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ABSTRACT

High Power Chirally-Couple-Core (CCC) Fiber Lasers for
Coherent Combining Systems

by

Cheng Zhu

Chair: Almantas Galvanauskas

High-power fiber lasers constitute a rapidly developing technology, with numerous
current and future applications ranging from industrial to fundamentals scientific. The
revolutionary advances of high-power fiber lasers are primarily associated with the development
of large core fibers. Over the last 10 years there have been numerous innovations proposed and
demonstrated that aim to increase fiber core size while maintaining diffraction limited beam
output. One broad class of solutions are so-called photonic-crystal rod fibers, with core sizes
currently reaching up to 135um, but which achieve that core size at the cost of sacrificing their
compatibility with compact integration by fiber splicing, coiled packaging, etc. Alternative
solutions based on so-called chirally-coupled core (CCC) fibers have been recently demonstrated
with the cores sizes reaching around 60um and operating with robust single-mode output, which

are completely compatible with standard fiber processing approaches based on fusion splicing
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and coiled packaging, and which, therefore, are well suited for developing monolithically-
integrated compact and robust high power fiber laser systems.

In this dissertation we present a detailed study of using this novel CCC fiber technology
for high pulse energy and high average power systems. Particular emphasis here is for using this
CCC technology for different types of coherently-combined fiber laser arrays, where
compatibility of CCC fiber technology with monolithic integration becomes an enabling factor
for constructing complex but practical high-power laser “circuitry”.

In this thesis, we first develop a detailed theoretical and experimental study of general
power handling and thermal characteristics in high power fiber amplifiers, with particular
emphasis on specific aspects associated with CCC fibers (or, in general, with any effectively
single-mode fibers), such as impact of modal leakage from a fiber core on the fiber amplifier and
laser efficiency. Furthermore, we explore the unique polarization preservation characteristics of
CCC fibers, which, as we show here are primarily the result of their spun nature, and their
effectively single-mode performance. Practical importance of these findings is that they provide
theoretical foundation for design guidelines to achieve stable polarization preservation in high
power CCC fiber systems. In subsequent chapters we present experimental exploration of high
average power scaling of CCC fiber amplifiers, reporting up to 576 W of single frequency output
from a 37um core CCC fiber amplifier, as well as a laboratory study of large-core CCC fiber
amplifier modal output performance at high average powers. Further chapters of the thesis are
devoted to high energy pulsed operation of large core CCC fibers. First, we report demonstration
of up to 9.1mJ at ~IMW peak power extraction from a 55um core Yb-doped double-clad CCC
fiber amplifier, the highest ever reported pulse energy from any effectively single-mode large-

core fiber. Then we theoretically explore novel pulsed pumping approach, which could lead to an
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order of magnitude increase in extracted pulsed energies compared to what is currently possible
with cw pumping. For example, when applied to 55um core CCC fiber and used in conjunction
with a recently demonstrated coherent pulse stacking technique, this approach could lead to the
generation of ~100mJ energy ultrashort pulses from a single fiber amplifier. This would
constitute a two-orders of magnitude increase of fiber CPA energies from the current state-of-
the-art.

To summarize, the results of the work presented in this thesis establish a foundation for
using CCC fibers in high power pulsed laser systems. We anticipate that this contribution will be
particularly useful when developing coherently combined fiber amplifier arrays based on CCC
fiber technology, and high intensity (TW to PW peak power) kHz repetition rate ultrashort-pulse

laser systems for driving laser plasma accelerators in particular.
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Chapter 1

Introduction

1.1 Current status of high power fiber lasers

Over the last decade fiber lasers have enabled remarkable advance in average power and
energy scaling. With important practical advantages such as diffraction-limited beam output,
high efficiency, as well as the robustness and compactness, fiber lasers are very attractive as
high-power and high-energy laser sources for various applications ranging from high field
science research to materials processing and industrial micromachining.

