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ABSTRACT

Power scaling of rare-earth-doped fiber lasers is vital to many emerging
applications. Average output power scaling with Yb doped fiber lasers operating near 1.1
um was very successful in the 10 years between 2000 and 2010. The discovery and
rediscovery of many limiting factors such as nonlinear effects, thermal lensing, optical
damage, and so forth showed various bottlenecks in further power scaling of output power
from a single fiber. On the other hand, single-mode average output power scaling of fiber
lasers operating at ~980 nm and ~1560 nm has lagged much behind their pioneering
counterparts at ~1.1 pm. Single-mode high-power fiber lasers at these scarce wavelengths
are in great demand for many applications such as pumping ultrafast lasers, nonlinear
frequency conversion, lidar, free-space optical communication, etc. However, currently,
commercial single-mode laser didoes at ~980 nm have very limited output power of near
1 W. Many different types of Yb-doped fibers for ~980 nm lasers were reported previously
but the record output power has only reached to ~15 W from a monolithic single-mode Yb
fiber laser. One of the major limiting factors is the amplified spontaneous emission (ASE)
at ~1030 nm which has a net positive gain at very low inversion (>5%) while Yb laser

operation at ~980 nm needs very high inversion (>50%).

In the first part of this dissertation, we propose the utilization of a Yb-doped
multiple cladding resonance (MCR) based all-solid photonic bandgap fiber (AS-PBF) for
power scaling of single-mode laser operating at ~980 nm. This novel type of AS-PBF

provides three major advantages, including large core to cladding ratio, superior HOM
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suppression, and built-in wavelength filtering to suppress ASE at ~1030 nm. We have
experimentally explored the power scaling of ~980 nm Yb fiber laser pumped at 915 nm.
An optimized Yb PBF with 24 pm core and 130 um cladding was fabricated after several
fine-tuning processes of fiber dimensions (thus bandgap positions) by carefully
characterizing the Yb AS-PBF and analyzing the output diagnostics of the laser oscillator.
Eventually, we were able to obtain a near-diffraction-limited laser output with ~150 W
from an all-fiber Yb fiber laser operating at ~980 nm, which represents a factor of 15
improvement over the previously reported record. This monolithic fiber laser demonstrates
the potential of building a compact and robust commercial high-power single-mode fiber
laser operating at ~980 nm. Additionally, it shows the potential of MCR AS-PBF to be

incorporated in many other fibers for power scaling of fiber lasers at other wavelengths.

In the second part of this dissertation, we explore the power scaling of single-mode
fiber lasers operating at ~1.5-1.6 pm using Er/Yb co-doped LMA fibers. Due to its good
atmospheric transmission and “eye-safe” nature of single-mode fiber lasers operating at
this wavelength range, there is a growing demand for applications in many areas such as
pumping Tm fiber lasers, CW coherent lidar, free-space optical communication, remote
sensing, etc. Yb-free Er-doped fibers are another option to generate lasers at this
wavelength, but further power scaling is limited due to low pump absorption cross section
of Er fiber at ~980 nm. On the other hand, co-doping with Yb enables a factor 100 increase
in pump absorption (10x from higher absorption cross section and 10x from higher
maximum doping level) thus shortens effective fiber length. There are two major limiting

factors for power scaling with Er/Yb co-doped fiber laser, including Yb— Er energy
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transfer bottleneck and excessive heat load due to large quantum defect. The former leads
to strong Yb ASE (or parasitic lasing) at ~1.06 um at certain threshold pump powers and
will eventually clamp output power at ~1.6pum when the pumping rate exceeds the energy
transfer rate. However, the working principle regarding the ASE threshold and output
power clamping was not well understood as conventional models assume that all Yb-ions

are equally responsible for Yb— Er energy transfer. The new model proposed in this

dissertation is based on two types Yb ions, including coupled Yb ions and isolated Yb ions.
The numerical simulations results show perfect agreement with experimental results, and

it can predict and explain all the observed behaviors very well.

We have also carried out a detailed experimental study on a master oscillator power
amplifier (MOPA) using a commercial Er/YDb fiber (LMA-EYDF-25P/300-HE), which was
counter pumped by kW-level multi-mode pump diode at 915nm. The achieved record
single-mode output power of 302W was not limited by ASE (i.e. energy transfer
bottleneck) but by fiber fuse in our case. Further analysis of MOPA output diagnostics and
Er/Yb fiber parameters shows that lower Yb to Er ions ratio and pumping at a shorter
wavelength (915 nm or 940 nm) played a major role in better ASE suppression, i.e high
Yb ASE threshold power. Finally, we conclude that the energy transfer bottleneck will
eventually come in with any Er/YD fiber albeit at a much higher threshold pump power

depending on how well the Er/YDb fiber is optimized.

In the third part which is also the last part of this dissertation, we report our
preliminary experimental results for power scaling of 1064 nm high-power single-

frequency YD fiber laser system based on a 976 nm counter-pumped MOPA configuration.
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There are two main limiting factors in this case, including SBS and TMI. Utilizing an LMA
fiber could mitigate SBS by lowering laser intensity in the core, but the large core also
leads to a low TMI threshold due to the excitation of HOMs. We propose to incorporate
the previously studied MCR AS-PBF design into a new Yb AS-PBF with ~56 um core and
~401 pm cladding, which expected to have a high SBS threshold above 1 kW. The
preliminary experimental results show that single-frequency output power reaches ~500W
before the onset of TMI. Also, the MOPA output does not show any signs of SBS indicated
by careful characterizations such as backward power, spectrum, and linewidth

measurement.
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CHAPTER ONE

INTRODUCTION

This chapter presents a brief background of continuous wave (CW) high-power
fiber lasers, challenges and limits of power scaling. Section 1.1 presents a brief review of
high-power Yb, Er and Er/Yb co-doped fiber lasers. Section 1.2 presents the major
challenges and limits of power scaling in high-power fiber lasers. Lastly, Section 1.3

concludes this chapter with an outline of the dissertation.

1.1 Background of high-power fiber lasers

The fiber laser is essentially just another type of solid-state lasers, with the gain
medium being an optical fiber rather than a rod, a slab, or a disk. Fiber lasers have many
advantages over conventional solid-state lasers due to their unique geometry and optical
properties. Compared to its two other main industrial competitors, thin-disk laser and CO2
laser, a fiber laser does not require internal optics alignment and cleaning. This is a crucial
cost-saving factor for industrial applications. Besides, a fiber laser also operates at much
higher efficiency and running cost is, consequently, much less [1]. Other key advantages
of fiber lasers include good (i.e. near-diffraction-limited) beam quality, high efficiency,
high brightness, high reliability, good heat dissipation, broad wavelength range, turnkey

operation, and compact size.

The development of fiber lasers goes all the way back to the good old days of 1960s
when lasers were still called masers and consequently fiber lasers were initially called glass

masers. The first glass laser was demonstrated by E. Snitzer using a Nd*" doped glass in



1961 [2,3]. Shortly after, E. Snitzer and C. Koester reported a high gain Nd** doped fiber
laser pumped by flash lamps [4]. But much of the further development and increased
research interest on fiber lasers and amplifiers came in the 1980s, due to the demand for
optical telecommunication which in turn led to the improvement of optical fibers and
semiconductor diode lasers [5]. In 1986, Payne et al demonstrated the first single-mode
fiber laser with an output power of ~1 mW which was realized using a single-mode Nd**
doped fiber [6]. Power scaling of fiber lasers above watt-level really took off after the
invention of double-cladding fibers and cladding-pumping technique [Fig. 1.1] using
multi-mode diode lasers in 1988 by E. Snitzer et al [7]. Nonetheless, the record for single-
mode (diffraction-limited) high-power fiber lasers was only 10 W by 1996. The next wave
of research attention was directed to high-power fiber laser development after the burst of

the telecom bubble around 2001[5]. A 1.36 kW single-mode Yb-doped fiber laser was

coating

Fig. 1.1 Schematic of cladding pumping using a double-clad fiber end-pumped by a multi-mode diode
laser, which results in a high brightness fiber laser output compared to the low brightness diode pump [8].

reported by researchers at the University of Southampton in 2004 [9]. The next big step

was the use of master oscillator power amplifier (MOPA) architecture and tandem pumping



(i.e. using fiber lasers as pump sources) for high-power fiber lasers. As the need for further
scaling of average power and pulse energy in fiber lasers increase, conventional large mode
area (LMA) fibers faced difficulty in scaling core diameter above 30 um without sacrificing
beam quality. In the last decade or so, a great deal of research has been focused on
developing specialty fibers with novel fiber designs, such as photonic crystal fibers (PCF),
leakage channel fibers (LCF), photonic bandgap fibers(PBF), etc. [10]. In summary,
besides the funding and market need, the development of continuous wave (CW) high-
power fiber lasers is driven by the development of novel optical fibers, high-power diode
lasers, fiber splice, fiber Bragg grating (FBG), cladding-pumping, and tandem pumping.
There are many good review papers available on this topic for more detailed review of
high-power fiber lasers and amplifiers[8,11-17]. There are several commonly used rare
earth doped fibers, but the focus of this dissertation will be on Yb**, Er’**, and Er*"Yb**

doped fiber lasers.

Silica glass based Yb-doped fiber lasers have become the workhorse of high-power
fiber lasers in industry and defense. As briefly described earlier, the early days of fiber
laser development was dominated by Nd** doped fiber lasers using flash lamp pumping
[2,4]. However, Yb-doped fiber lasers reached a much better performance with the
invention of cladding-pumping and the availability of higher and higher powers from

commercial multi-mode diode lasers operating at 9xx nm.

The Nd** operates as a standard four-level system [Fig. 2.2] which can be pumped

at 8xx nm with the early pumping schemes with flash lamps. However, Yb*" has simple



two-level system which behaves like a three-level system at shorter wavelengths and four

level (or quasi three-level) at longer wavelengths [18,19]. So, it is understandable that the
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Fig. 1.2 Typical energy level diagram of Yb**and Nd*" ions in silica glasses where the blue line arrows are
the common pumping wavelengths and the red line arrows are the emission wavelength.

readily available high-power diode lasers at 9xx nm which matured in the late 1990s
accelerated the power scaling of Yb-doped fiber lasers because of the much higher power
density available compared to flash lamp pumps and early version of diode pumps. In
addition, the development of high-power didoes also made the threshold level less
important for Yb-doped high-power fiber lasers [20]. Other key advantages of Yb** fibers
over its Nd** counterparts include small quantum defect, high active dopant concentration,
strong pump absorption, and negligible excited state absorption (ESA). Thanks to the
above developments, Yb-doped fiber lasers first reached the 110 W output power level in
1999 [21]. This marked the beginning of rapid development in power scaling of CW high-
power fiber lasers. In 2004, the first 1 kW Yb fiber laser operating at ~1100 nm was

demonstrated using a 43/600 pm core/cladding diameter double clad Yb-doped fiber



cladding-pumped by a high power diode stack at 975 nm [22]. By 2009, a 10-kW tandem-

pumped single-mode Yb-doped high-power fiber laser operating at 1070 nm was reported

by IPG Photonics [23].
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Fig. 1.3 The evolution of CW output power of single-mode and multi-mode commercial high-power Yb
fiber lasers/amplifiers over the past 20 years or so [24].

So far, the highest CW output power from Yb-doped high-power fiber laser systems
(including direct diode pumped oscillators and tandem pumped amplifiers) has been
achieved at operating wavelength range 1060-1090 nm. In contrast, a Yb fiber laser
operating at ~980 nm and ~1180 nm has not shown performance (output power and
efficiency) anywhere near the multi-kW level power Yb fiber lasers at ~1.1 pm. In fact, the

highest average output power from Yb fiber lasers operating at ~980 nm was only 94 W



by 2008 [25,26] and has only recently reached 151 W [27] in 2019 with the experimental

result of our work to be detailed in Chapter 2 and 3. The current state-of-the-art results

from Yb-doped fiber lasers operating at ~1180 nm was reported to be only ~40 W for a

976 nm direct diode pumped YD fiber laser operating at 1178 nm and ~200 W for 1120 nm

fiber laser pumped Yb fiber laser in random laser configuration operating at 1173 nm [17].

The difference between the performances of Yb-doped fiber lasers at various wavelengths
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Fig. 1.4 Net emission cross-section (a) and normalized gain spectra (b) as a function of wavelength at
various inversion for phospho-silicate Yb-doped fibers [28].

is directly related to the Yb gain spectra as a function of wavelength as shown in Fig. 1.4.

The gain spectra can be written as [28],

G= IOL g(z)dz and g(z)=I'N,o

net

O, (/'t) = I:Ge (/’t)+ o, (/L)] n,-o, (/1)

G,5(2)=4343TLN,o,, (2)

(1.1)
(1.2)

(1.3)



where Gas is the gain in dB unit, I'is the overlap of signal mode with doped core area, L

the is active fiber length, Ny is the total number of ions (i.e. dopant concentration), Onet s

. o . .. . o . . .
the net cross-section, ~¢is the emission cross-section, ~«is the absorption cross-section,

and "/ is the fraction of total dopant ions averaged over the fiber, assumed to be constant

along the fiber.
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Fig. 1.5 Simplified energy level diagram of active ions in Er-doped (a) and Er/Yb co-doped (b) silica
fibers. The blue and red arrows respectively show typical pumping (absorption) and laser (emission)
wavelengths in each of the fibers.

Power scaling of fiber lasers operating at 1.5-1.6 um has also been very slow
compared to the ones operating at ~1.1. um. The most common rare-earth doped fibers
used for fiber lasers at this wavelength range are Er/Yb co-doped fibers or Yb-free Er doped
fibers [Fig. 1.5]. Despite being one of the two most researched rare earth doped fibers

together with the Nd** doped fibers in the early days of fiber laser development, the



development of Er*" doped fibers for high power laser sources at 1.5-1.6 um has lagged far
behind the Yb fiber lasers at 1.1 um due to several factors such as excessive heat load
(caused by high quantum defect), low pump absorption, Er concentration quenching, etc.
The highest reported average power from a diffraction limited single-mode fiber laser
operating at ~1.6 pm was 207 W [29] and now it is 302 W [30] with our work to be covered
in Chapter 5. The record multi-mode output power from a CW Yb-free Er-doped fiber laser
was ~656 W [31]. The main issue with single-mode power scaling is the excessive ASE
(or co-lasing) at ~1030 nm and limited pump absorption, respectively, for the Er/Yb co-

doped fiber lasers and Yb-free Er-doped fiber lasers.

Ultimately, one needs to find the best compromise between various contradictory
requirements to achieve power scaling with all the fiber lasers including single-mode fiber
lasers operating ~0.98 um and ~1.6 um. For example, long fiber length is preferred for
sufficient pump absorption and heat load mitigation, but a shorter fiber is desired for
suppressing nonlinear effects. At the same time, a large core is preferred for increasing

pump absorption and suppressing nonlinear effects, but core diameter is also limited by the
single-mode operation requirement, i.e. V = ”A—dNA < 2.405, where d is fiber core

diameter. In conventional large mode area (LMA) fibers, the core diameter is limited to
below 20 um in order to meet the single-mode operation requirement. A better fiber design
is needed for power scaling in terms of both fiber geometry (i.e. waveguide structure) and
host glass composition. Historically, improving fiber glass composition has played major
role in increasing optical-to-optical efficiency, optimizing refractive index profile, and

suppressing nonlinearity [19]. On the other hand, there has been much more focus on



designing fibers with better geometric structure (e.g. microstructured fibers) especially

since the emergence of photonic crystal fibers (PCFs) in the late 1990s [32].

Solid-core photonic bandgap fiber (PBF) [33-35] based LMA fibers are another
milestone in the power scaling of sing-mode high power fiber lasers. This kind of
microstructured fibers have enabled robust single-mode operation in fibers with very large
core diameters (>50 um). In 2015, Gu et al. reported a novel type of all-solid Yb-doped
PBF based on multiple cladding resonance (MCR) [36]design that enables robust single-
mode operation with a record mode area of ~2650 um? and core diameter of 100 um
[37,38]. The main advantage of the novel MCR design used in this type of PBF is to better
suppress HOM by coupling HOMs from the main center core to the cladding cores. Light
is guided due to the photonic bandgap effect of photonic crystal cladding in a PBF and light
transmission is highly wavelength dependent. The bandgap position of the MCR-PBF can
be easily scaled (by changing fiber dimensions) for ASE suppression and laser operation
at different wavelengths. This types of PBF can not only act as a broadband bandpass
spectral filter to suppress ASE, but also has the potential to further increase power scaling
threshold of fundamental nonlinear effects such as transverse mode instability (TMI)
[39,40]. We have successfully obtained record output power and efficiency in diffraction-
limited Yb-doped fiber laser operating at ~980 nm [41,42]. In addition, research on the
power scaling of high-power narrow-linewidth single frequency Yb-doped fiber laser
operating at 1064 nm has been undergoing using a in-house fabricated MCR-PBF tailored
for suppression of ASE at ~1030 nm and superior HOM suppression to increase TMI

threshold above 1-kW level.



1.2 Major challenges in power scaling
1.2.1 Single-mode operation
Single-mode (i.e. diffraction-limited) operation is one of the most critical
requirements of power scaling high-power fiber lasers. There are many applications as

shown in Fig. 1.6 that require lasers with very good mode quality, i.e. single-mode output.
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Fig. 1.6 BPP and average output power requirements for various laser application and BPP versus average
output power for many industrial lasers [9].

But before we go into the details of how to optimize single-mode laser generation, it is
worth clarifying the definition of single-mode and how it’s characterized. The single-mode
requirement for conventional fibers states that a fiber laser is operating at a single

transverse mode when the V number is below the cut-off V value of LPo; fundamental

mode, i.e. V = %d NA = 2.405. In experiments, the beam quality of a laser is measured by

10



M? (pronounced as M-squared) beam quality (or beam propagation, according to A. E.

Siegman [43]) factor and beam production parameter (BPP) defined as [8,44],

2
M =Z g, =2 ppp,, = Bllise [ O | _[ Wy (1.4)
AT T T pp, 6

ideal ideal Wideal Wideal

where @is the divergence half angle of the laser beam at far field, w,is the beam waist

radius of the laser beam, BPP is the

idea

, 1s the BPP for an ideal Gaussian beam, and BPF,

laser
BPP for the measured laser beam. Both M? and BPP values indicate how well a laser beam
can be focused or how much the measured laser beam deviates from a perfect Gaussian
beam (TEMgo). The lower the M? or BPP the better the output beam quality for the

measured laser. A laser beam is called diffraction-limited when beam quality is equal or

close to M?=1 (no unit) and/or BPP,

laser

A .
= — (unit is mm-mrad). In this case the laser beam
V4

waist of the focused beam spot is the smallest it can be for a given wavelength due to
diffraction of light. In industry, M? value is mainly used to indicate the beam quality of a
single-mode laser, while BPP is given in case of multi-mode lasers such as fiber-coupled
high-power diode lasers, etc. In the literatures, the term diffraction-limited and single-mode
are used interchangeably to describe fiber lasers with close to perfect beam quality with
1 < M? < 1.3. There are several different methods to obtain M? value by measuring beam
width of a laser beam at several positions (preferably 7~10 data points) along the focused
beam waist position. Among them the internationally recognized standard method ISO
11146 measures beam width based on second moment width (4Dc) method [43]. A

commonly used curve fitting equation for M?> measurement can be written as follows [44],

11
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w(z):w§+[M ﬂJ (z—zo)2 (1.5)

Wo

where w(z)is the beam radius at z distance along the beam center, z is the position of the

beam waist. Although M? is commonly used to quantify how good the laser beam is, it does
not tell the exact contents of the fundamental mode and HOMs in the measured laser.
Having both the mode image at the beam waist position and the corresponding curve fitted
M? value does help further validate the beam quality of the measured laser. Nevertheless,
two other alternative techniques including S? and C? are used when there is a need to better

resolve the modal contents of the laser beam [10].

The use of LMA fibers in power-scaling of fiber lasers did come with several
advantages such as higher pump absorption, higher pump coupling efficiency, increasing
optical damage and nonlinear thresholds, etc. At the same time, conventional LMA fibers
cannot always ensure single-mode operation due to large core diameter. Several techniques
have been used to ensure single-mode operation in a slightly multi-mode (or so called few-
mode) LMA fibers, including lowering core NA, utilizing mode-dependent bending loss
with tight coils, optimizing dopant overlap for preferential gain to FM, etc. However, these
approaches are somewhat limited in further single-mode power scaling. For example, small
NA (<0.1) can lead to poor FM guiding in the core and mode scattering from the FM to
HOMs due to small refractive index difference between the core and cladding [13]. On the
other hand, significant improvement haven been achieved with the advent of micro-
structured fibers with large core and broad “endlessly” single-mode operating range due to

specialty waveguide design. The first of such fibers is photonic crystal fiber (PCF) which

12



was reported by J. C. Knight et al in 1996 [32]. Since then many variations of these
specialty fibers have been developed including leakage channel fiber (LCF) [45], chirally

coupled core (CCC) fiber [46], photonic bandgap fiber (BPF) [38], etc.

