out in the future.

92



2. The highly doped Yb-doped Al:P fiber has been verified to be PD free ~42 %
inversion under 975 nm pumping. It is already around the maximum inversion
value that can be realized by 975 nm pumping. In the future work, the PD loss
should be measured under higher inversion level by 915 nm pumping. This will be
very attractive to check the PD suppression performance of this Yb-doped Al:P

fiber under higher inversion level (> 50%).

3. The new carbon based material, CNP, has been successfully used as the modulator
into the passive Q-switched Yb-doped fiber laser. In the future work, CNPs could
be used in 1.5 pym and 2 pum fiber lasers. Experiments should be carried out to verify

the CNPs has a broadband saturable absorption character.
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