Shortly after the demonstration of the first Ruby laser [1,2], lasing in Nd: glass fiber was
demonstrated in the early 1960s [3,4] using discharge-lamp pumping. Further progress in fiber
lasers was tied to the development of laser diode pumps and the development of high quality
(single mode and low loss) optical fibers. First demonstration of fiber laser diode pumping was
achieved in early 1970’s [5,6], and single-mode optical fibers were also developed at about the
same time in response to the ideas promoted by Charles Kao of using optical fibers for high-
speed telecommunications (Nobel Prize in Physics in 2009 [7]). However, it was not until 1985
when the first single mode fiber laser was demonstrated in Nd-doped low-loss silica fibers [8,9].
Fiber lasers based on other rare earth dopants such as Sr [10], Pr [11], Er [12], Yb [13], Tm [14]
have been also demonstrated shortly after that. The introduction of a double cladding structure
[15,16] was the beginning of high-power fiber laser development, because this approach enabled

pumping with high-power multimode diodes, thus overcoming power scaling limitations



associated with single mode diodes. As shown in Fig. 1.1, the average power form a continuous-
wave (CW) fiber lasers with single transverse-mode output exponentially increased from few
Watts in early 1990s to around 10kW in late 2000’s [17-24]. It is worth noting that all the power
records achieved after 1999 were from Yb-doped fiber lasers. Yb doped fibers has shown distinct
advantages for high power operations due to its simple electronic structure. With only two 4f

energy levels: “F7, = *Fsp, Yb-doped fiber provides a more efficient way for power scaling with

elimination of unwanted processes such as excited state absorption, multiphonon non-radiative
decay and concentration quenching [26]. In addition, the very broad absorption (from 800nm to
1064nm) and emission (from 970nm to 1200nm) bands respectively also makes it applicable to a

wide range of pumping and operation conditions.
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Figure 1.1: Progress in average output power from near-diffraction-limited fiber lasers [25]. Blue
marks are power of CW fiber laser output, and the red ones represent average power of ultra-
short pulse generation. The green mark is a 20kW CW fiber laser output with unspecified beam
quality.

Furthermore, this broad spectral bandwidth is also favored for ultra-short pulse
amplification. Ultrafast fiber lasers have also been continuously developing since mid-1990s and
recently reached up to 830W of average power [27-29].
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Although the scaling of average power with fiber lasers has been exponentially increasing
over the past two decades, a number of challenges remains, particularly in achieving high pulse
energies. Relatively small core size and long signal propagation distances in a fiber limits
achievable peak power due to optical damage and detrimental nonlinear effects. Ultimate limits
to pulse energy and peak power are set by optical damage [30] and self-focusing [31]. In general,
different nonlinear effects appear as limitations for different types of amplified signals. For
example, stimulated Brillouin scattering (SBS) limits achievable power of narrow-linewidth
signals, stimulated Raman scattering (SRS) and four-wave mixing are the main limiting factors
in nanosecond pulse amplification [31], and self-phase modulation (SPM) is the main limitations
occurring in chirped pulse pulse amplification of sub-picosecond pulses [34]. SPM constraints
achievable ultrashort pulse energy to ~100pJ to ~ImJ, which is orders of magnitude below the
stored energy in a fiber amplifier. General approach that emerged to address these peak power
limitations is to increase fiber core size. However, this has lead to a new type of limitation -
transverse modal instability (TMI) - which is associated with a multi-mode nature of large-core
fibers, when thermally induced grating occurring at high average power due to beating between
different modes initiates coupling from fundamental to higher order modes, and thus degrades
beam quality at the fiber output [32-33]. To circumvent these barriers towards further power
scaling of fiber laser systems, novel approaches in both optical fibers and fiber laser systems are

required.

1.2 Chirally-Coupled-Core fibers for integratable high power lasers and laser arrays
The main challenge to increasing fiber core size is the multiple-transverse mode nature of
large cores. In the late 1990s, researchers demonstrated that a relatively robust single mode

operation in multimode fibers is achievable with core size smaller than 25um [45,46], by either
3



careful single-mode excitation or using coiling induced higher-order mode filtering. However,
such single-mode operation in a multimode core is very sensitive to perturbations such as stress,
misalignment of seed signal, and sensitivity to core mismatch at the splice point between
different optical fibers. Furthermore, with increasing core sizes, it becomes increasingly more
difficult to achieve modal differentiation between fundamental and higher-order modes (HOMs)
using coiling-induced modal filtering.