1.2.2 Stimulated Raman and Brillouin scattering

One of the advantages of fiber lasers over bulk crystal solid state lasers is superior
heat dissipation because of the large surface area to volume ratio benefited from long fiber
length. At the same time, the long fiber length is also a limitation to further power scaling
due to nonlinear effects such as stimulated Raman scattering (SRS), stimulated Brillouin
scattering (SBS), four-wave mixing (FWM), and self-phase modulation (SPM). Among
them the SRS and SBS are the most critical limiting factor for CW high-power fiber lasers.
Both SRS and SBS are related to inelastic nonlinear process and involve interaction of light
with respectively acoustic waves in the fiber and phonons originated from the vibration of
glass lattice. In most of the efficient high-power fiber lasers, the threshold power of SRS
is much higher than SBS. The threshold powers for SRS and SBS can be estimated by the

following equations [13,19],

P o 10%r (1.6)
th gRLeff

PﬂfBS ~ 21Ae..ff (1.7)
gBLeff

where 4, is the effective mode area of the guided mode, g, is the peak Raman gain

coefficient, g, is the peak Brillouin gain coefficient, and L, is the effective fiber length.
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Unlike SBS, SRS becomes a major problem in broadband lasers and the scattered signal
light can propagate in both forward and backward directions. In contrast, SBS becomes a
major limit in narrow-linewidth (Av; < Avg) single-frequency fiber lasers and the

scattered signal light only propagates in the backward direction.

The approaches to mitigate SRS and SBS involve novel fiber designs with both
new waveguide structures and optimized materials. A detailed description of mitigation
methods can be find in the literatures [8,13,16,19,47]. From Eq. (1.6) and (1.7), it can be
easily seen that designing novel fibers with large mode area increases threshold power for
both SRS and SBS. This is where previously discussed LMA fibers (especially the micro-
structured LMA fibers) with optimized waveguide structure plays a major role in
mitigating nonlinear effect while ensuring single-mode operation. Large core not only

lowers the laser intensity but also shortens the fiber length (hence L

) due to increased
pump absorption. In addition, lowering the gain coefficients g, and g, by optimizing host
glass composition also increases threshold powers for SRS and SBS. There are several
techniques to lower g, including tailoring acoustic velocity profile of the fiber, broadening
laser linewidth, broadening Brillouin gain linewidth, optimizing gain profile of the active

core, actively applying temperature and/or stress gradient along the fiber, etc.

1.2.3 Transverse mode instability
Transverse mode instability (TMI) [39,40,48-50] and SBS are the two major
challenges limiting the average output power when it comes to power scaling of high-

power fiber lasers. TMI is known to be a nonlinear process that leads to a sharp and rapid

14



beam quality deterioration above certain average power level in high-power fiber lasers,
due to a phase-matched mode coupling between the fundamental mode (FM) and HOMs.
This phase-matched mode coupling is in turn originated from the thermally induced
refractive index change, and eventually leads to a positive feedback cycle between mode
interference pattern and refractive index grating. The phenomenon was observed
experimentally for the first time by Eidam et al in around 2010 [39], although the root cause
of TMI is Stimulated Thermal Rayleigh Scattering (STRS) [50] which was first observed

in the 1960s.

Stable Threshold Unstable

o) | ]

Average power

Fig. 1.7 Schematic representation of TMI [40].

TMI is a nonlinear process, but unlike SRS and SBS, it is not triggered by peak
intensity of the laser but instead average power. As show in Fig. 1.7, at certain threshold

average power the mode-coupling leads to time-dependent power transfer between FM
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(LPo1) and HOM (initially LP11). The fiber laser goes through three distinctive states during
TMI process, including stable state, transition state and chaotic state [40]. The average
power threshold power limited by TMI ranges from several 100W to multiple kW
depending on the fiber design and laser configuration. In the experiment, TMI threshold is
identified by steep and sharp deterioration of M? or standard deviation of photodiode traces
of the laser output. The TMI threshold power can be estimated by the following equation

[19,50],

P P [ A g (1.8)
dnjdT | 2,

or by another slightly different version written as [51],

kU (U?-U? ?
oo AUO) ()

! - 27[”@// [nheat /(nlaserL)] (d]’l/dT) dO

where dn/dT is the thermo-optic coefficient related to the material properties of the glass,
p 1s the mass density, c, is the specific heat and the definition of rest of the parameters can
be found in [19,51]. The Eq. (1.8) and (1.9) both look rather complicated but the main
limiting factors can be summarized into three aspects: host glass material, fiber waveguide
design and quantum defect heat. There have been several approaches to suppress TMI and
to increase TMI threshold power in high-power fiber lasers. From the material point of
view, the thermo-optic coefficient dn/dT can possibly be reduced with appropriate choice
of materials by combining materials with negative and positive values of dn/dT [19]. In

terms of quantum defect heat, using tandem pumping rather than direct-diode pumping
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does help decreasing heat load and it has been shown that TMI threshold increases in this

case. Nevertheless, both approaches have certain limits and restrictions.

On the other hand, mitigating TMI with carefully designed fiber waveguide
structure have been shown to be effective and promising. As noted in [19], the main factor
that makes TMI a problem in fiber lasers at the first place is the compromised single-mode
operation in LMA fibers which usually operate under few-mode if not multi-mode
condition. In fact, it has been reported that there is no TMI effects observed in fibers with
core diameter of 20 um or less [51]. One of the key techniques that have been used to
suppress TMI is to optimize HOM suppression, i.e. ensure single-mode operation, by
utilizing specialty fibers such as all-solid PBF [52], etc. A new type of all-solid PBF[37,53]
based on MCR design has been reported to enable further HOM suppression. The ultimate
TMI threshold power on average output power of fiber lasers have been estimated to ~35

kW in case of diode pumping and ~80 kW for tandem pumping [40,51].

1.3 Outline of the dissertation

This dissertation is divided into seven chapters, which is organized into three main
parts. Part I only consists of Chapter 1, Part II- consists of Chapters 2 to 6, and Part III is
basically the last chapter, Chapter 7. The main findings and results of this dissertation are
presented in Part II, which consists of three distinctive projects. The Chapters 2 and 3
present the results of the Project I, which is about the single-mode high-power Yb-doped
fiber laser operating near 980 nm. The Chapters 4 and 5 present the results of Project II,
which is about the near diffraction limited high-power Er/Yb co-doped fiber laser/amplifier

operating at ~ 1560 nm. The Chapter 6 presents the latest results of the Project III, which
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is about the narrow-linewidth single-frequency Yb-doped fiber laser/amplifier operating at

1064 nm. The following is a short overview of each individual chapters.

Chapter 2 starts with a short introduction of single-mode high-power three-level Yb
fiber laser at ~980 nm. After a brief state-of-the-art chronological review of the previous
work, the motivation of using all-solid photonic bandgap fiber (AS-PBF) design for power
scaling is presented. Then it provides characterization results of the novel Yb-doped AS-
PBFs, including the PM and non-PM ones. The chapter continues with the experimental
results with the PM Yb-doped AS-PBF and non-PM Yb-doped AS-PBF, respectively, with
53% and ~63% output slope efficiency. The simulation overlaps fairly well with the
experimental results. In addition, the chapter provides a detailed analysis of the output
power, slope efficiency and mode quality facture (M?) by comparing the PM and non-PM
AS-PBF in terms of their bandgap structure (i.e. ASE suppression and single-mode
guiding), Yb concentration (i.e. pump absorption), background loss, etc. Lastly, the chapter
concludes with the record-breaking result of 84 W output power and slope efficiencies of

63% and 94%, respectively, with regards to the launched and absorbed pump power.

Chapter 3 describes the next half of the same project presented in Chapter 2. The
same non-PM Yb-doped AS-PBF is used to build an all-fiber three-level Yb fiber oscillator
operating at ~980 nm. This chapter begins with a short background and motivation of all-
fiber Yb-doped fiber lasers, and it provides a brief chronological stat-of-the-art review of
all-fiber three-level Yb-doped fiber lasers. Unlike the 94 W previously reported output
power record from free-space (i.e. with bulk optics) three-level Yb-doped fiber lasers at

~980 nm, record results from all-fiber three-level Yb-doped fiber lasers at ~980 nm were
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only ~20% slope efficiency and ~10 W output power. This was mainly due to the lack of a
suitable flexible (i.e. cladding diameter ~125 pm) Yb-doped fiber for high slope efficiency
and ASE suppression. With the help of readily available commercial high-power pump
combiners and 200 W pump diodes at 915 nm, the same non-PM AS-PBF yields an near
diffraction limited output power ~150 W which is ~15 times higher than the previous

record from an all-fiber laser architecture at ~980nm.

Chapter 4 reports the numerical simulation of Er/Yb co-doped fiber
lasers/amplifiers, which is part of our benchmarking study about the double clad Er/Yb co-
doped fibers and near diffraction limited high-power fiber lasers operating at ~1.6 um. It
provides a short introduction and background of Er/YDb fibers in generating laser near 1.6
um. Further, the chapter presents a brief review of modeling and experimental work which
especially focuses on the resonant energy transfer process between the Er and Yb ions. The
main point of interest is the role of isolated (i.e non-coupled) Yb ions in the process of
continued increase of laser at ~1.6 um even after the pump power exceeds the laser
threshold of the co-lasing at ~1.1 um due to high Yb inversion. This phenomenon was
previously explained based on elevated fiber temperatures at high powers, which leads to
increased re-absorption Yb emission. However, the chapter presents our new numerical
model which shows that continued increase of Er emission ~1.6 pum can be better explained
by incorporating the scenario of two types of Yb ions, i.e. couple Yb ions and isolated Yb
ions. The simulation results also show that elevated fiber temperature plays insignificant

role. Lastly, clamping of Er emission at ~1.6 pum due to Yb—Er energy transfer
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bottlenecking will eventually occur in any Er/Yb co-doped fiber, albeit at much higher

pump powers when the fraction of isolated Yb ions is very small.

Chapter 5 reports mostly the experimental work on the diffraction limited high-
power Er/Yb fiber master oscillator power amplifier (MOPA) operating at ~1562 nm. It
begins with brief review of previously reported experimental work on generating ~1562
nm laser using Er/Yb co-doped fibers and Yb-free Er-doped fibers. The amplifier was built
using a double clad large mode area 25/300 um Er/Yb co-doped fiber (LMA-EYDF-
25P/300-HE) purchased from Nufern. Our experimental results show that there is
negligible Yb ASE at ~1.1 um, which means Er emission clamping threshold of this Nufern
fiber is much higher than the Er/Yb co-doped fiber reported by researchers at Southampton
University. This can be explained based on the new model presented in Chapter 4 and
comparing the core glass composition of the Er/Yb co-doped fiber from Nufern and
Southampton. Lastly, we have found that further power scaling is no longer limited by Yb

ASE but fiber fuse due to excessive heat load.

Chapter 6 presents our experimental work on narrow-linewidth single-frequency
Yb-doped photonic bandgap fiber (PBF) MOPA at ~1064 nm. We went through two
iterations of novel ultra large core PBF based on multiple cladding resonance (MCR
cladding) design. The second iteration Yb PBF has a core diameter of ~56 um and cladding
diameter of 401 um. A detailed fiber characterization and preliminary MOPA tests show
that the ASE near ~1030 nm is very well suppressed by ~45 dB. Output power of the
MOPA reached ~500 W without any signs of SBS at slope efficiency of ~90% and 80%

respectively corresponding to the absorbed and launched pump power. The linewidth of
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the single-frequency laser did not show any broadening at high MOPA output power and
it was measured to be consistently ~10 kHz which is the nominal linewidth of the seed
laser. The backward power and spectrum were also monitored to detect any backward
scattered SBS-shifted Stokes light. Lastly, the mode quality (M?) were measured at various
MOPA output power, and a clear dynamic mode interference between the FM and HOM
were captured using high resolution camera of the M? device. This shows that the MOPA
output was only limited by TMI at MOPA output power of 503 W or above. Further
investigation on TMI dependence of seed launching, coiling diameter of the Yb PBF, fiber

length, etc. will be conducted for further mitigation of TMI.

Chapter 7 begins with a brief summary of the work presented in previous chapters.
Further, it presents a short overview of the scientific and engineering contribution of the
work accomplished during my Ph.D. at Clemson University. Lastly, the dissertation ends

with an outlook and potential application of the dissertation work.

21



CHAPTER TWO

FREE-SPACE YTTERBIUM PBF LASER ~980NM

This chapter presents the use of all-solid photonic bandgap fibers for efficient three-
level cladding-pumped Yb fiber lasers. A new record efficiency of 62.7% has been
obtained with regard to the launched pump power at ~915 nm for Yb three-level double-
clad fiber lasers with a single-pass pump. The efficiency with regard to the absorbed pump
power was ~94%, only limited by quantum defect. Diffraction-limited power of 84 W at
~978 nm was achieved, only limited by the available pump power at 915 nm. M? at ~80 W

was measured to be ~1.12.

2.1 Introduction

There are two major operating wavelength regimes arise from the two energy
manifolds (i.e. 2F72 and *Fs2) for Yb fiber lasers : three-level operation regime near 970-
980 nm and four-level operation regime near 1030-1200 nm [54]. In general, lasing with
three-level system requires much higher pump power (i.e. higher ground state inversion)
than four-level system because the ground state in this case also serves as the lower laser
level of the three-level system. In fact, due to the intrinsic absorption and emission cross-
sections of Yb>* ions, Yb fiber lasers operating at three-level regime requires at least 50%
ground state inversion to have a positive net gain, while only ~5% inversion is enough to

start lasing at four-level (or quasi three-level) regime [18,55].

In the early days of fiber lasers, the main pumping technique that used for Yb doped

fiber lasers was core-pumping, and the output power was only ~10 mW at ~980 nm and
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~30 mW at ~1100 nm [56,57]. The watt-level output power from Yb fiber lasers came only
after the invention of the cladding pumping scheme and double-clad fiber by E. Snitzer in
1988 [7]. In 1993, L. Zenteno numerically studied and predicted the possibility of obtaining
tens of watts of power from laser-diode-pumped double-clad fiber lasers [58].
Unfortunately, cladding pumping scheme with conventional double-clad fibers [Fig.
2.1(a)] prefers four-level laser operation than three-level due to small overlap between the
doped core and the pump cladding [59,60]. Nonetheless, core-pumping was not a viable
solution for further power scaling of output power near 980 nm due to the unavailability of
high power single mode pump sources near 9xx nm, although this method allows the use

of very short length of Yb fiber to mitigate amplified spontaneous emission (ASE) and

parasitic lasing near 1030 nm or above [60].
inner
cladding

' outer
cladding
(a)

Fig. 2.1 Cladding pumped fiber cross section shapes, (a) circular cladding fiber cross-section , (b-g)
various non-circular cladding shapes used for cladding perturbation to improve pump absorption [8].

In order to tackle the aforementioned problem with generating near 980 nm laser
with double-clad fiber, various approaches had been used to increase pump absorption and

filtering ASE near 1030 nm. There are usually two major ways to improve performance of
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Yb fiber lasers: improving host glass composition and improving fiber design. Historically,
the latter has played more significant role when it comes to diode laser pumped double-
clad high-power fiber lasers. In order to improve cladding pump absorption in double clad

fibers, various non-circular cladding fibers [Fig. 2.1 (b-g)] were used in the past [8].

However, simply increasing cladding pump absorption is not enough to realize
efficient high-power single-mode fiber laser near 980 nm. There are a couple of extra
factors need to be considered when it comes to improving performance of single-mode
high power Yb fiber lasers near 980 nm, including mitigation of ASE, HOM,
photodarkening, nonlinearities, etc. A number of different types of fiber designs were
reported to address some of these issues to certain extent, including ring-doped-core fiber
[59], large mode area (LMA) fiber [61], jacket air cladding (JAC) fiber [55], photonic
bandgap fiber (PBF) [62], etc. Among these specialty fibers, the large-mode-area all-solid
photonic bandgap fibers have unique potential to address the majority of the main

challenges [63—66].

Using all-solid photonic bandgap fibers provides two major benefits. Firstly, they
allow robust single-mode operation of coiled fibers at large core diameters and therefore
enable a large core-to-cladding ratio. Secondly, they also provide efficient suppression of
the four-level system by placing these lasing wavelengths outside the transmission
bandgap. Our recent work on fiber designs has led to significant progress in robust single-

mode operation at large core diameters in this type of fibers [37,38,67,68].
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2.2 Motivation and background

The three-level system of Yb fiber lasers at ~980 nm has attracted much attention
in the past two decades. The initial interest in the late 1990s was largely driven by the need
for higher pump powers for the increasing power-demand of erbium-doped fiber
amplifiers. Recent interest is mostly in pumping ultrafast solid-state and fiber lasers. Such
lasers are critical for rapidly emerging micro-machining applications. Peak powers in these
lasers are limited by optical nonlinearities, which can be overcome by using shorter lasers.
Solid-state lasers and core-pumped fiber lasers are powerful approaches to mitigate optical
nonlinearities. Diffraction-limited pump powers at ~980 nm of at least a few tens of watts
are required for these applications. In addition, 980 nm fiber lasers can also be frequency-
doubled to 490 nm for many other applications including pumping Ti: Sapphire lasers near
their peak absorption and underwater communications and sensing.

To achieve the required power of over a few tens of watts for the abovementioned
applications, cladding-pumping is necessary. The major limit to the efficient operation of
cladding-pumped three-level Yb fiber lasers ~980 nm is the competing four-level systems
operating at longer wavelengths of ~1030 nm as shown in Fig. 2.2. The four-level system
has much higher gain at low inversions. To suppress its operation, higher inversion is
required and must be maintained throughout the fiber, causing a large amount of the pump
to leave the fiber. It has long been recognized that a large core-to-cladding ratio is the key
to efficient three-level fiber lasers [21]. A given inversion is maintained largely due to the
competing effects of pumping and stimulated emission rates, which are determined by the

pump and signal intensities once the absorption and emission cross sections are fixed. A
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relatively smaller pump waveguide leads to lower pump power leaving the fiber for a given
pump intensity. Since single-mode operation sets an upper limit on core diameter, the need
for a large core-to-cladding ratio sets an upper limit on cladding size and consequently

available pump powers.
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Fig. 2.2 (a) Typical energy level diagram of Yb*" ions in silicate glasses , (b) typical absorption and
emission cross sections of Yb*" ions, (c) net cross sections of Yb** ions at various inversion levels [70].

In an early demonstration [71], 48% efficiency with regard to the coupled pump
power was achieved in a Yb double-clad fiber. The core diameter was 11 um and the pump
waveguide was a rectangle of 32 um x 16 pum. This small pump guide provided a large
core-to-cladding ratio, but severely limited available pump powers, achieving only ~1 W
at ~978 nm. The pump was also double passed in this case. In another demonstration [72],
4.5 W was achieved at 977 nm with an efficiency with regard to the coupled pump power
of ~41%. In this case, air-cladding was used to increase the coupled pump power by
increasing the NA of the 25 pm pump waveguide. In a recent demonstration [73], 25%
efficiency and 5.5 W at 977 nm were achieved in a fiber with a core diameter of 28 um and
a square pump guide of 80 um x 80 um. In another more recent work from the same group

[74], a fiber with a 20 um core diameter and a square cladding of 80 um x 80 um was
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tapered to 50 um x 50 um in the middle. 10.6 W at 976 nm and an efficiency of 18.4% was
achieved. The record in both power and efficiency were set in a rod-type photonic crystal
fiber with a core diameter of 80 um and a pump waveguide diameter of 200 um. CW output
power of 94 W at 977 nm, efficiency of 48% and M? of 1.2 were achieved [25]. The pump
was of double-pass configuration in this case. Using the same fiber, higher efficiencies of
53% and 63% were achieved for single and double pass pump respectively, but M? was
~1.2 only for output power below 25 W [26]. At the highest power of 95 W, the M? was
only 2.2. This large core cannot be bent, and the fiber must be kept straight. A significant
drawback of rod-type fibers is its incompatibility with monolithic fiber lasers which
ensures compactness and robustness.

The use of all-solid photonic bandgap fibers for three-level Yb fiber lasers has been
reported before [62]. In a core-pumped arrangement with a mode field diameter of just 3.4
pm, the output power was only ~140 mW even though the efficiency was 65.8%. In double-
clad configurations, there have been reports of using Yb all-solid photonic bandgap fibers
for high-power lasers above 1150 nm [75,76].

Another issue with Yb fiber lasers is photo-darkening. This can be especially bad
for three-level Yb fiber lasers due to their high population inversions. A high Al to Yb ratio
[74,77] or Ce and Al doping in the core [78] can be used to mitigate photo-darkening. Our
active glass is made of a Yb-doped phosphosilicate glass, which has shown some of the
best photo-darkening suppression [70]. We have used the same fibers for the operation at
~980 nm for a few hours daily over a few months without noticeable change in

performance. Our lasers have also consistently demonstrated near quantum-limited
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efficiencies versus absorbed pump powers, another testament to the low background loss,

including low photo-darkening loss of our fibers.

2.3 Yb-doped all-solid photonic bandgap fiber
In all-solid photonic bandgap fibers (AS-PBFs), the cladding consists of
periodically arranged high-index Ge-doped rods, and the core is firmed by omitting one or
more high index rods [34,38,79]. For an active ion doped AS-PBF, the core is created by

replacing the pure silica rods by rare earth doped silica rods as shown in Fig. 2.3.

O Yb-doped silica
@ Boron-doped silica
@® Ge-doped silica
O Silica

Fig. 2.3 Illustration of stack layout design of the preform for the PM AS-PBF.