To increase fiber core size beyond the limitations of these techniques, various novel large
output have been proposed and demonstrated over the last decade.

Photonic crystal fibers (PCF), with an air-hole structure in the fiber cladding to
effectively lower its refractive index, retains single mode waveguide property in fibers with core
sizes of few tens of micrometers [47, 48]. Up to 40um flexible PCF, as well as 100um rod-type
PCF have been developed to fulfill the requirements of a high power fiber amplifier [49, 50].
Pulses with Ins duration, 4.5MW peak power and 4.3mJ energy has been demonstrated [51].
However, due to the air-hole structure within the fiber and the low core NA nature, splicing of
this fiber is very challenging. Furthermore, a rod-type structure, which is necessary for PCF
cores larger than 40pm, cannot be coiled making it rather cumbersome to accommodate the
complete fiber length (typically ~Im) as a stiff rod, sacrificing the compact aspect of fiber
technology.

Recently, large-pitch-fiber (LPF) with up to 135um has been developed based on HOM
delocalization [52]. Up to 26mJ from sub 60ns pulses as well as 3.8Gw from sub 500fs pulses
have been demonstrated [53, 54]. However, single mode operation in this fiber can only be
achieved in a pumped fiber, with heat deposition present, and thus such fibers can be operated

only at a specific power level. This makes it impossible to incorporate passive-fiber components
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with similar core sizes. In addition, considering that they can only be made in rod-type geometry,
such fibers essentially are a variety of free-space solid-state lasers, used to only achieve power
performance, but with none of the technological fiber advantages remaining.

A practical alternative to such “brute-force” approaches, Chirally-Coupled-Core (CCC)
fiber has been proposed [55-57], which increases fiber core size with effectively single-mode
characteristics while maintaining all relevant fiber attributes such as compatibility with fusion
splicing, coiling, and which is compatible with both doped (i.e. “active”) and undoped (i.e.
“passive”) fibers. Unlike conventional fibers, two waveguides or more are introduced into within
the fiber structure for CCC fibers. As shown in Fig. 1.3, one of these two waveguides is a large
diameter, central (main) core and the other/others are a smaller size, off-center side cores, which
are helically wound around the central core. This unique structure is helically symmetric, and
interaction in this structure can occur only between helical symmetrical modes. Since, in general,
such modes possess optical angular momentum (orbital and spin/polarisation momentum),
phase-matched coupling between the modes occurs when matching between various
combinations of modal phase velocities and their angular momenta is achieved, i.e. so-called
quasi-phase-matching (QPM). Consequently, QPM provides with new degrees of freedom in
designing modal interactions in CCC structure, and highly selective modal coupling between the
main core and the side core, or directly between the main core and the cladding can be achieved.
This modal-coupling selectivity can be exploited to design structures in which the fundamental
LP0O1 mode in the main core remains unaffected, while all higher order modes are coupled into
the cladding (either directly or via side-core, which then radiates into the cladding due to its

helical curvature). Operation of properly designed CCC structures has been shown to be



effectively single-mode, and very robust and insensitive to external perturbations and excitation
conditions [55-57].

Both passive (i.e. Ge-doped) and active - amplifying Yb-doped large core CCC fibers
have been fabricated and demonstrated. Various lasing and amplification experiments have been
reported. With single-side structure, up to 37um CCC fiber has been demonstrated with both
passive and active doping. 200W output power (130W compressed) with pulse duration of 350fs
has been generated with a 35pum CCC fiber based CPA system [58]. Up to 600W SBS free single
frequency amplifier output was achieved with single transverse mode output and single
polarization [59] (Chapter IV). For core size scaling over 40um, an advanced structure with
multi-side core was introduced and successfully demonstrated with up to 60um passive fiber and
55um Yb-doped fiber. SRS suppression using spectrally tailored transmissions of CCC has been
demonstrated with up to 140kW coupled in a 4m long Ge-doped 60um CCC fiber [60]. A
nanosecond pulse amplifier based on 55um CCC fiber has been demonstrated, emitting 10ns

pulses with energy of 9.1mJ and close to IMW peak power and no SRS onset [61] (Chapter V).



Figure 1.2: Illustration of structure of CCC fibers: a) single-side CCC fiber, b) 3D geometry of
CCC structure, ¢) multi-side CCC fiber with a polygonal shaped central core

Although none of the demonstrated CCC fiber structures have any polarisation-
preserving means in them, experimental empirical evidence unexpectedly revealed very robust
polarization-preserving performance of CCC based laser and amplifier structures [59, 62]. The
detailed description of this polarisation-preserving performance as well as through analysis of its
origins is presented in Chapter III of this thesis.

In summary, unlike PCF-based large core fibers, CCC fibers are all-glass and flexible
structures, which are completely compatible with coiled packaging and standard fusion splicing.
Strong HOM suppression also ensures negligible modal-scattering loss at the splicing points
between different CCC fibers, or even between single-mode and CCC fibers. Consequently,
CCC fiber is a large-core and core-size scalable structure that maintains all advantageous

attributes of conventional single-mode fibers, and thus serves as a technological platform for



developing full range of standardized integratable passive and active components for practical

high power monolithic fiber laser systems.

1.3 Coherent combining system

Active coherent combining of several fiber laser channels is a promising approach for
average power scaling to over 100kW [35]. Average and peak power in individual fiber channels
could be at a relatively low level, so that all the peak power dependent nonlinear effects
mentioned in the previous section could be mitigated. With applying this technique single
frequency fiber amplifier arrays with over 2kW of output power have been demonstrated [36].

Recently it has been also recognized that coherent combining of multiple parallel fiber
CPA channels offers a path towards simultaneously achieving high average power and high
pulse energy in ultrashort-pulse systems. One of the most interesting scientific as well as
practical application areas for such sources would be high-intensity laser driven plasma
acceleration, and other high-intensity laser-matter interactions. The problem is that none of the
existing solid-state (or other) laser technologies can offer even a potential solution. Currently,
fiber laser arrays appear to be the only viable path. This approach is at the early stages of
development, with up to four femtosecond-CPA channels combining demonstrated [123], and up
to 1.3mJ and 530W average power with sub-picosecond pulses achieved [37]. This still very far
from the objective of achieving pulses in the 100mJ to >10J range, which will require much
larger array sizes.

The challenge of reaching 1J to >10J pulse energies is associated with very large array
sizes that would be needed. Indeed, considering that individual fiber CPA channel is limited in
energy of approximately 100uJ to 1mJ, reaching such energies would require array sizes of the

order of 10* - 10° parallel channels. Such astronomically large array sizes certainly present a
8



formidable technological challenge. Recently our group introduced an idea of temporal pulse
stacking, which allows to overcome individual FCPA-channel peak power limitations and to
potentially extract all stored pulse energy with negligible nonlinearity. Such pulse stacking can
be considered as a time-domain coherent pulse combining technique. In this coherent pulse
stacking (CPS) technique [42] single pulse amplification is substituted by amplification of a
burst of multiple pulses, which are stacked into a single pulse at the system output. This
effectively increases amplified pulse duration so that the peak power of individual pulses in an
amplifier is reduced, and the peak-power related nonlinear effects are mitigated. CPS technique
is implemented by taking high-repetition mode-locked laser oscillator periodic pulse train and
“carving” it into properly amplitude and phase modulated pulse bursts, each of which after
amplification is stacked into a single output pulse using Gires-Tournois Interferometer cavities
[43]. Theoretical analysis of this CPS technique shows that large number of 100 to 1000 equal-
amplitude pulses per burst can be stacked into a single pulses, thus providing similar extractable
energy enhancement for an individual FCPA channel. This thesis is not addressing
implementation of the CPS technique itself. However, ability to amplify effectively very long
(~100ns to ~1us) pulses calls for analysis of how much pulse energy can be extracted from a
large core fiber amplifier, given that pulse duration limitations are removed. In Chapter VI we
present such an analysis, where we show that by using novel pulsed pumping scheme one can
increase extractable energy with such effectively-long pulses by an order of magnitude, to
potentially ~100mJ for 55um CCC fibers. This have an immediate implication for the required
FCPA array sizes, potentially reducing from 10" - 10° parallel channels down to 10 - 100 parallel

channels for achieving 1J - 10J pulse energies.