We have been refining designs for single-mode large-core AS-PBFs in the past few
years [37,67,68]. There are three major features of the Yb-doped AS-PBF used in this work
that is worth emphasizing. First, the AS-PBF cladding design is based on the multiple
cladding resonance (MCR) design [Fig. 2.4], which had previously proven to be the most
effective design in introducing differential mode loss to suppress HOM and ensure single-
mode operation in large mode area AS-PBF [37]. Second, the core of the AS-PBF is made
from Yb-doped phosphosilicate glass with negligible photo-darkening [70]. Third, the

bandgap of the AS-PBF is designed and fine-tuned such that loss near 980 nm is extremely
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low while transmission loss at near 1030 nm or above is very high, which greatly increases
980 nm output efficiency and introduces sufficient ASE suppression near 1030 nm or
above. That means the bandgap structure in the Yb-doped AS-PBF acts as a distributive
spectral filter [35], thus eliminating the need of extra bulk optics for ASE suppression in

the laser cavity.

(a) | (b)
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Fig. 2.4 Tllustration of mode guiding in the PBF: (a) fiber cross-section for COMSOL simulation, (b) one
example of the lossy HOM leaking into the cladding, (c) fundamental mode guided in the center core.

We started this project with a goal of building a lineally polarized diffraction-
limited high-power Yb fiber laser near 980 nm. Thus, the first iteration Yb-doped AS-PBF
has polarization maintaining (PM) structure incorporated in the microstructure cladding by
introducing low-index boron-doped rods as the stress element [Fig. 2.3]. We also fabricated
a second iteration PM AS-PBF from the same fiber preform, but the second batch PM fiber
has smaller fiber dimensions, i.e. bandgap position is shifted towards shorter wavelength.
Subsequently, a third iteration AS-PBF was drawn, but this time the PM structure was
removed and higher Yb concentration core glass was used. In the end, we found that the
non-PM AS-PBF performs much better than its PM counterpart, i.e. the PM AS-PBF, in

terms of both efficiency and mode quality.
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2.3.1 Characterization of the PM Yb PBF

In the process of optimizing fiber design and fabrication, we went through multiple
iterations of passive and active fiber fabrication. The first iteration PM Yb-doped AS-PBF
[Fig. 2.5(a)] has a core with corner-to-corner diameter of 26 um and flat-to-flat diameter
of 23 pum, and the cladding has a corner-to-corner diameter of 146 um and flat-to-flat
diameter of 135 um. To study and refine the bandgap position for signal and ASE, we
measured the spectral transmission [35] of the active fiber as shown in Fig. 2.5(b). The
sharp dip near 980 nm is due to absorption at ~980 nm which corresponds to the peak of
the absorption cross-section as in Fig. 2.2(b). This transmission spectra also shows that the
long wavelength edge of the signal bandgap is 1100-1150 nm, instead we wanted the
bandgap long wavelength edge positioned near 1030 nm. This is to enable low loss near
980 nm and very high loss near 1030 nm and above. Next, we aimed for smaller fiber

dimensions in order to move the bandgap edge towards shorter wavelength.
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Fig. 2.5 (a) Microscope image of the first iteration PM AS-PBF cross section, (b) spectral transmission of
first iteration active PM Yb-doped AS-PBF measured with low-power broadband white light source.
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The cross section of the second iteration PM Yb-doped AS-PBF is shown in Fig.
2.6(a). The flat-to-flat core diameter is ~20.5 um and flat-to-flat cladding diameter is
123um. The same as the previous one, the fiber is polarization-maintaining (PM) by the

incorporation of two boron-doped low-index stress elements. The fiber has a cladding

pump absorption of ~0.7 dB/m at 915 nm and is coated with low-index acrylic to provide

a pump NA of ~0.46.
(a) N (b)
’ - -10cm — 15cm —20cm| A
1
E 2 'l
> 976nm| |
15 | .
w 1
3 ]
- 1 "
T '
c [
'} [
o5 ¢ 7|
I‘ /
Ry d
950 1000

o

900

850
Wavelength (nm)

®
8

Fig. 2.6 (a) Microscope image of the second iteration PM AS-PBF cross section, (b) measured bend loss

of the second iteration PM AS-PBF for coiling diameters 20 cm, 15 cm and 10 cm. The green line indicates
the position of the signal wavelength.

A passive fiber with the identical fiber dimensions (i.e. same bandgap structure)
and coated with high-index acrylic was also fabricated for bend-loss characterizations. The
bend loss was measured by coiling ~4 m of fibers to diameters of 10 cm, 15 cm and 20 cm,

shown in Fig. 2.6(b) with the laser wavelength shown as the green vertical line. The long
wavelength edge of the bandgap is clearly visible. The short wavelength edge of bandgap

is estimated to be around 550 nm, not covered by the PK2500 system used for this

measurement. It is clear that loss can be increased significantly above 1um by reducing the
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coiling diameter. Next, we then fabricated third iteration AS-PBF without the PM structure

and with slightly different fiber dimension.

2.3.2 Characterization of the non-PM Yb PBF

The cross section of the non-PM Yb-doped AS-PBF is shown in Fig. 2.2(a). The
fiber has a core with corner-to-corner diameter of 24 um and flat-to-flat diameter of 21 um.
The cladding has a corner-to-corner diameter of 131 um and flat-to-flat diameter of 124

um. The fiber is coated with low index acrylate to provide a pump NA of ~0.46. The pump

absorption was measured to be ~1.76 dB/m at 915 nm.
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Fig. 2.7 (a) Microscope image of the non-PM AS-PBF cross section, (b) measured bend loss of the non-
PM AS-PBEF for coiling diameters 40 cm, 30 cm and 20 cm. The cyan line indicates the position of the
signal wavelength.

A passive fiber of identical design was drawn as well. The background loss for core
propagation in the passive fiber was measured to be around 20 dB/km at ~976 nm. Bend
loss was also measured on the passive fiber for bend diameters of 20 cm, 30 cm and 40 cm.
This is given in Fig. 2.7(b), showing negligible bend loss for coil diameters of 10 cm at the
lasing wavelength of ~976 nm. The high bend loss at the longer wavelengths is related to

the long wavelength edge of the bandgap, which is optimally positioned for the suppression
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of the Yb four-level system (~1030 nm) without incurring significant loss on the three-
level system at ~976 nm. The low-loss window [35] was measured to be around 400 nm
wide in a passive fiber and the lower wavelength edge of the bandgap is just below 600 nm

for the active fiber, not shown in Fig. 2.7(b).

2.4 Results and discussions

2.4.1 Experimental setup

/ Yb-d d all-solid PBF
-doped all-soli
» fi— « —
g coil diameter: 10-20cm ;
o 6 z

Fig. 2.8 A laser configuration used in the experiment (DM: dichroic mirror, HR: FBG with high
reflectivity, >99.5%). A few other alternative arrangements were also used. 4%+4%: straight cleaves at
both fiber ends, 4%+HR: straight cleave at the pump end and HR at the other end, 1%+HR: 1% FBG
output coupler at the pump end and HR at the other end, angle+HR: angled cleave at the pump end and HR
at the other end, angle+angle: angled cleaves at both ends.

Residual
pump

The basic laser arrangement is a counter-pumped configuration shown in Fig. 2.8.
A number of alternative laser configurations were also used, including 4%+4%, 4%+HR,
1%+HR, angle+HR, and angle+angle. The details are explained in the caption of Fig. 2.4.
FBGs were written in-house using a frequency-quadrupled YAG laser at 266nm. A
matching 25/125 pm photosensitive fiber was made in-house for the HR FBGs. The
germanium-doped passive fiber was loaded with hydrogen first and had FBG written in
them using an interferometer setup in house. The all-solid photonic bandgap fiber can be
easily spliced like conventional fibers. We have used a compact tabletop fusion splicer

(Fujikura 62S) in our experiments. For some arrangements, several different fiber lengths
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were also tested. This was done by repeatedly cutting back the same fiber. The optimum
coil diameters that yield to maximum output efficiency for the PM and non-PM fibers are,
respectfully, 20 cm and 10 cm. We tried several different coil sizes and we noticed that
output efficiency and ASE suppression as very sensitive to fiber coiling, as expected by
the bend loss data. Outputs at both fiber ends were monitored along with residual pump.
The pump was delivered in a 0.22 NA 105/125 um fiber, i.e. the pigtail of the fiber-coupled
pump diode. We started with a 100 W 915 nm pump diode, and later we were able to
purchase 915 nm pump diodes with maximum 200 W output power supplied by nLight
Inc. Next, we are going to present the experimental results from both the PM Yb-doped

AS-PBF and non-PM Yb-doped AS-PBF separately under two subsections.

2.4.2 Results with the PM Yb PBF

In order to better understand the laser dynamics and to have a good expectation
from the experiment, we simulated the efficiency of the laser using a homemade MATLAB
code taking account of local pump, signal, and ASE powers in both directions as well as
local inversion. All the optical powers were initially propagated forward numerically with
appropriate boundary conditions at the fiber input and guessed values were used for all
other parameters which could not be determined. Once the propagation reached the fiber
end, only the appropriate parameters at the output end were reset by the required boundary
conditions and all the optical powers propagated numerically backward. Once the input
was reached, only the appropriate parameters at the input were reset by the required

boundary conditions. This was repeated until numerical convergence was achieved.
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The PM Yb-doped AS-PBF [Fig. 2.6] has a cladding pump absorption of ~0.7 dB/m
at 915 nm and is coated with low-index acrylic to provide a pump NA of ~0.46. For the
initial tests, the cavity was formed by a straight cleave at one end of the active fiber and a
HR FBG spliced to the other end of the active fiber. The free end of the FBG was ~8° angle
cleaved to avoid back-reflection of residual light into the fiber core. The pump at 915 nm
delivered in a 105/125 fiber is coupled through a dichroic mirror into the straight-cleaved
end of the active fiber. The output at ~976 nm was obtained through the reflection from the
dichroic mirror. The far end of the fiber was also monitored for residual pump and any
laser output. Various coil diameters were tested, and the efficiency was found to decrease
when the coil diameter was below the optimum coil diameters. This is consistent with the
increased signal loss expected at smaller coil diameter at ~ 976 nm shown in Fig. 2.6(b).
The optimum coil diameter was found to be ~20 cm for the PM Yb fiber. The measured
efficiency was plotted versus active fiber length in Fig. 2.9(a) along with the simulated
efficiency (see caption for details). The highest laser efficiency with respect to the launched
pump power is ~52% in this case, which was obtained with a 22 m long PM Yb fiber.
Excessive ASE and parasitic lasing at ~1030 nm became an issue when the fiber length
goes above 22 m. Fig. 2.9(b) shows the output power versus pump power measurement of
the data point marked with a red arrow in Fig. 2.9(a).

The maximum laser output exited from laser 1 (backward) is 42.7 W, corresponding
to the slope efficiency data in Fig. 2.9(b). The wasted laser output from laser 2 (forward)
is ~0.8 W. The laser 2 is regarded as a wasted laser output, because for a practical laser the

output needs to exit only from one single end and the rest will be wasted. That means total

35



laser efficiency is not very helpful if the laser directionality is not good, i.e. total laser

efficiency merely indicates how efficiency the fiber is in converting the 915 nm pump into

laser light ~976 nm.
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Fig. 2.9 (a) Simulated (pump loss=0.05 dB/m, signal loss=0.1 dB/m) and measured slope efficiency
versus Yb fiber length, (b) maximum (red arrow) measured output power versus pump power.

The laser output spectra from laser 1 was measured at various output powers as
shown in Fig. 2.10(a). Further, we also measured mode quality factor (M2) of the laser
output from laser 1. For the 4%+4% cavity case, we tried to optimize mode quality but
ended up measuring very bad mode quality with 22 m PM Yb fiber due to excessive
cladding light. However, the mode quality with the ~5m fiber is very nice and we got M2
~1.1 as shown in Fig. 2.10(b). We were puzzled by this mode quality result at first because
the ASE ~1030 nm was suppressed by > 30 dB but we were still seeing a lot of cladding
light in the mode image with the 22 m long PM Yb fiber.

Then we measured polarization extinction ratio (PER) of the laser output with
various fiber lengths to identify how well the laser output is linearly polarized due to the
PM structure design of this fiber. Unfortunately, the measured PER is < 1dB/m which

shows that the laser output is not linearly polarized. On the other hand, this poor PER value
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somewhat explains why the mode quality of the output laser with 22 m PM Yb fiber was
so bad. Therefore, we suspect that this poor mode quality is mainly due to the poor PM
guidance of this fiber which enhances the chance of fast axis mode easily leaking into the
cladding. Thus, leading to a very poor mode quality of laser output with long PM Yb fibers,

e.g. the 22 m case.
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Fig. 2.10 (a) Measured laser output spectra from laser 1 at various powers, (b) measured M? result (mode
image and fitted M? curves) with PM Yb fiber ~5 m.

At this point, with ~53% laser efficiency from the PM Yb fiber, we were able to
demonstrate comparable laser efficiency to the previously reported ~980 nm laser with a
rod-type PCF [26]. However, both the PER and M? are not good enough for this laser to be
more competitive or be used in practical applications, e.g. core-pumping, frequency
doubling, etc. Fortunately, our exploration did not stop here. Next, we are going to present
the experimental results with the non-PM Yb PBF that was drawn from the same base
preform but without PM structure and with higher Yb*" level in the core which has pump

absorption ~1.76 dB/m (i.e. ~2.5 times of the PM fiber pump absorption).
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2.4.3 Results with the non-PM Yb PBF

In this section, we are presenting the experimental result for the non-PM Yb-doped
AS-PBF shown in Fig. 2.7. The same MATLAB code was used for the simulation, and it
was performed for 4%+4%, 4%+HR, and 1%+HR, shown in Fig. 2.11(a). It is worth
mentioning that for the non-PM Yb PBF simulation we ended up using much smaller value
for pump loss (0.02 dB/m) and signal loss (0.02 dB/m). This is means loss ~980 nm is 5
times lower than the case of the PM Yb PBF [Fig. 2.6]. Both outputs (i.e. total laser output)
were considered for the efficiency calculations. The efficiencies are very close in these
three cases. There is only a small difference, especially for shorter fibers. This is mostly

due to the different total cavity losses, with lower total cavity loss leading to slightly higher

efficiency.
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Fig. 2.11 (a) Simulated efficiency at 976 nm versus coupled pump powers at 915 nm (signal loss: 0.02
dB/m, pump loss: 0.02 dB/m) and measured efficiencies versus fiber length for a number of laser
arrangements and (b) measured thresholds.

The laser efficiency was measured in a number of configurations. Laser outputs
from both ends were added for the calculation of the efficiency. This is also summarized

in Fig. 2.11(a). We started with 4%+4%, since this was the easiest one to test. An efficiency
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of ~72.6% was achieved with 10 m fiber. Maximum output for laser 1 (pump end) was
19.9 W and laser 2 was 31.5 W in this case. The M? for the laser 1 (pump end) was
measured to be ~1.3.

Several other configurations were also tested, including 4%+HR, angle+HR, and
angle+angle. The high cavity gain is sufficient to enable lasing for schemes with not only
one angled cleave but two angled cleaves, albeit with a slight efficiency reduction. The
efficiency decreases beyond 10 m. This is expected when inversion falls too low far from

the pump end, also evidenced by an increase in threshold with longer fibers shown in Fig.

2.11(b).
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Fig. 2.12 (a) Ratio of output powers of laser 1 to laser 2 for various counter-pumping schemes, and (b)
ratio of output powers of laser 2 to laser 1 for various co-pumping schemes.

We also sought to maximize the ratio of output powers of laser 1 to laser 2 for
counter-pumping schemes [Fig. 2.12(a)] and the ratio of output powers of laser 2 to laser
1 for co-pumping schemes [Fig. 2.12(b)]. There are a few interesting observations. Using
HR FBG with a reflectivity >99% typically over ~2 nm in wavelength, we still observed
output passing through the FBG HR (laser 2). A typical laser output spectrum has a 10 dB
bandwidth of 3-4 nm. The ratio of outputs of laser 1 to laser 2 is maximized using the

angle+HR scheme for the counter-pumping case shown in Fig. 2.12(a). This indicates a
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higher reflection at the pump end increases laser 2 output, vice versa for laser 1 output. The
ratio decreases for long fiber lengths. We have also observed a significant amount of light
at the laser wavelength in the cladding for laser 2 for long fibers in the counter-pumping
cases shown in Fig. 2.12(a). For the co-pumping schemes in Fig. 2.12(b), the ratio of output
of laser 2 to laser 1 is maximized for the HR+angle scheme, i.e. using HR at the pump end.

For an angle+HR cavity configuration with a 9 m fiber length and a 200 W 915 nm
pump diode, the output powers of lasers 1 and 2 along with residual pump power are plotted
in Fig. 2.13(a). In this case M? was measured to be 1.11 and 1.12 respectively for the two
axes at 80 W for laser 1 [Fig. 2.13(b)]. M? was also measured at several other powers
throughout the output power range and was found to change very little. The efficiency with
respect to the launched pump power was 62.7% for just laser 1 output. The efficiency of
the combined output powers of laser 1 and laser 2 with regard to the absorbed pump power
was ~94%, at the quantum limit. For most of the lasers tested even involving fibers which
were repeatedly used over many months, the efficiency of the combined (total) output
powers with respect to the absorbed pump power was mostly very close to the quantum-
limited efficiency, a testament to the low excess loss and photo-darkening of the fiber. The

ASE at ~1030 nm was suppressed by >40 dB at high power [Fig. 2.14(a)].
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Fig. 2.13 (a) Output powers of laser 1 and laser 2 and residual pump versus coupled pump power and (b)
M?2 measurement, M?>=1.11 and 1.12 respectively for x and y axis at 80 W for laser 1. The laser is in
angle+HR configuration with 9 m fiber.

2.4.4 Linewidth broadening in Yb PBF

One interesting observation of the Yb three-level fiber laser is its broad spectral
bandwidth [Fig. 2.14(b)]. The saturation intensity of Yb fiber lasers at ~976 nm is expected
to be low due to the relatively high absorption and emission cross sections. This alone
would have not caused the broad laser spectrum if the spectral linewidth of the gain were

homogeneously broadened. If the spectral linewidth of the gain is dominated by

inhomogeneous broadening, then gain saturation can lead to a broad laser spectrum.
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Fig. 2.14 Laser output spectra of laser 1 at various powers of the laser detailed in Fig. 2.13, (a) wide
spectral range with an OSA resolution of 1nm and (b) spectrum at 84 W with an OSA resolution of 50 pm.

For erbium-doped glass, the emission at ~1550 nm was found to be mostly a
homogeneously broadened line at room temperature [80]. This is due to the small Stark
splitting in the order of 20-80 cm!, leading to rapid redistribution among adjacent Stark
levels at room temperature in the order of pico-second (ps). Spectral hole-burning can be
used to characterize homogeneous linewidth in an inhomogeneously broadened system.
This was expected to be hard to see at room temperature in an erbium-doped fiber due to
its homogeneously broadened nature. It was, however, observed to have a spectral width
of 4-8 nm dependent on wavelength [81]. As expected for a largely homogeneously
broadened system, the maximum spectral hole depth was only measured to be ~0.3 dB in
this case.

On the other hand, the Stark splitting of >Fs/» and *F72 levels in a Yb-doped fiber is
in the order of 500-700 cm™!, an order of magnitude larger than that for the erbium transition
at ~1550 nm, and the transition at ~976 nm originates from a single transition between the

lowest Stark lines of 2Fs; and 2F72 levels. In this system, redistribution among adjacent
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Stark levels at room temperature is much slower and consequently is expected to play a

much lesser role [82].
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Fig. 2.15 (a) Output spectra for seed on and off at various pump powers to measure SHB with a MOPA
setup seeded at 976 nm, and (b) the differential spectra at various pump powers..

In order to measure the homogenous linewidth of the transition at ~976 nm, we
attempted to measure spectral hole-burning (SHB). A counter-pumped MOPA amplifier
was set up using 3.5 m fiber with both ends angle-cleaved. A butterfly packaged single-
mode diode laser at ~976 nm was used as the seed laser. The seed power was 519 mW just
before the fiber after passing a fiber-coupled isolator. The spectral linewidth of the seed
laser cannot be fully resolved by our optical spectrum analyzer (OSA, YOKOGAWA
AQ6370D) at 20 pm resolution. For each pump power, two spectra were collected, one
with the seed off and one with the seed on. The respective powers at the output were also
measured after the pump was rejected by a dichroic mirror.

The spectra for seed on and off for three pump powers at 3.3 W, 13.2 W and 42.8
W are given in Fig. 2.15(a). At the low pump power of 3.3 W, the seed laser spectrum can
be clearly seen to be resolution limited without any side bands. At pump powers of 13.2 W

and 42.8 W, spectral hole-burning can be clearly seen by comparing the spectra for seed
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on and off. At the pump power of 42.8 W, lasing can be seen at ~978.2 nm. The spectral
difference between seed on and off are plotted in Fig. 2.15(b) for various pump powers in
order to see the spectral hole-burning clearly. The FWHM of the spectral hole is ~1 nm. It
is worth noting the significant depth of the spectral hole of up to 6 dB in this case, indicating
the emission at ~976 nm is mostly inhomogeneously broadened. The low saturation
intensity and inhomogeneous nature of the emission can easily explain our observed broad
laser linewidth. This also implies a difficulty in achieving narrow linewidth and high power
from this system using either an oscillator or amplifier configuration. To our knowledge,
this is the first time that spectral hole-burning has been observed in a ytterbium-doped

fiber.