It is worth noting that other concepts for temporal pulse combining have been proposed
by other groups. Another way to extend single pulse into multiple ones is by splitting and
delaying stretched pulse replicas and then compensated the delay and recombine them by a series
of Mach—Zehnder-type delay lines, a so-called divided-pulse-amplification (DPA) [41]. This
DPA technique, however, is in practice limited to less than ~10 pulses due to delay-line length
increasing exponentially with the number of divided pulses, and therefore can not increase FCPA
channel energy substantially.

Basic architecture of the envisioned coherently combined system incorporating both
spatial beam and temporal pulse combining schemes is outlined in Fig. 1.2. Mode-locked
oscillator is a seed source, common to all channels. Fiber CPA is implemented using common
pulse stretcher at the system input, and common pulse compressor at the system output. Both
pulse stretcher and pulse compressor can be implemented using conventional diffraction-grating
based free-space arrangements. Coherent pulse stacking is implemented by using an amplitude
and a phase modulator, also common to all channels and placed right after the pulse stretcher,
and using GTI reflective-cavity based pulses stacker, common to all channels and positioned
right before pulse compressor. Coherently combined fiber array is positioned between the
modulation and stacking stages. For implementing spatial combining, the seed signal (in the
form of a prepared burst of stretched pulses) is first split into multiple paths, for example, using
all-fiber components, each then amplified within individual fiber amplifier channels, and
subsequently are combined into a single beam using free-space optics at the output of the array.
Spatial beam combining of output beams can be achieved by spatial tiling at the far field [38], or
they can also be combined into a single beam by either 2-to-1 components such as polarization

beam splitters (PBS) [39], or N-to-1components such as diffractive gratings [40]. Note that CPS
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amplification can be implemented with a single fiber channel, particularly advantageous if 10mJ
to 100mJ pulse energies could be achieved per individual channel. This system should also
contain necessary electronics for achieving required coherent-control and signal monitoring

feedback loops for coherent beam and pulse combining.

Beam combiners
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Figure 1.3: Basic architecture of coherent combined fiber laser array incorporating spatial and
temporal combining techniques.

From Figure 1.2 it is quite clear that implementing multiple-channel arrays will require
large-core fiber modules, which are monolithically integrated and comprise of standard,
interchangeable fiber-optic components. This has been the main technological motivation for
developing CCC fibers. In general, use of large core fibers in this type of applications require
that a number of critical performance requirements would be met [44]:

1) Single transverse mode output from the amplifier is necessary for achieving efficient
beam combining and high beam quality output of a combined beam.

2) Polarization maintenance in each parallel individual fiber amplification channel is
necessary for the combining efficiency and the stability of the combined beam intensity.

3) Each parallel channel should be implemented as a compact, robust and reliable

integrated (and “standardized”) module.
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1.4 Chapter overview

In this dissertation, the performance of CCC fibers for high power coherent combining
systems is explored theoretically and experimentally.

In Chapter II, a detailed model of fiber operation in a high power laser system is
presented, which includes a thermal model, pumping and signal propagation models of a fiber
laser or amplifier. Since in any effectively single-mode fiber selective suppression of higher-
order modes cannot be achieved without inducing some finite leakage-loss for the fundamental
mode, it is very important to understand how fiber laser or amplifier efficiency is affected by this
loss. We have studied this dependence using both analytical and numerical models, presented at
the end of the chapter.