2.5 Conclusion

We have demonstrated efficient Yb three-level fiber lasers operating at ~980 nm
using Yb-doped all-solid photonic bandgap fibers. Diffraction limited single-mode (LPo1)
operation with a record 62.7% slope efficiency with regard to the launched pump power
was demonstrated for the Yb-doped three-level cladding-pumped fiber lasers with single-
pass pump. The highest single-mode output power was 84 W at ~980 nm, only limited by
the available pump power from the 915 nm diode laser. The laser slope efficiency with
respect to the absorbed pump power was ~94%, reaching the quantum limit. In addition,
we demonstrated that the Yb three-level system is mostly inhomogeneously broadened

with a homogenous FWHM bandwidth of ~1 nm.
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CHAPTER THREE

ALL-FIBER YTTERBIUM PBF LASER ~980NM

This chapter presents the all-fiber single-mode ~980 nm fiber laser based on the
same non-PM Yb-doped all-solid photonic bandgap fiber (AS-PBF) which was previously
used for the experimental demonstration of 84 W free-space-pumped single-mode Yb fiber
laser at ~980 nm. Owing to the specialty AS-PBF and much stable all-fiber laser
configuration combined with high-power pump/signal combiners, we have achieved a
record single-mode power of 151 W at ~978 nm with an slope efficiency of 63% with
respect to the launched pump power in a compact and practical monolithic laser
configuration. Also, the long-term power stability of the oscillator was tested for ~60 hours,
showing extremely well heat management and photodarkening-free operation of the laser
system. Thus, taking it further towards becoming an industry-level prototype laser to be

used outside the laboratory environment.

3.1 Introduction
Yb-doped fiber lasers have been the most successful in power scaling of all-fiber
diffraction-limited transverse-single-mode (i.e. LPo1) high-power fiber lasers. As early as
2009 [23,83], a 10 kW all-fiber Yb-doped fiber laser based on master oscillator power
amplifier (MOPA) system was reported and made commercially available by IPG
Photonics. However, these record-high power outputs were realized exclusively in the long
wavelength regime, i.e. ~1070nm. The development of high-power high-brightness multi-

mode diode laser pumps at wavelength 9xx nm and other high-power fiber components
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(e.g. pump combiners, etc.) had played a vital role in achieving this kW-level all-fiber Yb
fiber lasers [Fig. 3.1]. More importantly, the laser operating wavelength at ~1.1 pum has the
advantage of low quantum efficiency and lower average inversion requirement, thus

relatively lower heat load along the fiber.
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Fig. 3.1 Schematic of the 1 kW all-fiber laser oscillator [84].

On the contrary, power scaling of Yb-doped fiber lasers ~980 nm has left far behind
the ~1070 nm regime. In a sharp contrast to the 10 kW report by 2009 [23,83], only 94 W
by a rod-type Yb-doped PCF-based free-space-pumped fiber laser oscillator at 977 nm was
reported by the end of 2008 [26]. The output power record set by this result has not been
broken for the past 11 years until our work on the all-fiber Yb-doped AS-PBF laser at ~980

nm set the new record to 151 W.

3.2 Motivation and background
The use of double-cladding AS-PBFs to suppress Yb ASE at shorter wavelengths,
enabling high-power lasers above 1150 nm was reported in 2009 [29,30]. In our research

group at Clemson, we have previously used AS-PBFs to enable an efficient Yb fiber laser
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at ~1018 nm by suppressing Yb ASE at the longer wavelengths [86]. When operating an
Yb-doped fiber laser in the three-level system by suppressing the four-level system, the
separation of the laser wavelength and ASE peak wavelength is only ~50nm. This is much
less than the ~150 nm separation as reported in [75,76] for laser operation at 1150-1200
nm, thus it presents a much more significant challenge. The AS-PBFs used in [75,76] also
had mode field diameter (MFD) of ~10 um. This is also much smaller than what is desired
in an Yb three-level system for high core to cladding ratio. In 2008, Pureur et al. [62]
reported the first use of Yb-doped AS-PBF to suppress ASE ~1030 nm for laser operation
at ~980 nm. However, in this case, it was a core-pumped fiber laser arrangement with an
active fiber mode field diameter of just 3.4 um, and the maximum achieved output power
was only ~140 mW. This level of output power is even less than the ~1 W output power

available from the commercial single-mode fiber-coupled diode lasers at ~980 nm.

The four-level Yb system has been a critical foundation for industrial high-power
fiber lasers. The three-level system has only attracted a little academic interest, having been
limited by poor efficiencies and low powers in practical laser configurations. Conventional
methods of mitigation are almost entirely based on large core-to-cladding ratio [26,59,77].
The benefit of this design is that it lowers the intensity of the laser relative to that of the
pump, therefore, allowing the required high excited state inversion to be maintained at
relatively lower pump powers. This conventional approach results in reduced unabsorbed
pump (i.e. residual pump), but it produces only limited performance improvements in

practical high-power fiber lasers.
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In a recent state-of-the-art demonstration of a monolithic fiber laser configuration,
a fiber with a 20 um core diameter and a square cladding of 80um x 80 um was tapered to
50 um x 50 pm in the middle, achieving 10.6 W at 976 nm and an efficiency of 18.4%
[74]. The records in both power and efficiency for Yb three-level fiber lasers were set in a
rod-type photonic crystal fiber (PCF) with a core diameter of 80 um and a pump cladding
diameter of 200 pm. An output power of 94 W at 977 nm, an efficiency of 48% and an M?
of 1.2 were achieved in a free-space bulk optics laser scheme [25]. The laser was built with
a double-pass pump configuration in this case. Using the same fiber and the cavity
structure, higher efficiencies of 53% and 63% were achieved for single and double pass
pump respectively. However, M? was ~1.2 only for an output power below 25 W [26]. This
large core cannot be bent, and the fiber must be kept straight. Therefore, the main
disadvantage of this approach with rod-type PCF is the fiber dimensions that is not

compatible with standard fiber components for monolithic all-fiber design.

There are also reports of all-fiber amplifiers ~980 nm, which was developed using
non-microstructure specialty fibers with MOPA scheme. A 48 cm long LMA 35/125 pm
octagonal double-clad Yb-doped fiber was used to build a MOPA seeded at 976nm and
pumped by multiple diodes at 915nm, achieving 39 W output power at 976nm with an
efficiency of only 19% [87]. In recent report, a 55 cm long single-mode Yb-doped fiber
with 14 pm core and 40 pum pump cladding was used in combination with tapered fibers to
build an all-fiber MOPA, achieving maximum output power of 13 W, slope efficiency of

31% and M?~1.1 [88]. In both cases, the optimum length of the amplifier gain fiber was
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very short to be able suppress ASE ~1030 nm, which leads to significant amount of

unabsorbed pump thus limiting output efficiency.

All the above reported results were demonstrated using silica fibers, for example
phospho-silicate (P20s-Si02) fiber [70] which is known for its better photodarkening
management, good rare-earth solubility and low background loss. On the other hand
[89,90], it is known that rare earth dopant concertation can be 10-50 times higher in
phosphate glass fibers compared to its silica glass counterpart. In 2017[91], 3.4 W power
and 6.8% efficiency with a 976 nm single-frequency laser output was obtained with a 7 cm
long 6 wt% Yb-doped 18/135 pum double-clad phosphate fiber. In 2018 [92], a 976 nm
single-frequency linearly polarized all-fiber MOPA was demonstrated using a 29 cm long
20/130 pm 1.5 wt% Yb-doped double-clad phosphate glass fiber, achieving maximum
output power of 10 W, with a slope efficiency of ~10%. It is worth noting that the slope
efficiencies in the above cases [91,92] are still very low despite very high Yb
concentrations. On one hand, this is due to the high background loss (~3 dB/m) in
phosphate fibers and high splice loss between the silica fiber components (e.g. pump
combiner) and the phosphate gain fiber, which is a manifestation of the intrinsic
disadvantage of phosphate glasses. In contrast, rare earth doped silica fiber background
loss is ~0.01 dB/m. On the other hand, the total pump absorption is still limited due to the
fact that high inversion (= 50%) has to be maintained in order to suppress the ASE at
~1030nm, which is similar to the case with many conventional silica fibers without spectral

filtering at long wavelength near 1030 nm or above. This shows that simply optimizing the
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hos glass material will not solve the fundamental problem of inadequate total pump

absorption and excessive ASE at ~1030 nm.

3.3 Results and discussions

The cross section of the all-solid photonic bandgap fiber used in this work is
previously shown in Fig. 2.7 along with the measured bend loss showing the carefully
engineered bandgap of the active fiber for the suppression of the Yb four-level system. The
fiber can be coiled down to ~15 cm diameter without significant in-band bend loss and
show strong loss above ~980 nm due to the photonic bandgap waveguide spectral filtering
of the AS-PBF. It is the same active fiber as the one used in Chapter 2. The fiber has a core
with a corner-to-corner diameter of 24 um and flat-to-flat diameter of 21 pm. The cladding
has a corner-to-corner diameter of 131 pm and flat-to-flat diameter of 124 um. A multiple-
cladding-resonance design is used for enhanced HOM suppression as detailed in Section
2.3 of Chapter 2. The fiber is coated with low index acrylate to provide a double-cladding
fiber structure with pump cladding NA of ~0.46, and the cladding pump absorption was

measured to be ~1.76 dB/m at 915 nm.

The all-fiber laser architecture is a counter-pumped monolithic configuration
shown in Fig. 3.2 with two fiber-coupled pump diodes at ~915 nm (200 W, 0.22 NA
105/125 um) spliced to a 2+1 high-power pump combiner. A piece of ~3 m long 20/105
um Er-doped fiber with a highly Er doped core (7wt% Er**) coiled at 5 cm in diameter was
used in each pump path to absorb any backward propagating leakage light at the lasing
wavelength at ~978 nm. This Er fiber acts as an in-line isolator to protect the pump diode.

Pump loss at ~915 nm was measured to be ~0.1 dB for the ~3 m Er fiber and ~0.46 dB for
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the pump combiner. The high-reflectivity fiber Bragg grating (FBG) was written in-house
using a frequency-quadrupled YAG laser at 266 nm in a 24/125 pm photosensitive fiber
which was also made in-house. The FBG has a reflectivity of >99% and a FWHM
bandwidth of 2 nm. The output is ~8° angle cleaved. This cavity configuration was
previously found to minimize wasted laser output at the FBG end, i.e. laser 2 as marked in

in Fig. 3.2, without compromising the laser efficiency [41].
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Fig. 3.2 Schematic configuration of the all-fiber Yb-doped AS-PBF laser ~ 980 nm.

We first performed length optimization of the Yb-doped AS-PBF by progressively
cutting back the Yb-doped AS-PBF and fully characterizing the laser performance at each
fiber length. The Yb-doped AS-PBF was coiled to 10-15cm diameter, and the residual

pump light as well as wasted laser (i.e. laser 2) at ~980 nm were monitored at the far end.

Laser efficiency, total efficiency, residual pump and laser 2 are shown versus the
Yb-doped AS-PBF length in Fig. 3.3. Laser efficiency (i.e. useful laser output) accounts
only for the output power from the pump combiner with respect to the launched pump.
Total efficiency accounts for both laser output powers (i.e. adding the output powers from
combiner side and FBG side) with respect to the launched pump. The residual pump

indicates the ratio of unabsorbed pump power with respect to the launched pump power,
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and laser 2 is the efficiency of the wasted laser output (from the FBG side) with respect to

the launched pump.
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Fig. 3.3 Laser performance versus active fiber (Yb-doped AS-PBF) length.

The optimized active fiber length was determined to be ~13 m, based on active fiber
length corresponding to the peak of the laser efficiency (red curve with circular mark) in
Fig. 3.3. Because the laser directionality was optimized (as shown in Fig. 2.12) to obtain
maximum output from the combiner end (i.e. counter propagating laser), and this output
power is what really counts in a practical laser architecture. It is also worth mentioning that
the actual length of the active fiber used in the last measurement for laser characterization
was 12.3 m. The reason we ended up using only 12.3 m long active fiber in the final test

(as in Fig. 3.4 and Fig. 3.5) is that we had been using the same piece of active fiber for
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several measurements. Eventually, the active fiber got shortened during this process due to
cut-back measurements and fiber cleaving. Nonetheless, we did not replace the active fiber
with a new piece of Yb-doped AS-PBF because of the limited amount of Yb-doped AS-

PBF left in the lab from the last draw.
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Fig. 3.4 (a) Measured output versus pump power for, respectively, with respect to the launched pump
power and absorbed pump power; (b) measured laser (at combine side) output spectra for double pump
case under various output power.

Output powers with a single pump and double pump configurations are shown in
Fig. 3.4, with the laser output spectra at various powers. This output power does not include
the output power at laser 2 (i.e. wasted laser output). A maximum output power of 90.9 W
at the output was achieved with a single pump configuration and 151.4 W with double
pump configuration, limited by available pump powers in both cases. The overlapping of
the slopes of the output power versus pump power respectively for the single-pump and
double-pump indicates that maximum the laser output is only limited by the available
pump. This is, in fact, a further validation to our prediction in Chapter 2 that the output of

the free-space-pumped laser with the same Yb-doped AS-PBF is only limited by available
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pump. The corresponding output for the double pumping at laser 2 is 7 W, i.e. 4.4% of total
power of 158.4W. With double pumping configuration, the slope efficiency was ~63% and
~75.4%, respectively, corresponding to the launched pump power after the combiner and

absorbed pump power.
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Fig. 3.5 Mode quality characterization of laser output (from combiner side) at 3 W (top) and 150 W
(bottom). Near field mode images and M? curves with corresponding M? values are also included.

The slope efficiency of ~63% is at the same level as the slope efficiency of 62.7%

that we achieved in a free-space bulk optics laser configuration as we covered in Chapter
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2. Nevertheless, the novelty in this work covered in Chapter 3 is that we were able to
achieve much higher output power using a practical monolithic all-fiber laser architecture.
The ASE from the four-level system was well suppressed to below 40 dB at the highest
laser output power. The M? at ~3 W was 1.20/1.21. The M?at ~150 W was 1.25/1.24 (Fig.
3.5), which was also found to be almost constant across the whole power range. This is a
good indication that the laser output is near diffraction-limited single-mode (LPo1) and the

mode quality does not degrade when output power increases to near its maximum value.

Aiming to investigate the laser output stability in terms of photodarkening, we have
conducted a long-term power stability test. Photodarkening increases significantly with
inversion levels in Yb fiber lasers, thus it is expected to be a severe problem for the Yb
three-level system ~980 nm due to its high inversion. As mentioned before, the high
inversion level (> 50%) is a necessary criterion for Yb lasers operating ~980 nm. It was
reported in the past that optimizing core glass composition is the best approach to tackle

the issue of photodarkening in Yb-doped high-power fiber lasers [78,93,94].

The Yb phosphosilicate (P20s-S10) core glass used in our fiber is well known for
its high resistance to photo-darkening [70], and it exhibited negligible degradation of laser
performance over a period of several months and numerous tests. We have conducted a
long-term power stability test for about 60 hours with a single-pump configuration with
the laser output power at ~75 W (Fig. 3.6). Apart from some power fluctuations in the few
percent levels, most likely due to temperature changes in the lab, there was very little sign

of photo-darkening. It is worth mentioning that the long-term stability test was performed
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with only a single pump. This is because we wanted to be safe while running the laser

continuously especially over several nights.
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Fig. 3.6 Long-term power stability test at 75 W output for ~60 hours with one data point recorded at every
10 minutes interval.

3.4 Conclusion
We have demonstrated that the Yb three-level system at ~978 nm can be operated
just like the well-established Yb four-level system in achieving single-mode high-power
laser output with comparable efficiency using a Yb-doped double-clad all-solid photonic
bandgap fiber with its bandgap optimized to suppress the four-level system in a practical
monolithic setup. We have achieved record output power of 151.4 W, M? of ~1.2 at full
power, and laser efficiency of 63% with respect to the launched pump power in an all-fiber

monolithic Yb-doped double-clad all-solid photonic bandgap fiber laser.
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Compared to the previous work with free-space bulk optics for pump and output
coupling (as detailed in Chapter 2), we have increased maximum output power by a factor
of ~2 while maintaining the high laser efficiency (~63%) in an all-fiber monolithic laser
configuration. In addition, we have conducted long-term power stability test. Furthermore,
we have experimentally validated our claim in the previous work in Chapter 2 that output
power is only limited by available pump power and the active fiber (Yb-doped AS-PBF)
is almost photodarkening free. This breakthrough immediately provides new tools for
pumping diffraction-limited solid-state lasers and core-pumping options for fiber lasers and
amplifiers, especially in core-pumped pulsed fiber lasers which are more susceptible to

nonlinearity due to long gain fiber.
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CHAPTER FOUR

NUMERICAL MODELING OF ERBIUM-YTTERBIUM FIBER LASER

This chapter presents a new model on numerical modeling of high-power cladding
pumped Er/Yb co-doped fiber lasers and amplifiers. In this new model, we assume that the
onset of Yb parasitic lasing is mostly due to the elevated population inversion of the
isolated Yb ions (i.e. the Yb ions positioned too far away from Er ions), while the high
energy transfer rate of the coupled Yb ions (i.e. the Yb ions positioned close to Er ions)
ensures the continued growth of the output power at ~1.6 um from Er ions long after the
onset of Yb parasitic lasing at ~1.1 pm. In addition, we have also incorporated a
temperature-dependent model based on thermally excited populations among Stark levels
of Yb ions [82,95]. With this new model, we can successfully explain the observed
behaviors of high-power cladding-pumped Er/Yb fiber lasers and amplifiers, and account

for the insignificant roles that elevated temperature [96] play.

4.1 Introduction
Numerical modeling (i.e. simulation) has been very useful to study the rare earth
doped fiber lasers and amplifiers. It is also an important approach to optimize laser design
parameters and investigate problems that are hard to detect in an experiment. An accurate
modeling of these types of fiber lasers allows us to study the signal, pump and ASE as they
propagate along the fiber, which leads to better intuitive understanding of the laser
dynamics and how we design lasers and amplifier for a specific application [97]. For

example, modeling can help us to choose the right wavelength for the pump, optimize the
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glass composition of the fiber, determine the optimum length of the gain fiber, choose the
best combination of the input and output coupler reflectivity for the laser cavity, apply

proper cooling strategy in the laser architecture, etc.

However, modeling results are only as accurate as the approximations and
assumptions used. Modeling results may not represent the reality when the conditions and
parameters are not referenced to those of the actual experiment. Further, experimental work
helps validating the results obtained by theoretical modeling which in turn helps
researchers to set a practical goal for the very experiment [98]. In this work, we will mainly
focus on the discussion of numerical modeling of Er/Yb fiber lasers and amplifiers based
on step-index fiber design approximation to the core index profile and weakly guided

approximation to the optical mode distribution.
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Fig. 4.1 Absorption and emission cross section of the Er** and Yb*" ions of silica glass Er/Yb co-doped
fiber at room temperature (T=293K).

There are several advantages in using Er/Yb co-doped fibers (i.e. Yb sensitized Er
co-doped fibers) instead of Yb-free Er-doped fibers in building cladding-pumped high-

power fiber lasers and amplifiers operating near 1.5-1.6 um. First, in this case the Er ions
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are indirectly pumped via resonant energy transfer from Yb ions to the Er ions. Second,
the Yb ions possess broadband 900-1000 nm pump absorption which is covered by highly
efficient and reliable commercial high-power diode lasers at 915 nm, 940 nm and 976 nm.
Third, the large absorption cross section of Yb ions (~10 times of that of Er ions) helps
significantly increasing pump absorption, thus much shorter gain fiber can be used for
adequate total pump absorption. Finally, it has been also reported that co-doping with Yb
helps mitigating clustering of Er ions at high concentrations [99]. Moreover, the silica glass
composition of the core can be optimized for highly efficient operation of lasers and
amplifiers at ~1.6 um. The ratio of Yb to Er concentration can be optimized and the silica

glass core can be co-doped with phosphorus, which can help both improving Yb— Er

energy transfer and mitigating ASE (or parasitic lasing) at ~1.1 um. In addition, the
absorption spectrum of Er/Yb fiber can be flattened by using phospho-silicate glass core,

which enables the use of non-wavelength-stabilized high-power pump diodes at ~ 9xx nm.

Numerical modeling on pulsed [100-102] and continuous wave (CW) [56-62]
cladding-pumped Er/Yb co-doped fiber lasers and amplifiers have been reported.
However, all these models assume that all the excited Yb ions are equally involved in the
energy transfer process between the Yb ions and Er ions. This means that the laser emission
at ~1.6 um from Er ions will be immediately clamped (i.e. flattened) once the Yb inversion
reaches its maximum level at the threshold pump power of Yb parasitic lasing at ~1.1 um.
This is, however, not what was observed in the experimental research of Er/Yb fiber lasers
at high powers, where the output power at ~1.6 pum continued to grow albeit at a slower

rate. It was experimentally observed [109-112] that the clamping of Er/YD fiber laser
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output at ~1.6 um does not occur immediately after the Yb parasitic lasing at ~1.1 pum
comes in, although there was laser output power roll-off (i.e. decrease in slope) at pump
powers well above the threshold power of Yb parasitic lasing. In this work, we show that
under high pump power the pumping rate of Er/Yb fiber laser will eventually exceed the

Yb — Er energy transfer rate, leading to an energy transfer bottleneck, resulting in

increasingly higher Yb inversion. Yb parasitic lasing will inevitably happen, that the Er/Yb
fiber is very efficient at lower pump powers, e.g. highly efficient laser due to optimized Yb

— Er energy transfer. This means that the output power clamping will eventually come in

although the clamping threshold pump power varies depending on the quality of the Er/Yb
fiber, thus, leading to all Er and Yb inversions being clamped at levels appropriate to
compensate for the round-trip cavity losses for the respective Er and Yb laser. The output
power at ~1.6 um is consequently clamped by the fixed energy transfer rate at the clamped

inversion levels.

In 2005, one attempt was made to explain the above-mentioned experimental
phenomena using the elevated fiber temperatures at high powers, which can increase re-
absorption of ytterbium emission [96]. The increased re-absorption of Yb emissions means
a higher Yb inversion at Yb parasitic lasing threshold, and therefore, a higher output power
at ~1.6 um. However, in this work we have found that this re-absorption of Yb emission in
[96] does not increase much with pump power, and thermal effect due to Yb absorption at
high pump powers cannot justify the experimental results of un-clamped Er output at ~1.6
um in [109,111]. Our simulation shows that incorporating the thermal effect does slightly

increase the output level, but either way the Er output is eventually clamped when pump

61



power level is high enough above the clamping threshold which again varies depending on

the quality of the Er/Yb fiber.

We have developed a new numerical model in this work to explain the observed
behaviors in high-power cladding pumped Er/Yb fiber lasers and amplifiers. In this new
model, we have incorporated the concept of coupled Yb ions and isolated Yb ions
respectively, which was first discussed in the pioneering work [111] by researchers at the
Southampton University. It is assumed here that some Yb ions are closely placed next to

Er ions and their related energy transfer can be modeled by a fast energy transfer rate.

Considering the abundance of Yb ions relative to Er ions due to much higher Yb
concentration, it is also possible to imagine that some Yb ions are isolated from Er ions. In
other words, some Yb ions in the Er/Yb doped silica glass matrix [Fig. 4.1] are positioned
too far away from the Er ions, which makes it impossible (at least very hard) to initiate the
direct resonant energy transfer from Yb ions (donors) to Er ions (acceptors). The energy
transfer process takes place in the form of both non-radiative and radiative transition via
dipole-dipole interactions between the donor and acceptor ions [113—115]. Resonant
energy transfer efficiency is proportional to 1/d®, where d is the distance between donor
and acceptor. The radiative energy transfer to Er ions would require emission of photons
and eventual re-absorption by Yb ions placed next to Er ions. Re-absorption directly by Er
ions is possible but extremely unlikely (near zero probability) due to the narrow and weak
erbium absorption at ~980nm. Nonetheless, direct energy transfer (or migration) between

neighboring Yb ions is also possible.

62



Fig. 4.2 Er/YD co-doping structure models with different doping sites (a-d) of Er and Yb ions. The red,
grey, shallow green, and dark green structures represent O, Si, Er, and Yb, respectively [116].

4.2 Theoretical model
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Fig. 4.3 Schematic energy level diagram of the Er** and Yb*" ions of the Er/Yb co-doped system.

The simplified energy level diagram of the Er/Yb co-doped system is shown in Fig.

4.3. Transitions in Er** ions involved with energy levels *Ss/2 and above are not included
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since they are negligible. The numerical analysis is based on a rate-equations model which
includes all the radiative and non-radiative transitions shown in Fig. 4.3. The stimulated
transition rates are denoted as W, lifetime as 7, forward and backward energy transfer
coefficients as Cs1 and Css, and the upconversion coefficient as Cup. Two types Yb ions are
assumed, respectively, the coupled (n¢‘, ns®) and uncoupled (ne", ns") to Er ions. The
parameter f'is incorporated in the Eq. (4.6) and Eq. (4.7) as the fraction of coupled Yb ions,
e.g. =1 is the case when 100% of the Yb ions are considered coupled to the Er ions. The
cross-sections and radiative lifetime are assumed to be the same for both types Yb ions.
The lifetime of the “Io2 level is extremely short, therefore we assume 7,3 =~ 0 and n, =~ 0
as in a typical case [106,107,117]. The transfer rate equations describing the population

density of the Er/Yb co-doped system can be written as [107],

%:&_n_z+m2nl -W,n, _2Cupn22 @.1)
o 7, 1,
on n ¢ ¢
—F=——+ Wisn + Cgmng + Cupn22 ~Wyny — Cysmyms (4.2)
ot 75,
6”6 nc c c c c
8 =— S 4+ W nS + Cynyns —Weng —Cg nyng (4.3)
ot Tes
ﬁnnc nnc ne ne
— == Wi —Wng (4.4)
ot Ts
Ng =n,+n,+n, (4.5)
Ny =0+ (4.6)

64



(1- f)N,, =nl +n 4.7)

where Ng: and Ny are the Er and Yb dopant concentration of the Er/Yb co-doped fiber.
Also, the two types of Yb ions are coupled through common stimulated emission rates W,
which considers all pump, signal, Yb ASE and Er ASE in both directions. More explicitly,
emission from one type of Yb ions can be absorbed by another type of Yb ions. Total Yb
ASE gain is determined by the overall Yb inversion consisting of both types of Yb ions. In

other words, both types of Yb ions contribute towards Yb ASE.

The wavelength dependent mode overlap factor between the mode field and the
doped core is calculated as described on page 341 of [118]. The steady-state equations can
be obtained by setting the temporal derivatives to zero for the time dependent transfer rate
equations. We have further assumed that Cs1=Css, W3; = 0 as in all previous models

[106,107,117,119].

The steady-state power evolution along the fiber for the pump, signal, Yb ASE and

Er ASE are governed by the following propagation equations below.

661_2; =+, [nol" -0l —nol |-, }1; (4.8)
651_; =+{ [mo —nol |-a,}1; 4.9)
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% = {5 [ 107~y |~ | I i £ 20,07 A (4.11)

65



where ne=ne¢‘+ne"®. The parameters I, I', @ and o are respectively photon flux, mode
overlap factor with the doped core, background loss and cross section. Subscript p, s,

YbASE, ErASE, a, and e indicate respectively pump, signal, Yb ASE, Er ASE, absorption

and emission. The ASE spectrum for Er and Yb are divided into slots of width Af = Aiz AA.

The thermal model is based on that given in [72]. The temperature distribution is
quadratic in the core and logarithmic in the cladding. It is worth noting that the thermal
transport from the core to the environment is largely limited by the heat transfer process at
the fiber surface. The thermal conductivity of silica glass is relatively high and the
temperature at the core is typically just a few degrees higher than that at glass surface, even
for hundreds of microns of cladding [95]. We have assumed that the core temperature is
uniform in our model. The fiber temperature is largely determined by the heat transfer
coefficient to the environment. Forced air cooling was used in [111], where the heat
transfer coefficient is strongly dependent on both temperature and nature of the air flow at
the fiber surface. It is reasonable to believe that fiber temperature is well below 200°C as
sustained exposure to higher temperature would lead to coating damage. The local heat
load along the fiber can be calculate by considering all the emissions going in and out of

the fiber segment.

The model is implemented in MATLAB. Pump, signal, Yb ASE and Er ASE in
both forward and backward directions are considered. Photons are propagated forward and
backward repeatedly using a standard ordinary differential equation solver (ode45) until
convergence. Boundary conditions at each fiber end are set by the launched pump level

and reflections (see Table 4.1). Guessed values are used as initial values for unknown

66



powers, and it is optimized continuously until the boundary conditions are met. The process

typically converges within 50 round-trip iterations to the required tolerance.

Table 4.1 The parameters used in the numerical modeling

Parameter Value for [111] Value for [109] Notes
Core diameter 30 um 24 um [109,111]
Cladding diameter 584 um 289.5 um [109,111]
Core NA 0.21 0.20 [109,111]
™ 10 ms 10 ms [107]
Tes 1.3ms 1.3ms [109,111]
32 1ns 1ns [107]
Ce1=C3s 2.98x102° m3/s 2.15x102° m3/s Adjusted to fit data
Cup 3x10% m3/s 3x10% m3/s [107]
Ner 1.43x10% ions/m?3 1.43x10% ions/m?3 Er peak loss
Nvb 2.45x10% jons/m3 1.12x10% ions/m?3 Yb peak loss
Nvb/ Ner 17.2 7.8
Fraction of coupled Yb ions 15% 25% Adjusted to fit data
Loss near 1.55 um 0.12 dB/m 0.12 dB/m Estimated
Loss near 1 um 0.12 dB/m 0.12 dB/m Estimated
Thermal conductivity 1.38 W/m/K 1.38 W/m/K [118]
Fiber length 6m 5m [109,111]
Reflection at pump end 1% 1% [109,111]
Er reflection at far end 100% 100% [109,111]
Yb reflection at far end 5% 4% [109,111]
Pump wavelength 975 nm 975 nm [109,111]
Laser wavelength 1567 nm 1565 nm [109,111]
Yb ASE wavelength 1035-1075nm in 25 steps | 1035-1075nm in 25 steps
Er ASE wavelength 1540-1590nm in10 steps 1540-1590nm in10 steps
Temperature 20°C uniform along fiber 20°C uniform along fiber

The refractive index and active dopant distributions are assumed to be uniform in
the core. In our default case, all emission is in the fundamental mode (LPo;). There is only
a negligible amount of Er ASE in all simulations, and it is represented at 10 equally spaced
wavelengths (5 nm step size) while Yb ASE is represented at 25 equally spaced
wavelengths (1.6 nm step size). This is enough to resolve any spectral features. Yb parasitic
lasing can be clearly observed by significantly narrowing the Yb ASE spectrum in the

simulation as expected.
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4.3 Results and discussions
4.3.1 Conventional model with only coupled Yb ions (f=1)
The nominal values of all parameters used in the numerical simulations are given
in Table 4.1 along with the references and explanations. In cases where values used in the
model deviated from these values in Table 4.1, the new values are specified where they

occur.

We first calculated the temperature dependent Yb loss and small signal gain in the
core for 100% inversion of the fiber used in [111] as this is relevant to understanding the
reabsorption of Yb ASE. This is given in Fig. 4.4. In general, loss at a wavelength shorter
than 980 nm decreases with a temperature rise since this absorption originates from the
bottom level of the Stark split of 2F7» manifold level. The loss above 980 nm increases with
temperature as it originates from the upper levels of the Stark splits of 2F7, manifold level.
The small signal gain decreases above ~1 um with a temperature rise due to a decrease of
their excited state population at the bottom level of the Stark splits of *Fs;» manifold level.
At the peaks of gain and loss, these changes with temperature are more pronounced. Yb
parasitic lasing occurred at 1067 nm in [111]. As shown in Fig. 4.4, the temperature

dependence of the Yb gain and loss is very weak at this wavelength.

We then simulated the case as in the conventional model where all Yb ions are
equally involved in the energy transfer and described by a single transfer coefficient, i.e.
the fraction of coupled Yb ions is 100% (f=1). We studied two examples where the uniform

temperature along the fiber length was set at 20°C and 500°C, and the latter is far above
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what we considered realistic. The transfer coefficient Cs1 (=C35) was adjusted to fit the

measured Yb parasitic laser threshold in [111] at 20°C.
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Fig. 4.4 Temperature dependence of (a) core absorption around the pump wavelength and (b) core
absorption and small signal gain at 100% inversion around the ytterbium ASE wavelength from the model.

The Fig. 4.5 depicts the experimental setup described in [109], which is one of the
two laser configurations used in our numerical modeling in this chapter. As shown in Fig.
4.5, the pump was launched into the fiber from free space. The cavity was formed at the
pump end by straight cleaving and at the far end by butting with a dichroic mirror. The

fiber was cooled by forced air.

The simulation results for modeling of laser output under different temperatures are
shown in Fig. 4.6. It can be seen clearly that output powers are clamped to a fixed value in
both cases, albeit that the output power is slightly higher for 500°C. This is because all the

inversions are clamped to provide appropriate gains to compensate for the fixed respective
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Fig. 4.5 Experimental setup of the Er/Yb co-doped fiber laser oscillator described in [109].

cavity losses for the Er and Yb emissions. This results in a fixed energy transfer rate
(defined as Ceining) from Yb to Er ions and consequently clamps the output power from
the Er ions. The conventional model even with the incorporation of the temperature effect
cannot explain the continued increase in output power from Er after the onset of Yb
parasitic lasing observed in [109,111,121]. Additionally, the effect of temperature would
be negligible for a temperature rise of just a few tens of degrees in a realistic scenario. To
make matters worse, the authors in [96] used unrealistically high fiber temperature of
350°C to simulate the 103 W Er/YD fiber laser in [109]. When scaled with the output power,
this would lead to a fiber temperature of over 1000°C at 297 W output from the Er/Yb fiber

laser oscillator in [111]. This is obviously not possible in a realistic scenario.
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Fig. 4.6 Simulated powers from the Er/YDb fiber laser at two different temperatures predicted with the
conventional model. All Yb ions are coupled to Er ions (f=1) and a uniform temperature along the fiber at
(2) 20°C and (b) 500°C. The parameters Cs1=C3s5=1.1 X 102! m%/s is determined by Yb threshold.

4.3.2 New model with both coupled and isolated Yb ions (f<I)

We finally studied the case where not all Yb ions are directly coupled to Er ions
(f<1) with all powers in LPo; modes. The fraction of coupled Yb ions and the transfer
coefficient Cs1 (=Cs3s) were first varied to get the best fit to the experimental data at the

maximum power in [111] and the simulation was then run for the entire power range for

£=0.15, 0.2, 0.4, 0.6, 0.8 and 1 as shown in Fig. 4.8.
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Fig. 4.7 Experimental setup of the Er/Yb co-doped fiber laser oscillator described in [111].
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Output clamping is clearly seen near f=1, which needs to be lowered to get a best
fit over the entire measured data range. The fraction of coupled Yb ions was determined to
be 15% for the best fit. It is interesting to note that the ratio of Yb to Er ions is ~17. This
indicates that, on average, one Er ion being surrounded by roughly two and half

neighboring Yb ions, if 15% of the Yb ions are coupled (i.e. f=0.15).
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Fig 4.8 (a) Simulated Er laser output and total Yb output by assuming 15%, 20%, 40%, 60%, 80% and
100% ytterbium ions being coupled to erbium ions (£=0.15 with Cs;=2.98x102° m%/s, /=0.2 with
C63=1.87x10"2° m®/s, /=0.4 with Cs;=7.43x102! m%/s, £=0.6 with Cs3=4.62x102! m3/s, £=0.8 with
C63=3.36x10"2! m*/s, /=1 with C3=2.63x10"2! m?/s) and (b) heat load at various pump powers for /=0.15.
Measured data is from [111].

As can be observed in Fig. 4.8 (a), a reasonably good fit was achieved especially
for the output power. There is some slight discrepancy in the fit to the total Yb parasitic
laser output. We modeled Yb ions using only two types of ions, those closely coupled to
erbium ions and those uncoupled to erbium ions. It may be more accurate to model the
system based on a continuous change in the degree of the coupling. In addition, there is

non-uniformity of dopants across the core in practice which is not considered here.
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The inversions along the fiber for various pump powers and inversions averaged
over the entire fibers versus pump powers are shown in Fig. 4.9. It can be seen in Fig 4.9
(b) that the average Er inversion is clamped by the round-trip laser cavity loss and so is the
average inversion of the uncoupled Yb ions above Yb parasitic laser threshold by the
round-trip Yb cavity loss. The average inversion of the coupled Yb ions, however,

continues to increase with pump power, leading to a continued increase of Yb—Er energy

transfer thus leading to the increase of output power from Er ions. This increase of average
inversion of the coupled Yb ions also contributes slightly towards to the gain of the Yb
parasitic laser, leading to a slight decrease in the average inversion of the uncoupled Yb

ions above the YD laser threshold as shown in Fig. 4.9 (b).
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Fig 4.9 (a) Inversion along the fiber and (b) average inversion over the entire active fiber for various
pump powers for case of /=0.15 in Fig. 4.8 (a).

Strong re-absorption of Yb forward ASE emission can be clearly seen by power
decay during its propagation in our simulations [Fig. 4.10 (a)], previously also observed in
[107]. This is true even at low pump power below the Yb parasitic lasing threshold. Pump,

signal and ASE powers inside the fiber are shown for 100 W pump power in Fig. 4.10.
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Even in this case of 15% coupled Yb ions, pump is mostly absorbed. There are strong ASE

inside the fiber but very little of it makes to the ends as shown in Fig. 4.10(b).
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Fig. 4.10 (a) Ytterbium emission powers along the fiber at various pump powers for the model with
f=0.15 in Fig. 4.7 (a); (b) pump, Er signal, and Yb emission powers in the fiber at 100 W of pump power.

According to this new model of two types of Yb ions, Yb parasitic lasing as a result

of the bottleneck of Yb— Er energy transfer cannot be avoided. This will always take place

at high enough pump powers when the pumping rate exceeds the energy transfer rate, i.e.
ns°Wse> Ceinineg.. The energy transfer rate can be expressed as Ceining®, where Ce1 is
determined by the host glass composition; n; is the Er population at the ground state; and
ne® is the excited state population of coupled Yb ions. For the case where all Yb ions are
closely coupled to Er ions (i.e. f=1), the output power is expected to be clamped above the
YD parasitic lasing threshold by the fixed energy transfer rate which can now be written as
Cesinine where ng is the excited Yb population. This is because n; is fixed by Er round-trip
cavity loss and ne by Yb round-trip cavity loss. This is contrary to the experimental

observation in [109,111,121].
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4.3.3 Brief discussion of the modeling results

Our work, for the first time, can explain the continuous growth of output at ~1.6
um by incorporating the scenario of two types of Yb ions, those closely coupled to Er ions
and those not closely coupled (i.e. isolated) to Er ions. In this case, when the above Yb
parasitic lasing threshold, n; is still fixed, so is the population of the uncoupled Yb ions.
The energy transfer rate Ceining® can, however, still increase with pump power due to an
increase in the population of the coupled Yb ions n¢‘, leading to a continuous increase in
output power. Our model also reveals that there is a significant re-absorption of the Yb
ASE by the coupled Yb ions. This is very noticeable even at low pump powers, leading to
significant radiative energy transfer from the uncoupled Yb ions to the coupled Yb ions

and then some to Er ions.

So, here is an interesting question. How can 40% slope efficiency be possible if
only 15% of Yb ions are coupled to Er ions at low pump powers? The key to understand
this is the significant amount of ASE generated in the fiber by the 85% uncoupled Yb ions
which is then re-absorbed. For example, at pump power of 100 W, i.e. below Yb parasitic
laser threshold, ~98.5% of the pump is absorbed in the fiber. Co-propagating ASE reaches
a level of ~21 W mid-fiber, but it is mostly re-absorbed and only~2.2 W ultimately leaves
the fiber [Fig. 4.10(b)]. Backward ASE is also kept low by the re-absorption until the

pumping end where the Yb inversion is relatively high.

The threshold pump power for the bottleneck of energy transfer can be written as

P = [MJE (4.12)

Yb ¢
(o) ns

a
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c
where Apump 1S pump area; h is Planck's constant; v, is the pump frequency; % is the

5
inversion of the coupled Yb ions; and of?is the pump absorption cross section.

This threshold, however, can be increased by lowering pumping rate Ws¢. One way
is by pumping at shorter wavelengths, e.g. ~915 nm or ~940 nm where the absorption cross
section is much lower, i.e. lower of?. In fact, there are recent evidence for this [122,123].

The pumping rate Ws¢ can be written as [124]

W, =1 (4.13)

P
hvp

where [, is the pump intensity and other parameters are defined the same as in Eq. (4.12).
Another way to lower pumping rate Ws¢ is by lowering the pumping intensity while
maintaining the same pump power. This can be achieved by using a larger inner cladding,

i.e. higher A,y mp.

The threshold for Yb parasitic lasing can also be adversely affected by longer
lifetime of the Er *I;1,2 level, which increases backward energy transfer. High phosphorus
doping can mitigate this by providing the high phonon energy required to increase the non-
radiative decay of Er *I112 level [125]. We have used very short lifetime of t3,=1ns in our
simulation to make it negligible as in [107]. Any increase in this lifetime can severely lower
the YD parasitic lasing threshold. A higher energy transfer rate will ease the bottleneck and
raise the parasitic lasing threshold. To this end, a higher Er doping level will be beneficial

to increase nj. Clearly it needs to be kept below the clustering levels.
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A fluorescence decay measurement was conducted in [111] using a Q-switched
laser at 920 nm with 100 ns pulse duration as the pump. The measurement showed
significant decay (50% to 70%) within the first 10 ps. This decay was believed to be caused

by Yb—Er energy transfer. Roughly 2% of the ions relaxed with a time constant of 100 ps

or slower. The isolated ions were estimated to be 2-5% based on this. The energy transfer

time can be calculated as

(4.14)

This gives 74, a value of ~3 ps based on our simulation when all Er ions are in the ground
state. Given the intensity of the Q-switched pump pulse of up to 30 pJ, significant amount
of Yb ions were inverted. If substantial energy transfer took place, Er ions are expected to
be nearly fully inverted after few hundreds of pus (noting t4;depends on Er ground state
population and increases as Er ions are inverted). This would have stopped any further
energy transfer, leading to the decay to flat out after the initial energy transfer. This is then

followed by a slower spontaneous decay.