Chapter III is devoted to the exploration of polarization preservation properties of CCC
fibers. We first establish theoretical background by presenting general description of fiber
polarisation performance using standard Poincare Sphere and coupled mode equation
approaches, and review a full range of known internal and external perturbations and their effects
on polarization preservation in a fiber. Further, using these theoretical tools as well as
experimental characterisation, we show that in CCC fibers effect of all internal perturbations is
eliminated due to rapid spinning of CCC fiber preform during fiber fabrication process, and due
to the effectively single-mode nature of the fiber core. We also demonstrate that due to the large
cladding size, CCC fiber sensitivity to external perturbations is significantly reduced. At the end
of the chapter we consider effects of coiling-induced linear birefringence and twisting-induced
circular birefringence on CCC fiber polarization properties, an important practical aspect for

designing an integrated fiber system.
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In Chapter IV we describe CW single-frequency fiber amplifier demonstration
experiments based on 37um CCC fibers, with SBS-free output powers reaching to nearly 600W,
while preserving single polarization and single transverse mode. The TEM00O modal content
from a single frequency CCC fiber amplifier is also measured in a collaboration work with a
group from Hannover, Germany. This work is relevant for potential use of CCC fibers for the
next generation gravitational wave detectors. Demonstration of high power single-frequency and
single-transverse mode output is also relevant for using CCC fibers as parallel amplifier channels
in multi-kW power CW fiber laser arrays.

In Chapter V, energy scalability of a 55um CCC fiber operating in a few-nanosecond
regime is explored, achieving up to 9.1mJ and nearly IMW of peak power with 10ns-long
pulses. Energy saturation, SRS suppression as well as splice-ability of this large core CCC fiber
are also studied. Results of this study are particularly relevant for designing high energy pulsed
fiber amplifier systems operating in nanosecond and in ultrashort pulse ranges.

Chapter VI is devoted to exploring energy extraction scalability associated with coherent
pulse stacking amplification. As a background, a recent CPS demonstration experiment is briefly
described, which was performed using 55um core Yb-doped CCC fibers. Development of the
CPS method itself is not part of this thesis. However, CPS enables a new pulsed amplification
regime, in which multiple ~1-ns stretched pulses are amplified in a large core amplifier.
Anticipated total duration of these pulse bursts is in the range from ~100ns to >1ps, which is
very unusual for pulsed fiber amplifiers. In this chapter we propose and explore a new pulsed-
pumping approach, which exploits such long pulse-burst durations to increase extractable pulse
energy by at least an order of magnitude compared to what is possible with 1ns-10ns short pulses.

We first present an analytical method which treats the high repetition rate pulses in a burst as a

13



quasi-CW signal. Furthermore, we develop a more accurate quasi-analytical model, and compare
the predictions of the two models. We show that when using high peak power pump pulses,
achievable from Q-switched fiber lasers, one can completely overcome saturation-fluence
limited energy storage, which is on the order of ~10mJ for a 55pum core Yb-doped CCC fiber,

and can achieve output pulse-burst energies exceeding ~100mJ for this particular CCC core size
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Chapter 2

Exploration of general large core CCC fiber laser properties

To assist building and operating fiber lasers or amplifiers, modeling and estimation of
amplifier performance is very useful when choosing fiber length, pumping wavelength, and the
arrangement for heat removing, etc so that performance of the system could be optimized.
Generally, for majority of fiber lasers and amplifiers, the main properties pre-evaluated are

power scalability and pump-signal efficiency of the system as well as heat distribution along the
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Figure 2.1: (a) Schematic illustration of fiber amplifier geometry. P*(z) and P,(z) are the signal
and pump powers propagating in the positive and negative z direction, respectively. (b) Example
of energy band diagram of a three-level system such as Yb*".