Fluorescence decay measurements have been used in several works to evaluate
energy transfer efficiencies in Er/YDb fibers [126—128]. Typically, the decay rate is used,
and the magnitude of the intensity is rarely used. Low excitation is essential to avoid
population saturation and ASE. The decay time of the fast decay component is typically in
a range of 1-30 us followed by slow decay component with a decay time of 500 us to 1.3

ms [127]. >50% of decay was observed during the fast decay for Yb concentrations
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exceeding 1.5wt% in [127]. These decays were not exponential especially when Yb

concentration is high [126].

Non-radiative energy transfer among neighboring Yb ions can be very fast [126].
This likely also contributes towards the fast decay components when it leads to the
excitation of Er ions (or loss by other mechanisms) and may also explain the observed non-
exponential decays. This additional effect will make the fast decay component far more
pronounced than just direct ytterbium-to-erbium transfer. Although the decay rates of this
additional energy transfer can be below 100 ps, most of them are substantially slower than

the few ps from the direct Yb—Er energy transfer and consequently their contribution

towards the easing of the bottleneck is less significant. Clearly more accurate numerical
modeling requires a better quantitative understanding of the non-radiative energy transfer
process among the neighboring Yb ions. This is only possible with significant additional

experimental studies.

In addition, there are also other processes which can contribute towards the fast
decay component. An excited Yb ion can transfer energy to an Er ion in the long-lived I3,
level leading it to be excited to *Io [126] and up-conversion processes can also play a part.
A quantitative modeling of the fluorescence decay process can be very helpful but is only

possible with additional detailed experimental studies.

In any case, if 95% to 98% Yb ions are closely coupled to Er ions derived by the
proportion of fluorescence decay beyond 100 ps in [111] and considering the Yb to Er ratio

of 1/0.058=~17 in this case, there will be 16 to 17 Yb ions on average neighboring to a
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single Er ion. This is not physically or chemically possible unless non-radiative

neighboring Yb—Yb energy transfer is considered. There can only be a maximum of 4 Yb

ions next to each Er ion if rare earth ions are in the tetrahedral structure of silica. The
fluorescence measurement in [111] would have included non-radiative energy transfer
among neighboring Yb ions and significantly overstated the coupled Yb ions. Most of the
decay processes involving energy transfer among neighboring Yb ions are significantly

longer than the few ps decay time of the direct Yb— Er energy transfer and consequently

play a relatively much weaker role in the bottleneck process. There may also be other

effects involved in the experiments. Further experimental studies are clearly needed.

Our work for the first time establishes a quantitative value for the energy transfer
coefficient based on measurements in high-power lasers, Ce1 = 2-3x10-20 m?/s. A decay
time of 74;= 2-4 ps can be derived for the fluorescence decay measurement. This is
consistent with the fast end of the 1-30 us range measured in [127]. Our simulation also
shows that only ~15% Yb ions are coupled to Er ions in a fiber with Er to Yb ratio of 0.058
and ~25% for a fiber with Er to Yb ratio of 0.128. Based on these results, we can also show
for the first time that on average there are 2-2.5 Yb ions next to a single Er ion. From a

material perspective, this is highly plausible in the tetrahedral structure of silica.

4.4 Conclusion
In conclusion, we have established a new Er/Yb model based on the existence of
two types of Yb ions, those closely coupled to Er ions and those uncoupled from Er ions.

We have incorporated an accurate temperature-dependent Yb cross section based on the

79



measured temperature-dependent Yb loss. We have validated our modeling result by
comparing the simulation results and experimental data [109] and [111]. We concluded
that the elevated temperatures at high powers and mode-dependent gain only play
insignificant roles in the observed continuous growth of laser output from erbium after the
onset of the Yb parasitic lasing. Based on the existence of two types of Yb ions, we can
explain all the observed behavior in high-power Er/Yb fiber lasers in [109,111,121]. We
will use the numerical modeling in this chapter as the benchmarking model for our

simulation of the Er/Yb fiber MOPA that we will discuss in the next chapter.
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CHAPTER FIVE

ERBIUM-YTTERBIUM FIBER MOPA ~1562NM

This chapter presents a systematic study on the Nufern Er/Yb fiber (LMA-EYDF-
25P/300-HE) for further single-mode power scaling at 1562nm using a kW-level pump
diode at 915 nm. A home built Er/Yb laser oscillator at 1562 nm was used as the seed (i.e.
master oscillator) for the Er/YDb fiber master oscillator power amplifier (MOPA). We have
obtained maximum output of 302 W single-mode power at 1562 nm with an optical
efficiency record of 56%, very close to the quantum-limited efficiency of 58.6%. Also, we
have found that the fiber fuse is the major limiting factor for further single-mode power
scaling in this fiber rather than ASE as was previously reported. Our simulations show that
off-resonance pumping at ~915 nm or ~940 nm only plays a small role in the observed
negligible ASE especially at high powers. The main reason is possibly due to the high Er

doping level in this Er/YD fiber fabricated by Nufern.

5.1 Introduction
Er/Yb co-doped fiber lasers are critical for power scaling at the eye-safe wavelength
of ~1.6 um [109,111,121-123,129-132], attracting strong interest for a wide range of
applications including coherent LiDAR, free-space communication, remote sensing,
gravitational wave detection, etc. Despite recent progress in the demonstration of 656 W
from a Yb-free Er-doped fiber laser in a multimode beam with an M? of 10.5 [31], the weak
pump absorption of Er ions requires very large cores in double-clad fibers for sufficient

pump absorption over practical fiber lengths of under few tens of meters limited by fiber
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background loss. This would limit potential power scaling of single-mode operation due to
the limited core size. Using a 34 um-core, 75 W single-mode power was achieved in [133]
and 103 W in [134]. Higher power is possible with the higher pump brightness available

now, but significant further power scaling will be limited for Yb-free Er-doped fiber.

The previous power record from an Er/Yb co-doped fiber was set over a decade
ago with 297 W at 1567 nm and an M? of 3.9 [111]. The average slope efficiency was
~40% at low powers and decreased to ~19% at high powers. The main limit was identified
as Yb parasitic lasing. In fact, the total output from the Yb parasitic laser was 337 W at
1067nm, higher than the 297 W laser output at 1567 nm in [111]. In-band pumping of
Er/Yb fiber has been proposed to overcome this. Indeed, 264 W at 1585 nm was
demonstrated by pumping at ~1535 nm with an average slope efficiency of 74% [132]. The
pump was, however, from a combination of 36 individual Er/Yb fiber lasers, each with an
output of 11 W at 1535 nm. Commercial high-power diodes are not widely available at
~1535 nm, severely limiting this approach. Several attempts have been made to control the
Yb parasitic lasing by using an auxiliary seed or positive feedback at the Yb emission
wavelength [135-137]. Very little progress towards high-power, however, was made with

any of these approaches.

5.2 Motivation and background
There have been some recent developments in single-mode power scaling of Er/Yb
fiber lasers pumped by 9xx nm pump diodes. Single-mode single-frequency power of 207
W at 1560 nm was demonstrated with a MOPA configuration in [122]. The pump was at

~940 nm in a counter-pumping configuration. This is the current single-mode power record
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from an Er/YD fiber pumped by 9xx nm diodes. What is notable with this demonstration is
the much higher efficiency and almost total absence of Yb amplified spontaneous emission
(ASE) especially at high powers. The average slope efficiency was 50.5% and optical
efficiency was 49.3%. These are record efficiencies, significantly higher than the ~40% in

previous works.

The key breakthrough is the new 25/300 fiber from Nufern [Fig. 5.1]. The authors
in [29] also conducted a comparison study with pump diodes at 976 nm. The fiber length
was significantly shortened in this case to provide the same amount of pump absorption of
12 dB as in the 5 m fiber for the 940 nm case. An average slope efficiency of 40.2% and
an optical efficiency of 35.6% were achieved, much lower than those for the 940 nm pump.
Using 5.5 m of the same fiber with a MOPA counter-pumped at 940 nm, 111 W at 1556
nm and an optical efficiency of 46% was achieved in [8]. A simulation was also conducted
in [8], showing much higher Yb ASE for 976 nm pumping in comparison to pumping at

915 nm or 940 nm in the case where the total pump absorption is the same.

The 25/300 pm Er/Yb co-doped fiber has a doped core with 9.1 wt% P, 1.6 wt%
Al 4.9 wt% Yb and 0.44 wt% Er. The cladding pump absorption at 915 nm is ~2.6 dB/m
and core absorption at 1535 nm is ~85dB/m. The fiber has a pedestal design with a core
NA of ~0.09. Pump cladding NA is ~0.46. The first use of the early version of this Nufern
developed large mode area (LMA) pedestal design Er/Yb co-doped fiber was reported in
2006 by Tankala et al. [138]. The key benefit of the pedestal structure is to ensure core
NA<0.1, which supports much lower number of modes in the large diameter doped core.

Without the pedestal design, the refractive index difference between the doped core and
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the cladding is much higher with core NA ~0.2. For a 25 pm core diameter, the V-number

will be ~4.5 for NA=0.09 and ~10 for NA=0.2. Thus, the active fiber is a few-mode fiber

rather than a highly multi-mode fiber thanks to the pedestal.
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Fig. 5.1 (a) Refractive index profile of the 25/300 um Er/Yb co-doped fiber from Nufern.[139] (b)
Microscopic image of the Nufern Er/Yb fiber cross-section.

5.3 Results and discussions

The experimental setup is shown in Fig. 5.2. It is a MOPA counter-pumped by a
915 nm multi-mode diode laser module delivering up to 1.5 kW for the power amplifier.
The 25/300 Nufern Er/Yb fiber was spliced at both ends to matching passive fibers (LMA-
GDF-25/300) also from Nufern. The reason for the passive fiber splice is twofold: to allow
the entire active fiber to be immersed in water for cooling and to ensure launching of
fundamental mode seed into the core of the pedestal designed Er/YD fiber. The ends of the
passive fibers were angle cleaved. Various active fiber lengths were tested to find the

optimum fiber length. The master oscillator was built with a 10/128 CorActive Er/Yb fiber
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(DCF-EY-10/128), which, at one end, was spliced to a home-made high-reflectivity fiber

Bragg grating (FBG) at 1562 nm and straight-cleaved at the output end.

_ 10/128 EVDF

HR@15620m | @ :

\ |I||| 1 ]
N ' ~10cm coil !

Water cooling  f=12mm f=20mm

isolator

Unabsorbed
pump

1
Water cooling f=40mm

MOPA output

Fig. 5.2 Experimental MOPA setup (DM, dichroic mirror; HR, high reflectivity mirror).

Both active fibers were fully immersed in water for cooling and the coiling
diameters of the Er/Yb fibers for the seed laser and power amplifier were, respectively, 10
cm and 30 cm. The master oscillator was also pumped at 915 nm and was followed by an
isolator. The M? of the seed was measured to be 1.17/1.12 (see inset in Fig. 5.2 for its mode
image) and ~1.9 W was launched into the power amplifier. The laser mode quality factor

(M? value) of both the seed output from the master oscillator and MOPA output was

85



measured using a scanning slit beam quality measurement system (BP209IR2) from

Thorlabs. All the M? tests were performed in accordance with ISO 11146 standard.
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Fig. 5.3 Average slope efficiency versus active fiber length in the MOPA and the maximum output
powers where fiber fuse occurred.

We systematically studied several fibers of various lengths. Typically, the slope
efficiency varied with pump power (more on this later). We plotted the average slope
efficiency versus active fiber length in Fig. 5.3. Higher than 50% average slope efficiency
was regularly achieved for active fiber length between 5 m and 7 m. In addition, in most
cases, the maximum power was limited by fiber fuse which starting between 0.2 m to 0.4
m away from the splice at the pump end. Those maximum powers were also plotted in Fig.

5.3, typically between 250 W to 300 W with a maximum of 302 W. In a few exceptional
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cases, the maximum power was limited by fiber damage at the pump end. Hardly any Er

or Yb ASE was observed in any case.
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Fig. 5.4 (a) MOPA output power versus launched (and absorbed) pump power with slope and optical
efficiency; (b) optical spectra at various output powers for the run with an active fiber length of 5m.

The experimental measurement with 5 m Er/Yb fiber is described in more detail in
Fig. 5.4. The output power is plotted against both launched and absorbed pump power in
Fig. 5.4(a). The two curves almost overlap, indicating near total absorption of the pump.
The slope efficiency calculated by taking the derivative of a polynomial fit to the output
versus launched pump is also plotted. It generally shows an increase with the pump at low
pump powers and a slight decrease towards the maximum output power. Optical efficiency
calculated as output divided by the absorbed pump is also plotted, showing similar trend.
The optical spectra at various output powers are also shown in Fig. 5.4(b). The peak at ~1.4
um appeared in both the seed and MOPA outputs is not identified, possibly an artifact from
high order reflections of the grating built in the commercial optical spectrum analyzer
(AQ6370D). There is in general hardly any ASE from either Er or Yb. M? versus MOPA

output power is plotted in Fig. 5.5(a). This shows a general decrease in M? at high powers,
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typical of a pedestal design due to the stronger gain competition at higher powers. M? was
1/1.08 at an output power of 244 W (see mode image in Fig. 5.5(b) and the related M?
measurement in Fig. 5.5(a)). There was not enough time to take an M? measurement at the

maximum output power of 302 W.
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Fig. 5.5 (a) M? value at various output powers; (b) mode image and (c) its M? measurement at 244 W
output for the run described in Fig. 5.3.

The measurement with 6.4 m Er/YD fiber is detailed in Fig. 5.6. The output power
versus launched and absorbed pump are plotted in Fig. 5.6(a) along with the slope
efficiency and optical efficiency. A record power of 302 W was measured in this test. The

maximum slope efficiency was ~64% at ~360 W of pump power. A record optical
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efficiency of 56% was also measured, very close to the quantum-limited efficiency of

58.6%. The M? was measured to be 1.27/1.35 at an output power of 250 W in this case.

In order to understand the onset of fiber fuse, we simulated the heat load in this case
using a home-made Er/Yb fiber numerical model like that described in [140]. The model
is implemented in MATLAB based on a model described in detail previously in Chapter
4. Pump, signal, Yb ASE and Er ASE in both directions are considered in order to evaluate
local inversion. This allows all the powers to propagate repeatedly forward and backward
with appropriated boundary conditions applied at the fiber ends until convergence. Local
heat load is calculated by the difference of all optical powers flowing into and out of a

small segment of fiber. Key fiber parameters are given in Table 5.1.

The calculated heat load at various pump powers is shown in Fig. 5.6(b). The
highest heat load occurs at the pumping end of the active fiber in this counter-pumped case,
where z=0 is the seed coupling end and z=6 is the pump coupling end. A maximum heat

load of ~100 W/m is expected at our maximum pump power.
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Fig. 5.6 (a) MOPA output power versus launched (and absorbed) pump power with slope and optical
efficiency; (b) simulated heat load at various pump powers for the run with an active fiber length of 6.4m.
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The fiber fuse in our experiments typically started between 0.2 m to 0.4 m away
from the splice point in the active fiber at the pump end. Coating discoloration/degradation
near the splice at the pump end was also observed in [29]. This is interesting because the
fiber burn does not initiate at the splice point between the 25/300 um matching passive
fiber and the Er/Yb fiber, where the maximum temperature due heat load was expected as
shown in Fig. 5.6(b). Instead the fiber burn usually occurs certain distance away from the
splice point. During our experiments, we spent considerable amount of time to optimize
the splicing quality of the fusion splice [Fig. 5.7(b)]. Nevertheless, the splice might have
scattered some pump light into the coating, leading to its over-heating and damage. This
coating damage could have initiated the fiber fuse and could have also been responsible for

the decreasing of slope efficiency near the maximum output power.

(b)

passive fiber Er/YI::/fiber

fusion splice

Fig. 5.7 (a) Thermal image of the Er/Yb fiber with ~30 cm coil diameter in the water bath under counter-
pump high power test; (b) fusion splice between the 25/300 um matching passive fiber and Er/YDb fiber.

We then simulated the co-pumped case and found the heat load is also close to ~100
W/m near the pump end, so there is no benefit for trying co-pumping scenario. We have

also simulated the fiber laser in [111] which achieved the previous power record of 297 W.

90



In this case, the maximum heat load is expected to be 60 W/m at the pump end (see Chapter
4 for more details). The much lower heat load is due to the oscillator nature of the
demonstration. In an oscillator, heat load is more broadly distributed along the fiber, unlike

that in an amplifier where it is narrowly distributed near the pumping end.

The efficiency difference between ~976 nm pumping and that for ~915 nm and
~940 nm pumping can generally be understood by an energy transfer bottleneck in an
Er/Yb fiber which happens when the pumping rate of Yb ions exceeds the rate of Yb—Er
energy transfer. The Yb pumping rate is proportional to the product of the Yb absorption
cross-section at the pumping wavelength g,,, pump photon density Ip, and Yb ground-state
population ns, i.e. o,Ipns. The energy transfer rate is Rngni (see [140] for example), i.e.
proportional to the product of the energy transfer coefficient R, the population of the
excited YD ions ne and the population of the Er ions at the ground state ni. The bottleneck

condition can be written as g, Ipns > Rneni. The energy transfer coefficient R is determined

Table 5.1 Comparison of fiber parameters

Parameter Southampton Nufern
Core diameter (um) 30 25
Cladding diameter (um) 600 300
Core NA 0.21 0.09
Ner (ions/m?) 1.43x10% 4.22x10%
Nvb (ions/m3) 2.45x10% 3.35x10%
Nvb/ Ner 17.24 7.94
Fiber length (m) 6 5-7
Pump wavelength (nm) 975 915/940
Laser wavelength (nm) 1567 1562
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by the host glass composition. The higher absorption cross-section g, at ~976 nm will

increase Yb ASE due to its much higher pumping rate. The higher efficiency with pumping

at ~915 nm was first observed by Nilsson et al. [129].

The biggest mystery is what is the key difference between the new Nufern fiber
with negligible Yb ASE at high powers and the Southampton fiber used in [111] which
was severely limited by Yb parasitic lasing. The key parameters of the two fibers are listed
in Table 5.1. The Er and Yb dopant concentrations are calculated from the absorption data
provided in [111] and by Nufern. In the case of the Nufern fiber, we also measured the
dopant levels by scanning electron microscope (SEM) since we have access to the fiber,
which confirmed the calculated data in Table 5.1. The SEM data shows 0.44 wt% of Er,

4.9 wt% of Yb, 9.1 wt% of P and 1.6 wt% of Al in the Nufern fiber.

An oscillator configuration pumped at 975 nm was used in [111]. In order to see if
this 1s a major factor, we have conducted extensive modeling of the Southampton fiber and
the details are discussed previously in Chapter 4. In summary, we observed in our
simulations that the Southampton fiber would still be ASE limited in a similar MOPA

configuration pumped at 915 nm.

Energy transfer efficiency 7 of Er/Yb fibers has been shown to correlate with their
slope efficiency at low powers, n = (Ty;, - Tf) /Typ, Where Ty;, and 7f are, respectively,
Yb lifetime without and with the presence of Er ions. For a good Southampton Er/Yb fiber,
1 was measured to be 0.84 [126]. The Nufern fiber was measured to have n =0.9 in [141].

Our measurement of the Nufern fiber at low power gave a slope efficiency of ~43% for the

92



915nm pump (see Fig. 5.4 (a)), which is similar to that of Southampton fibers [129],
indicating that the energy transfer efficiency 7 predicts slope efficiency reasonably well at
low powers. The near quantum-limited efficiency achieved in the Nufern fiber with 1.6
wt% of Al is contrary to the conclusion reached in [142] regarding the detrimental effect

of Al on slope efficiency.

The increased slope efficiency with pump power observed in this work is consistent
with that seen in [29]. If we can assume the main loss mechanisms are fiber loss and Yb
ASE, the contribution from loss is independent of pump powers and does not explain the
pump-dependent slope efficiency. At higher pump powers, the increase of signal power
with an increase in pump power is expected to overwhelm the increase of Yb ASE due to
an increase in Yb inversion below Yb parasitic lasing threshold, which we had not reached
even at the highest pump power in our case. This may explain the increase of slope
efficiency at higher pump powers. The drop of the slope efficiency near the maximum
powers may be due to the onset of fiber coating damage which eventually initiated fiber

fuse.

The near quantum-limited optical efficiency achieved at high powers indicates
negligible overall loss from all loss mechanisms. Comparing to [29], our modeling work
shows that our MOPA operates at very similar conditions. The slightly different seed power
and pump wavelength do not seem to play a major role. We have tested many pieces of
fibers purchased over 1-2 years and have not seen significant variations. The improved

efficiency may be due to the qualities of the splices which we spent months to perfect and
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the more efficient cooling techniques used, i.e. water immersion in our case versus cold

plate in [29].

The biggest question is why parasitic lasing observed at high powers in the

Southampton fiber in [111] but not in the current Nufern fiber. When pumping rate exceeds
this energy transfer rate, i.e. o, Ip > Rni (%), a bottlenecking would arise, leading to higher
5

Yb inversion and consequently parasitic lasing. This will eventually happen in any Er/Yb
co-doped fiber at high enough pump power. The question is why the parasitic lasing

thresholds differ so much in the Southampton and Nufern fibers.

Both the cladding and core sizes of the Southampton fiber are larger than that of
the Nufern fiber. This is, in fact, favors the control of ASE. Because the larger cladding
size reduces the pump intensity and consequently lowers the Yb pumping rate. The larger
core lowers Yb ASE intensity and therefore reduces Yb ASE. One of the key factors for
the near absence of the Yb ASE in the Nufern fiber is likely its much higher Er doping
level. This will increase the energy transfer rate, i.e. Rneni, by the much larger Er
population at the ground state ni. There are more Er ions to transfer energy to, i.e. more
acceptors. In addition, the energy transfer coefficient R is dependent on the host glass
composition and it increases with the higher Ng/Nyy ratio found in the Nufern fiber as a
result of the much higher Er doping level [126,141]. Pumping at wavelengths with smaller

absorption cross-section gy also helps.
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5.4 Conclusion

We have demonstrated a new power record of 302 W in single-mode Er/Yb fiber
lasers using a counter-pumped MOPA configuration. A near quantum-limited new record
optical efficiency of 56%. This single-mode power is a new record for any lasers at this
wavelength range and the efficiency is also a new record for Er/Yb fiber lasers,
demonstrating the power scaling potential of Er/Yb operating at very high efficiency. Slope
efficiency was found in general to increase with pump power at lower powers and to
decrease before the maximum power. The maximum slope efficiency achieved was a
record 64%. Further, the experimental results also show that fiber fuse is the primary limit
to further power scaling in the 25/300 LMA Er/Yb fiber, not Yb ASE as was previously
expected. We found Yb ASE to be negligible in all cases we tested. The new breakthrough
is mostly a combination of more efficient Er/Yb fiber from Nufern and off-resonant

pumping at 915 nm which eases the bottlenecking of Yb—Er energy transfer. Since fiber

fuse can be mitigated by lowering the heat load, a longer Er/Yb fiber with a lower pump
absorption can be used to further power scaling. Our results provide significant new
insights into power scaling at ~1.6 um and optimizing the Er/Yb fiber fabrication especially
for future home-made Er/Yb fiber based on all-solid photonic bandgap design to suppress

YD parasitic lasing [143].
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CHAPTER SIX

SINGLE-FREQUENCY YTTERBIUM FIBER LASER ~1064NM

This chapter presents the experimental study on power scaling of narrow-linewidth
single-frequency high-power Yb-doped photonic bandgap fiber (PBF) laser based on a
counter-pumped MOPA configuration. We focus on optimizing a novel Yb-doped fiber
design to demonstrate a ~50/400 um core/clad diameter PBF based on multiple cladding
resonance (MCR) cladding microstructure design which was proven to be very successful
in suppressing HOM even with very large core diameter fibers as discussed in Chapter 1
and 2 of this dissertation and in [37,38]. Previously, a single-frequency Yb-doped fiber
laser operating at 1064 nm using 50/400 pm all-solid PBF based on a different PBF design
was reported to be only limited by TMI near 400 W signal average output power [52]. Our
simulation also shows SBS threshold is above 1-kW level with this novel Yb doped PBF.
The preliminary experimental results show that the MOPA operates TMI-free up to signal
output power of ~500 W with an M? of ~1.3 and linewidth of ~10 kHz. Our goal is to power
scale the output power of 1064 nm single-frequency Yb PBF laser to near 1-kW by further
suppressing the TMI thus increasing TMI limit to ~1-kW using this Yb PBF in which we

incorporated the previously proven successful MCR design.

6.1 Background and introduction
6.1.1 Limits and mitigation techniques
In recent years, single-frequency fiber lasers have attracted increasing interests over

the past decade due to the advantages of low noise, narrow linewidth, and long coherent
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length of high power single-frequency lasers in many applications, such as coherent beam
combination, high resolution spectroscopy, nonlinear frequency conversion, coherent
communication, active laser remote sensing, gravitational wave detection, etc. The demand
for narrow-linewidth high-power fiber lasers is especially strong for direct energy weapons
application in defense. However, the maximum CW output power from sub-MHz narrow-
linewidth single-frequency fiber lasers still hover ~800 W [144,145]. The output power has
been limited mainly due to nonlinear effects such as SBS [19] and TMI [40], which were
previously discussed in detail in Section 1.2.2 of Chapter 1. In general, SBS has the lowest
threshold among all the nonlinear effects involved in limiting the output power of narrow-

linewidth single-frequency fiber lasers.

The SBS is a two-step process which is driven by electrostriction and it involves
the coupling of backward scattered signal wave (initially starts with spontaneous Brillouin
scattering), forward signal wave, and forward acoustic wave. As the pump power reaches
near certain threshold power level, there is a strong interference between the forward signal
wave and the backward scattered Stokes wave, which leads to the increase of forward
acoustic wave through electrostriction. Thus, evolving from a spontaneous Brillouin
scattering to stimulated Brillouin scattering (SBS). Eventually the acoustic wave acts as a
strong reflector grating and reflects large portion of the forward signal wave, thus limiting
the output power of the fiber lasers. The threshold power is reached when the power of
back scattered Stokes light is equal to the forward signal output. As shown in Eq. (1.7), the

threshold power for SBS is proportional to acousto-optic effective mode area A.sf, and it

is inversely proportional to peak Brillouin gain coefficient (BGC) gz and effective
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nonlinear interaction length L, ¢. The three main parameters that involve in the estimation
of SBS threshold power can be written as following [10,19],
2
L ] JdA]
A ~

o = lesz ~ W, (6.1)

27n’ p!
g, = 2—1?12 (6.2)
cA V. pAVy
L P(z) 1
o :IO dz :;[l—exp(—aL)] (6.3)

out

where w, is the optical mode field radius, Av,is the Brillouin gain linewidth, Av, is the

laser linewidth, V, is the acoustic velocity, p,, is the transverse photoelastic coefficient, p

is the density of the host glass, « is the optical attenuation coefficient with a unit of m™,

and the BGC g, scales with Lwhen Av, > Av,. Also, the frequency shift of
Av, +Av,

the Stokes wave (i.e. the backward scattered light) can be derived from the energy and
momentum conservation of forward optical wave, backward scattered Stokes wave and the

forward traveling acoustic wave as following,

— e (6.4)

where n,, is the effective mode index and 4, is the wavelength of the forward signal laser,

i.e. the seed laser in the case of a MOPA amplifier. The maximum Brillouin frequency shift
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is wavelength dependent, and it is ~10 GHz at 1.5 ym and ~16 GHz at 1 pm. In the
experiment of single-frequency MOPA at 1064 nm, both the backward scattered power and
optical spectrum are monitored, and usually the optical spectrum shows a Rayleigh
scattering peak at the signal frequency and SBS shifted Stokes frequency at ~16 GHz, i.e.

~0.06 nm shifted from 1064 nm towards longer wavelength.

Over the years, various mitigating techniques have been reported to suppress SBS,

including increasing core diameter while decreasing NA (i.e. increasing mode area 4, )

[52], laser gain competition [145,146], phase modulation [147], increasing pump

absorption (i.e. decreasing L,

), applying thermal or stress gradient along the fiber,
tailoring acoustic velocity of the fiber by optimizing the dopant and other material

properties [148,149], etc. Among these approaches, quite many of them are focused on

reducing the Brillouin peak gain, i.e. the g,. As can be seen from the Eq. (6.2), the BGC

can be altered via engineering so many parameters of the fiber most of which are related
to the material properties [19] of the fiber core glass such as acoustic velocity, density,
refractive index, photoelastic coefficient, and Brillouin gain linewidth. In many cases, one
or multiple of the mitigation techniques are used to suppress SBS. But eventually it comes
to how efficient and practical the mitigation techniques are for specific applications. For
example, the waveguide design and fiber material related approaches are usually very
stable and free from environment instabilities that hinder the practicality of the single-
frequency laser. On the other hand, applying thermal or stress gradient along the fiber may

not be the case.
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Table 6.1. A list of common techniques to suppress SBS, effectiveness in increasing SBS threshold, and
potential limitations. [150]

Mitigation strategy Pf,fs increase Potential limits

Large core (Aq¢r T)[150] > 100 x SM operation & TMI
Acoustic tailoring (g {) 10 x Optical homogeneity
Lower intrinsic BGC (gg {)) [151] 100 x Fiber fabrication
Thermal/stress gradient (Avg T) 7 X Fiber failure
Higher Yb concentration (Lesf {) 1.5-2 x Photodarkening & TMI
Phase modulation (Av, T)[150] > 100 x Beam combinability

Table 6.1 shows a list of common SBS suppression techniques with its effectiveness
and potential drawback or limitations in practical applications and fiber fabrication. Among
them, the large core and phase modulation approaches have the greatest impact on
suppressing the SBS, thus the scalability of the output power. Material optimization can
potentially also have a great impact [19]. Although the phase modulation technique
involves in broadening the laser linewidth, so it is not the best way to go especially for

MHz or kHz level narrow-linewidth applications. The Brillouin gain bandwidth Av, is on

10s or 100s of MHz level (~50 MHz in silica fibers [10]) and the SBS becomes a main

limitation only when Av, < Av,. But this is also the linewidth regime that certain

applications require. That means utilizing VLMA fibers with large core diameter is not

100



only very efficient but also a straightforward way to mitigate SBS for ultra-narrow-
linewidth single-frequency fiber laser systems. Unfortunately, mode quality degradation
due to the large core is one of the main reasons behind TMI, the other major limiting factor

of output power from high-power single-frequency fiber amplifiers.

The physical origin behind TMI is not as well understood as SBS, given that SBS
was theoretically predicted by L. Brillouin in 1924 and experimentally discovered first by
C. H. Towns et al. in 1964 [152] very shortly after the invention of lasers, and SBS is very
common not only in high power fiber lasers and amplifiers but also in many other laser
architectures involving high optical intensity, long gain medium, etc. On the other hand,
TMI was experimentally observed for the first time only about 10 years ago around 2010
[39,48]. Nevertheless, TMI is generally regarded as the result of two factors: excessive heat
load and poor mode quality. When the output power exceeds certain TMI threshold, the
TMI leads to output beam fluctuation as a result of phase-matched mode interference and
energy (or power) transfer between the fundamental mode (i.e. LPo1) and one or more
HOMs. More details on TMI can be found in Section 1.2.3 of Chapter 1 of this dissertation

as well as in a very recently published tutorial/review article by Jauregui et al. [40].

As shown in Eq. (1.8) and (1.9), the TMI can be mitigated by optimizing the
waveguide design, quantum defect between pump and signal, and host material
composition (e.g. thermo-optic coefficient, thermal conductivity, etc.). Jauregui et al. [40]
reported that there are also some other fiber parameters that affect TMI threshold, such as
rare-earth dopant concentration, photodarkening loss, active fiber length, signal linewidth,

etc. Among these mitigation techniques, the optimizing fiber waveguide design to improve
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mode quality is one of the most effective and somewhat intuitive approaches to increase

TMI threshold by reducing the mode interference between the FM and HOMs.

6.1.2 Brief review and motivation

The utilization of photonic bandgap fibers (PBF) [35,38,63], a special type of very
large mode area (VLMA) fibers, combined with intrinsic thermal gradient along the fiber
at high output power has the potential to be an effective method to mitigate both SBS and
TMI for further scaling the average output power from narrow-linewidth single-frequency
fiber laser systems. In 2007, Liu [149] proposed in a modeling study of SBS threshold
mitigation that a single-frequency fiber amplifier can generate up to 1 kW output power
with 60 kHz narrow linewidth without the onset of SBS in a VLMA fiber with core
diameter ~ 40 um, and the temperature gradient plays very important role in suppressing
SBS. In 2007, Jeong et al [148] reported a 500 W single-frequency output power at 1060
nm using a 25 pm core and 380 um cladding diameter Yb-doped fiber of ~6.5 length
through a MOPA configuration counter-pumped at 975 nm. In the same year, Gray et al
[153] reported a 502 W single-frequency output at 1064 nm using a 8.5 m long Yb-doped
fiber with 39 pm core and 420 um cladding diameter through a multi-stage MOPA
configuration bi-directionally pumped at 976 nm. In the same study, Gray et al also
conducted a numerical modeling of SBS suppression using the same 39 um core but under
counter-pumped MOPA configuration, and it was predicted that up to 2 kW of SBS-free
single-frequency output power can be generated mainly due to the fact that counter-
pumping configuration leads to much greater temperature gradient (i.e. the temperature

difference between the coolest and hottest position along the fiber ) and the signal was
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treated as perfectly linearly polarized. In real experiments, most of the LMA fibers are not
PM so the polarization of the signal is far from a perfect linear polarization. In fact, the Eq.
(1.7) that estimates the threshold power of SBS can be multiplied by a factor of 2 for the
case of a perfectly linear polarized signal light. That means practical estimation of SBS
threshold in this case is also near 1 kW. Nevertheless, all the aforementioned studies
showed that temperature gradient due to quantum defect heating at the output end of the
fiber in a counter-pumped MOPA configuration can help further mitigating the SBS
threshold. The SBS threshold increase due to high temperature gradient can be explained

by the temperature dependent Brillouin gain broadening, thus decreasing the Brilloiun gain
coefficient g;. By this time, quite a lot of research and study were done to mitigate SBS in

single-frequency laser and amplifiers, and significant progress was made to increase SBS
threshold over 1 kW. Then, TMI was observed in around 2010 [39] and it has since then
been the major limiting factor in further power scaling of single-frequency fiber amplifiers
especially in the cases where a VLMA fibers (e.g. PCF, PBF, etc.) were used since the
large core significantly increases the SBS threshold but deteriorated mode quality because
of large core (even in the case of strong HOM suppression) leads to TMI at certain power

level before it reaches the SBS threshold.

In 2011, Robin et al [154] from the Air Force Research Laboratory (AFRL)
reported a 500 W SBS-free output power from a counter-pumped MOPA using a 40 pm
core and 300 pum inner cladding diameter Yb-doped PCF (provided by NKT Photonics)
with a segmented transverse acoustic tailored core design for SBS suppression. The output

power was eventually limited by TMI near 500 W. In 2014 [144], the same research group
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reported a 811 W record output power using a PCF which has a specially designed core to
suppress both SBS and TMI, i.e. gain tailored for TMI suppression (by reducing the
coupling between LPo; and LPi1 modes) and acoustic tailored for SBS suppression (by
introducing segmented acoustic index of refraction using dopants comprised of F, Al, and
Ge). They used a 9.2m long PCF with a core diameter of 38 um (MFD~30 um) and
cladding diameter of 400 um, which had an estimated pump absorption of 1.6 dB/m at 976
nm. The MOPA output was eventually limited by SBS near 811 W, which was indicated
by >0.1% ratio of backward scattered power to signal output power. Although the TMI was
mitigated in this case, but it came with a price of a very complex core design and much
smaller core diameter of only 38 um which played a major role in leading to lower SBS

threshold.

In 2014 [52], a collaboration research work between the AFRL and our group at
Clemson University led to an output power of 400 W from a single-frequency MOPA using
a Yb-doped all-solid photonic bandgap fiber (PBF) with very large flat-to-flat core

diameter of 52 um and flat-to-flat cladding diameter of 431 um. Later, a further study on

SBS characterization with this Yb PBF were conducted and it revealed that g, was ~ 6 x

107" m/W which is about a factor of 2 lower than the g; of the NKT fiber in [144,154].

Compared to the PCF with air holes in the cladding, the all-solid PBF has many advantages
such as easy to splice for future monolithic all-fiber amplifier architecture. In addition, the
low loss bandgap region of the PBF can be engineered to operate at various wavelength

regimes that suffer from high ASE at ~1030 nm in conventional PCFs.
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In this chapter, we will present our experimental work on power scaling of ultra-
narrow-linewidth single-frequency fiber MOPA operating at 1064 nm using a double-clad
Yb-doped all-solid PBF through a MOPA configuration counter-pumped at 976 nm. The

all-solid PBFs we have used in our present work are very similar to the PBF used in terms
of fiber dimensions and glass composition (e.g. g3 ). Except the slightly different fiber

dimensions of the new PBF, the major difference is the new microstructure cladding design
based on multi-cladding resonance (MCR) PBF which was previously showed superiors
HOM suppression [37,38]. So far, we have gone through two iterations of bandgap position
engineering by draw a second fiber with slightly larger fiber dimensions in order to move
the short wavelength edge of the low loss bandgap near the signal wavelength at1064 nm.
We have conducted detailed fiber characterizations and tests to study the SBS and TMI
thresholds. By the time this dissertation was written, we have obtained ~500 W output
power and 10 kHz linewidth single-frequency output power before it was limited by TMI

threshold.

6.2 Experimental setup and results
The experimental setup of the all-solid Yb-doped PBF MOPA is shown in Fig. 6.1.
The seed laser is a JDSU manufactured CW linearly polarized single-frequency laser
(NPRO M126N-100-1064-100) with a maximum free-space output power of 100 mW and
a nominal linewidth of ~ 5 kHz. The output of the NPRO seed was free-space coupled into
the input signal fiber of the multi-stage amplifier system (Y AR-50K-LP-SF) manufactured
by the IPG. The NPRO seed signal was amplified through the IPG amplifier and then

delivered to the main amplifier fiber (i.e. the Yb PBF) after transmitted through multiple
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free space optics, including the built-in isolator (ISO1) at the output end of the IPG
amplifier, the half-wave plate (HWP), the external free space isolator (ISO2) and the long-
pass dichroic mirror (DM2) that transmits 1064 nm and reflects unabsorbed pump at 976
nm plus some very low power ASE ~1030 nm. The power of the amplified seed laser before
the coupling lens (after DM2) is ~18W when the IPG amplifier was running at 90% output.
The length of the Yb PBF was 7~9 m for adequate pump absorption and high slope
efficiency of the MOPA output. The main amplifier was counter-pumped at 976 nm by a

DILAS diode laser with a maximum output power of 1.5 kW.

Unabsorbed Yb PBF

IPG
YAR-50K-LP-SF pumppower  50/400um

seed amplifier
—

1064nm |[ |
~ 7 a HWP
AA~kHz ‘/( A\ | A I 1502
NPRO { }:}|
seed laser | Viso 1:

v
= e
Backward 40
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power Y,
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Fig. 6.1 Experimental setup of the single-frequency Yb fiber laser system based on a counter-pumped
MOPA configuration.

The output of the MOPA was reflected by DM1 and majority of the power was
measured using a water-cooled 1.5 kW rated thermal power meter (L1500W-BB-50)
manufactured by Ophir Photonics. A wedge mirror was used to obtain a small amount of
the tap power for MOPA output diagnostics including mode quality (M?), output spectrum,

and linewidth measurement. The ISO2 is used for both protecting the seed amplifier from
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back reflected signal and extract the backward power from the MOPA. Then another wedge
mirror was used to split the small amount of tap power for monitoring backward spectrum,
while the main backward power was measured using a power meter. A YOKOGAWA
AQ6370 optical spectrum analyzer (OSA) was used to measure output spectrum of the

MOPA output and the backward propagating power extracted via [OS2.

The first iteration of the all-solid PBF (fiber number DA00816) has flat-to-flat (F-
F) core diameter of 53.5 um and F-F cladding diameter of 383 um. Pump absorption is
~2.3 dB/m at 976 nm. Although the fiber dimensions are much larger, this fiber has a
similar MCR design as the 25/125 um all-solid Yb PBF [41,42] that was used for the ~ 980
nm fiber laser which was previously covered in Chapter 1 and Chapter 2 of this dissertation.
The microscopic cross-section image of the fiber and its bend loss [35] measurement can

be seed in Fig. 6.2.
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Fig. 6.2 (a) The microscopic image of the fiber cross-section of the first iteration all- solid Yb-doped PBF
(DA00816) with F-F core diameter of 53.5 um and F-F cladding diameter of 383 pum, (b) the transmission
spectrum of the fiber at various bending diameters as the legend shows.
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We carried out systematic tests to characterize the first iteration fiber for single-
frequency MOPA operating at 1064 nm. With a coiling dimeter of ~33 cm and fiber length
of ~7.5 m, we obtained maximum output slope efficiency of ~70% and ~87% with respect
to the launched pump power and absorbed pump power for an estimated 80% coupling

efficiency of the multi-mode pump at 976 nm into the cladding of the Yb-doped PBF. The
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Fig. 6.3 (a) MOPA output spectrum at various output power, (b) Measured M2 at various output power.

M? was measured at various output power as shown in Fig. 6.2 (b). However, the output
spectrum shows very strong ASE/co-lasing near 1030 nm as in Fig. 6.2(a). The short
wavelength edge of the bandgap position was not well positioned to introduce high bending
loss to suppress ASE ~1030 nm. Without any spectral filtering, the gain peaks near 1030

nm in a phospholipase Yb fiber.

The second iteration all-solid Yb-doped PBF (fiber number DC27920) was drawn from the
same preform as the first iteration (DA00816). The new fiber dimension was scaled up by
~5% compared to the original Yb PBF to move the short wavelength edge of the low loss

bandgap to the right to be close enough to the signal wavelength at 1064 nm. Fig. 6.4(a)
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shows the calculated position of the of the new fiber transmission at 30 cm coil diameter.
As the red solid line indicates the signal wavelength at 1064 nm, the short wavelength edge
of the low loss bandgap moves closer to the signal wavelength after the fiber dimension
was scaled up by ~5%. Fig. 6.4(b) is the microscopic image of the drawn second iteration
Yb-doped PBF which has a F-F core diameter of 56 um and F-F cladding diameter of 401

um. The pump absorption is still 2.3 dB/m at 976 nm.
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Fig. 6.4 (a) Measured transmission loss at 30 cm coiling diameter (blue) and the same measured data
points scaled by 5% (orange), (b) microscopic image of the fiber cross-section of the new fiber scaled up
~5% (DC27920) with F-F core diameter of 56 um and F-F cladding diameter of 401 pm.

The fiber used for the final test was ~9 m and it was coiled at a coiling dimeter ~32
cm. The MOPA output power as a function of pump power is shown in Fig.6.5. The
maximum output power before the onset of TMI is ~503 W. The output power was plotted
respectively as a function of absorbed pump power and launched pump power. The
coupling efficiency of the 976 nm pump into the inner cladding of Yb PBF was estimated

as 80 %. The slope of efficiency with respect to the absorbed pump power is ~90%, which
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indicates a very low background loss considering the quantum efficiency of 91.7%. The

slope efficiency with respect to the launched pump power is ~80%. The difference between
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Fig. 6.5 MOPA output power versus pump power (left vertical axis). The slope efficiency with respect to
absorbed pump power and launched pump power are indicated by the linear fit to the measured data points
as indicated by the circle and triangle markers, respectively. Optical efficiency versus absorbed pump
power (right vertical axis).

the two slope efficiencies are due to the unabsorbed pump power that exits the fiber from
the seed end of the amplifier reflected by the DM2 as shown in the experimental setup [Fig.
6.1]. The optical efficiency is plotted was calculated via dividing the MOPA output power
by the absorbed pump power. The optical efficiency is ~90% at various output powers,
which is another indication of very efficient process of pump photon conversion into the

signal photon benefited from low background loss.
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The MOPA output spectrum was monitored at various output power as we

increased the pump power as shown in Fig. 6.6. By comparing this to the output spectrum
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Fig. 6.6 (a) Measured optical spectrum of MOPA output at various output power, (b) measured linewidth
of MOPA output at various output power.

in Fig. 6.3(a), we can tell that the low loss bandgap of the new Yb PBF moved to the right,
i.e. towards the longer wavelength. The ASE peak moved to near ~1060 nm and it was
very well suppressed by ~45 dB in this case. The high slope efficiency and the low ASE
both indicate that the bandgap of the new fiber was fine-tuned very precisely to where we
wanted, i.e. introducing high bend loss to ASE below 1064 nm but not too close to the
signal wavelength so that background loss at 1064 nm is still kept low to guarantee high

slope efficiency.

The linewidth of the MOPA output was monitored as well at various output powers
as shown in Fig. 6.6(b). Fig. 6.7 shows the setup for the heterodyne detection technique to
measure linewidth of MOPA output by beating the output of an identical single frequency
laser (NPRO2) with the output of the MOPA which seeded with NPROI. In the

experiment, the central frequency of the NPRO2 was slightly shifted by applying a ~6V
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DC voltage (i.e. via temperature-tuning of the NPRO crystal), in order to move the beat

frequency away from the 0 Hz position on the RF spectrum analyzer (RFSA). The sweep
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Fig. 6.7 Schematic of the setup for optical heterodyne linewidth measurement of the MOPA output.

time (SWT), video bandwidth (VBW), and resolution bandwidth (RBW) were respectively
set to 100 ms, 10 kHz, and 10 kHz. The linewidth of lasers is often defined in terms of 3dB
linewidth of the measured RF spectrum bandwidth. In the case of a heterodyne detection,
the real linewidth of the laser is half of the measured linewidth of the beat frequency. The
fluctuation in the measured linewidth data points at various powers are within the
acceptable uncertainty due to frequency noise and resolution of RFSA. The purpose of

linewidth measurement is to monitor if there is any linewidth broadening due to SBS onset.

At the same time, power and spectrum of the backward propagating light was
monitored using high resolution optical spectrum analyzer (OSA). If the SBS effect comes

in, the spectrum will show a Stokes frequency shift by ~16 GHz, i.e. shifted by ~0.06 nm
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towards longer wavelength. Fig. 6.8 shows the measured spectrum of the backward

propagating light at MOPA output power of ~503 W, and it does not show any signs of

(a) (b)

-40 -40

-50 -50
— P
£ 60 £ -60
[=2] [-4]
S °
. -70 70
Q Q
3 3
o -80 & -80

-0 -90

-100 -100

1000 1015 1030 1045 1060 1075 1090 1063.75 1063.85 1063.95 1064.05 1064.15 1064.25
Wavelength (nm) Wavelength (nm)

Fig. 6.8 (a) Optical spectrum of the backward propagating light from the MOPA, (b) zooming in around
the peak of signal wavelength with the OSA resolution set to 0.02 nm.

SBS. This indicates that the MOPA output was not limited by SBS whatsoever. The high
SBS threshold could be explained by the ultra large core and dopant composition which
led to very low Brillouin gain in a previous PBF used by the AFRL [52,155]. According to

Dragic etal [156], Yb doped phosphosilicate glass core composition, which is also present

in this PBF, can help lowering the peak Brillouin gain gj.
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Fig. 6.9 Measured M? (along X axis and Y axis) at various MOPA output powers. The inset also shows
the mode profile corresponding to a few data points.

The mode quality (M?) of the MOPA output was measured at various output powers
as shown in Fig. 6.9. The M? was ~1.3-1.4 before it reached the TMI threshold power at
503 W. When the MOPA output power increased form 450 W to 503 W, a clear time-
dependent mode fluctuation was recorded with fast camera of the M? device (Ophir
Photonics M200s-FW), similar to the dynamic mode fluctuation observed in the by Eidam
et al [39]. A small aperture was placed at the center of the beam path before it enters the
M? device, to remove the unwanted cladding light for consistent mode quality
measurement. A second CCD camera was used to measure the mode profile of the MOPA

output at various output power as shown in Fig. 6.10. The CCD camera was slightly
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Fig. 6.10 Mode profile of the MOPA output measured with a separate CCD camera than the mode profile
shown in Fig. 6.9.

saturated, the LP11 mode can be seen clearly in the last mode profile at 503W as shown in
Fig. 6.10. In the experiment, it was noticed that the mode quality of MOPA output could
be improved by optimizing the seed launching, coiling diameter, and the fiber holding
block which introduces excessive stress on the fiber that will lead to deterioration of
fundamental mode guided in the core. This was mostly caused by the free-space coupling
optics of the amplifier system. Better mode quality (e.g. M?~1.2) should help increasing

the TMI threshold.

6.3 Conclusion
We have presented our preliminary experimental results of power scaling narrow-
linewidth single-frequency Yb-doped all-solid PBF MOPA operating at 1064 nm. The low-

loss photonic bandgap of the all-solid PBF was fine-tuned through careful characterization
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and subsequent scaling of the fiber dimensions. The maximum SBS-free output power was
~500 W, which was eventually limited by TMI onset. The ASE suppression at maximum
output power was ~45 dB. Output slope efficiency was ~90% and 80% with respect to the
absorbed and launched pump power. The good SBS suppression may be due to the
advantages of the fiber and amplifier configuration, including large core, low BGC core
composition, temperature gradient from quantum defect heat and counter-pumping

scheme, etc.

6.4 Future work
This work has not been completed yet. A more detailed study on the TMI threshold
dependence on coil diameters, seed power, seed launching condition, fiber length, etc.
needs to be conducted in the future experiments. Further investigation on improving mode

quality of the MOPA output could result in a much higher TMI threshold.
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CHAPTER SEVEN

SUMMARY AND OUTLOOK

7.1 Summary of the dissertation

This dissertation work covers the research on three separate but also related projects
about power scaling of diffraction-limited high-power rare earth doped fiber lasers and
amplifiers, including single-mode high-power Yb-doped three-level fiber laser operating
at ~980 nm, near diffraction-limited high-power Er/Yb co-doped fiber MOPA operating at
~1562nm, and narrow-linewidth single-frequency high-power Yb-doped fiber MOPA
operating at ~1064 nm. These are three distinctive projects but with all of them we utilized
specialty LMA fibers based on silica host glass to achieve further power scaling of direct
diode pumped single-mode high-power fiber lasers for specific applications at these

wavelengths.

The research in this work focused mainly on improving laser performance by
optimizing the photonic bandgap fiber design, including both waveguide structure and host
glass material. Yb-doped silica glass fiber lasers have become the most popular choice for
high-power fiber lasers for many applications including industry, medical, aerospace,
scientific, etc. Driven by the increasing need for applications in material processing and so
on, single-mode high-power Yb fiber lasers system operating at wavelength near 1.1 um
with 10 kW average output power had already become a commercial product in around

2010. At around the same time, further power scaling of high-power fiber lasers met with
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several critical limitations and challenges such as TMI, SBS, photodarkening, and thermal

lensing, to name a few.

The first part of this Ph.D. dissertation research (in Chapter 2 and 3) has focused
on addressing several key issues with power scaling of Yb fiber lasers at ~980 nm which
operates as three-level system unlike the conventional high-power Yb fiber laser operating
at ~1070 nm which operates as four-level system. Efficient cladding pumped three-level
Yb fiber lasers are difficult to achieve due to the competing four-level system and high
inversion (>50%) criterion to obtain net gain in three-level systems. The demand for single-
mode high-power fiber lasers at ~980 nm has increased substantially in the past two
decades or so. This kind of single-mode lasers can be used for pumping core-pumped fiber
lasers and bulk solid-state lasers to generate high peak power ultrafast pulses. At least a
few tens of watts of single-mode (near diffraction limited) lasers at ~980 nm are required
for such applications. Unfortunately, output power from single-mode diode lasers
operating at ~980 nm is limited to only ~1 W. Cladding pumping is necessary for power
scaling single-mode laser output to the required tens of watts. In the past, a number of
cladding pumped Yb fiber lasers based on various LMA fibers have been reported but the
results are somewhat limited in terms of either in output efficiency and power or mode

quality.

One of the major issues with this type fiber lasers is suppressing ASE/co-lasing at
~1030nm due to the competing four-level operation. There are two ways to mitigate this
problem: one is to incorporate high spectral loss at ~1030nm in the laser cavity and the

other one is to ensure operation at high inversion along the fiber since the four-level system
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has much higher gain at low inversions. Free-space bulk optics (e.g. dichroic mirrors) have
been used in many previous demonstrations to introduce high (>30dB) spectral loss at
~1030nm, which makes it impossible to build an alignment-free all-fiber compact fiber
laser system. To overcome this, we have proposed to utilize a ~25/125 pum core/clad
diameter Yb-doped specialty all-solid photonic bandgap fiber (AS-PBF) based on multi-

cladding resonance (MCR) micro-structured cladding design.

The novel MCR design of the AS-PBF not only enables high ASE suppression
at~1030 nm but also ensures high HOM suppression which is the key to obtaining
diffraction-limited mode quality in LMA fibers. In an AS-PBF, the modes are guided by
the photonic bandgap effect, i.e. due to anti-resonance of cladding photonic crystal lattice.
After multiple iterations of fine tuning the bandgap position of AS-PBF, we were able to
fabricate the right fiber with long wavelength edge of the AS-PBF transmission band
carefully engineered to be next to the ~980 nm laser signal wavelength. This enabled
suppression of ASE at ~1030 nm with SNR>40dB and keep background loss at 977 nm to
be as low as 0.02 dB/m at coiling diameter of ~10 cm. Among the several iterations of
slightly different Yb-doped AS-PBF, the non-PM Yb fiber with 1.7 dB/m small signal
pump absorption and signal loss of 0.02 dB/m showed the best performance in terms slope
efficiency and mode quality (M?). The high pump absorption means that much shorter fiber
can be used thus ensuring high inversion all along the fiber. It’s also worth mentioning that
the high-inversion operation criterion also comes with two issues. One is that
photodarkening becomes a sever limiting factor in high-inversion fiber lasers. Another is

the high unabsorbed (i.e. residual) pump that intrinsically limits the laser slope efficiency
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with respect to the launched pump power. Nevertheless, we have demonstrated an all-fiber
monolithic Yb fiber laser at ~980 nm with record high 151 W average output power at near
diffraction limited beam quality of M?~1.2. The slope efficiency with respect to absorbed
and launched pump power were, respectively, 94% (only limited by quantum defect) and
63% which is also a new record for all-fiber laser schemes operating at ~980 nm. In
addition, the long-term power stability of the all-fiber Yb fiber laser was tested for ~60
hours, showing extremely well heat management and photodarkening-free operation of the

phosphorsilicate glass core fiber laser.

The second part of this Ph.D. dissertation research (in Chapter 4 and 5) has focused
on theoretical modeling and experimental demonstration of single-mode high-power Er/Yb
co-doped fiber laser system based on MOPA configuration. Yb sensitized Er/Yb co-doped
fibers are preferred for generating laser in wavelength range 1.5-1.6 um, due to much
higher active dopant concentration without clustering and large Yb absorption cross-
section at pump wavelength at ~9 xx nm. There has been very little progress in power
scaling of Er/YD fiber lasers in the past decade or so. There are two major challenges with

power scaling of single-mode Er/YDb fiber lasers operating at ~1.6 um: one is the Yb—Er

energy transfer bottleneck which results in Yb ASE (or parasitic lasing) at ~1.06 um and
output power clamping (i.e. flattening) at certain threshold pump power, the other one is
ensuring single mode operation that yields near diffraction-limited beam quality (M?). In
several previous experimental reports, it was observed that the ~1.6 pm output power
clamping does not occur immediately after the onset of the Yb parasitic lasing. This

phenomenon in high-power Er/Yb fiber lasers cannot be explained by the conventional
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model which dictates that all Yb ions are equally involved in the Yb—Er energy transfer

process.

In this work, we proposed a new model of simulating the Er/Yb fiber laser dynamics
in order to explain the abovementioned experimental behaviors. According to this new
model, we assume that there are two kinds of Yb ions involved in the Er/Yb co-doped fiber,
including coupled Yb ions which are in close proximity with Er ions, and un-coupled (i.e.
isolated) Yb ions which are positioned too far away from Er ions. Also, the onset of Yb
parasitic lasing is mostly due to the elevated population inversion of the isolated Yb ions,
while the high energy transfer rate of the coupled Yb ions ensures the continued growth of
the output power at ~1.6 pm from Er ions long after the onset of Yb parasitic lasing at ~1.1
um. Our simulation shows that the threshold pump power to output power clamping
increases as the fraction of coupled Yb ions increase, although the output is eventually
clamped at certain pump power even in the case when the fraction of coupled Yb ions is
set to be 100%. This threshold pump power is reached when pumping rate exceeds the Yb

— Er energy transfer rate.

Then, we conducted an experimental study on power scaling of single-mode Er/Yb
fiber laser using a commercial few-mode Er/Yb fiber (LMA-EYDF-25P/300-HE) from
Nufern. Other than the Yb—Er energy transfer bottlenecking and mode quality, excessive
heat load due to high quantum defect is a major challenge in Er/Yb high-power fiber lasers.
To mitigate heat load, we have used 915 nm kW-level diode as the pump which enabled

us using active fiber about three times longer compared to the case with pumping at 976
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nm. We have obtained a maximum of 302 W single-mode power at 1562 nm with an optical
efficiency record of 56%, very close to the quantum-limited efficiency of 58.6%. Also, we
have found that the fiber fuse is the major limiting factor for further single-mode power
scaling in this fiber rather than ASE as was previously reported. This could be mitigated
by lowering heat load, e.g. utilizing a longer active fiber with lower pump absorption. Our
simulations show that off-resonance pumping at ~915 nm or ~940 nm only plays a small
role in the observed negligible ASE especially at high powers. The experimental results
show that the main reason is most likely due to the high Er doping level in this Nufern
Er/Yb fiber compared to the Southampton Er/Yb fiber from a previous demonstration. This
will lead to a higher energy transfer rate R (ng/ns)n,, which increases the output clamping
threshold pump power, e.g. Py % (ApympRneny)/(nso,) where R is the energy transfer
coefficient. Thus, possible ways to increase threshold power include optimizing glass
composition for higher energy transfer rate, using pump wavelength with smaller

absorption cross-section, and obviously larger pump cladding if possible.

The last part of this Ph.D. dissertation research (in Chapter 6) has focused on power
scaling of narrow-linewidth single-frequency Yb-doped fiber laser system based on MOPA
configuration operating at 1064 nm. The motivation behind this works was to incorporate
the novel MCR design based PBF into the ultra-large-core Yb-doped PBF for single-
frequency fiber laser system operating at 1064 nm. Two iterations of fiber characterization
and optimization led to the successful fabrication of a new MCR based Yb-doped PBF with
core/clad diameter of 56/401 um. Preliminary experimental results have shown that the

single-frequency MOPA operates at output power of ~500 W and linewidth of ~10 kHz,
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without any signs of SBS effect although the TMI comes in at output power of ~503 W. In
addition, the ASE near 1030 nm was very well suppressed by ~45 dB. The slope efficiency
of the MOPA output was ~90% and 80% with respect to the absorbed and launched pump
power. Both the good ASE suppression and high slope efficiency indicate that the low loss
bandgap region of the new VLMA Yb PBF has been fine-tuned very close to the ideal
position that we wanted. Further experiments to be continued to investigate the dependence
of TMI threshold on MOPA configurations such as coiling diameter of fiber, fiber length,

seed launching condition, seed wavelength, etc.

7.2 Innovations and contributions
The major scientific and engineering contributions of this dissertation work is

summarized as following.

1. A novel Yb-doped all-solid photonic bandgap fiber for highly efficient single-mode
three-level fiber laser operating at ~980 nm was designed and optimized over many
iterations of characterization, test and fabrication. This has paved the way for using new
types fiber designs on the research field of power scaling three-level Yb fiber lasers at

~980nm.

2. Experimentally demonstrated record power scaling performance by AS-PBF based
all-fiber monolithic Yb fiber laser operating at ~980 nm with 151 W average output power,

63% output slope efficiency, and near diffraction-limited mode quality of M2~ 1.2.

3. The new monolithic laser was characterized in terms of coil diameters, ASE

suppression, optimum fiber length, linewidth broadening, photodarkening and long-term
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power stability. A robust all-fiber prototype laser of this kind could become a new powerful
tool for many turn-key laser-based applications such as pumping ultrafast bulk or fiber

based solid state lasers, etc.

4. The major limiting factors of high-power Er/Yb fiber lasers were analyzed and
numerically modeled for the first time based on the new model of two types of Yb ions,
i.e. coupled Yb ions and un-coupled (isolated) Yb ions. This can help explaining the

physics behind the observed behaviors of Yb— Er energy transfer bottlenecking and

various output power clamping thresholds in Er/YDb fibers with different Er to Yb ratios.

5. A record average output power of 302 W and near quantum efficiency limited
optical-to-optical efficiency of 56% were demonstrated from single-mode Er/Yb fiber
MOPA laser system using a commercial Er/Yb fiber from Nufern. The experimental results
show that fiber fuse due to excessive heat load is the major limit for further power scaling

unlike the Yb parasitic lasing at ~1.06 pm as was previously had been reported.

6. Designing and optimizing of a novel all-solid PBF has been explored for power
scaling of narrow-linewidth single-frequency Yb fiber laser operating at 1064 nm. An SBS-
free output power of ~500 W with ASE suppression of ~45dB and linewidth of ~10 kHz

was achieved. Further power scaling experiments to be continued.

7.3 Outlook
Significant progress has been made in power scaling of rare earth doped high-power
fiber lasers and amplifiers. Ensuring single mode operation and power scaling always

comes with tremendous challenges. Novel all-solid PBF based on MCR design
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demonstrated significant potential in further power scaling at wavelength regimes which

previously legged behind, such as ~0.98 pym and ~1.6 pm.

The record high power all-fiber laser demonstrated by the work of this dissertation
can be turned into a new series of tabletop commercial products to be used for pumping
ultrafast lasers. In addition, the same knowledge that acquired from developing the novel
PBF can be easily expanded to other wavelength regimes such as 1.5-1.6 ym. Combining

the newly discovered mitigation approaches such as Yb— Er energy transfer, ASE

suppression, heat load treatment, etc., the new all-solid PBF could be used for further

power scaling single-mode Er/Yb co-doped fiber lasers in the future.

Ultra large core all-solid PBF based MCR design demonstrated in this work could
pave the way for further scaling the SBS and TMI free output power of the single-frequency
fiber amplifiers for applications such as coherent beam combining, direct energy weapon
systems, etc. This novel fiber design can incorporate many features of previously
demonstrated fibers which were designed for SBS and TMI suppression, such as gain

tailoring, acoustic tailoring, etc.
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