2.1 Amplification analysis for continuous-wave (CW) fiber amplifiers
As illustrated in Fig. 2.1(a), a typical fiber amplifier consists of a doped fiber with length

L. To achieve high power amplification with diffraction-limited beam output, cladding-pumping
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scheme has been proposed [16]. With a doped weakly guiding core which guides only one or few
modes, as well as undoped cladding with larger brightness and acceptance angle, such fiber
structure is capable of delivering signal beam with high beam quality whereas efficiently
working with pump source with high power output but low brightness. Assuming the fiber end
with seeding power P (A5) launched in at z=0, all the beam propagating in the same direction as
seeding signal is called forward or co-propagating while all the beam in the opposite direction is
backward or counter-propagating. Pump power P, (z) at 4,, could be coupled into the fiber at
z=0 or z=L allowing for either one of these two pumping configurations. Note that amplified
spontaneous emission (ASE) produced in a pumped fiber is propagating in both directions.

Since for all the fiber amplifiers discussed in this thesis are doped with Yb>*, our model
is based on the transitions in Yb-doped gain medium. Fig. 2.1(b) depicts the energy band
diagram for Yb-doped systems. With only one excited state manifold (*Fs;,) and the ground-state
manifold (*F7,), Yb’" is basically a 2-level system. However, according to the pump absorption
and signal amplification to occur at different sublevels, it works as a quasi 3-level system for
amplification at <1040nm and a quasi 4-level system for amplification at >1040nm [64].

The model for CW amplification is based on a set of time-independent rate equations,
Eqn. 2.1-2.3 for upper-level population density N,(z), pump wave Py (z), signal wave P* () as
well as ASE [63]. Due to various emission and absorption cross-section over the broad
bandwidth of ASE, the calculation is done by dividing the spectral width AL by the spectral
power density P¥(1) with A # A,. All the transitions described in Fig. 2.1 (b), such as pump
absorption and emission, signal stimulated emission and absorption, spontaneous emission as

well as scattering losses of pump and signal wave are included in these rate equations.
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where h is the Plank constant, c is light speed in vacuum and N is the dopant concentration (per

unit length). T is the upper-level lifetime. A is size of core area. Pump power filling factor I, is
the ratio of core and cladding area. Similarly, signal power filling factor I is given by the ratio
of core and mode area. g,,, 04y, are respectively emission and absorption cross-sections of pump
wave at v, whereas g,(4) and o.(A) are the emission and absorption cross-section of wave

propagating along the core. a(z, A) represents the scattering loss coefficient for pump or signal
wave.

The calculation always starts from the input pump power end for both co-pumping and
counter-pumping scheme with all the powers propagating towards the other end, using Runge-
Kutta integrations. Estimation for output ASE and signal wave that propagate along the opposite
direction is made at the beginning and further refined in an iterative procedure until the
calculated input power for ASE and signal power equals the given value.

Fig. 2.2 shows an example of simulation results of a counter-pumped fiber amplifier
based on a 3m piece of 37um core, 250um cladding CCC fiber. Parameters used in the
computation are listed in Table 2.1. Values for emission and absorption cross-section of Yb*" in
a germanosilicate glass were obtained by spectroscopic measurements by Paschotta et al [64].
Note that in the calculation results presented here, the efficiency of amplification is close to 90%,
which is purely due to the quantum defect. However, in real system, additional factors such as

17



non-radiative decay from the upper level, the efficiency of Yb-doped fiber lasers and amplifiers

does not exceed 80% in practice.
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Figure 2.2: Power distribution along the fiber with 1W seeding power at 1064nm and 800W
pumping power at 976nm.

Table 2.1 Parameters used in computation

Parameter Value
Ap 976nm
Ag 1064nm

T 0.8ms

Tep 2.5x10'm’

Oup 2.5%10**m’
0q(As) 0
o.(As) 0.3x10*'m’
o,(D) see ref. [2]
g.(1) see ref. [2]

A 1369 um”

N 3.787x10” m™

I 1
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T, 0.0219
a 3x10° m’!

2.2 Analysis of the effect of fundamental-mode leakage-loss on amplifier efficiency

As discussed in section 1.4, for achieving high power output with near diffraction-
limited beam from a fiber amplifier, it is advantageous to use a specially designed effectively-
single-mode fiber, in which HOM propagation is “blocked” by inducing HOM leakage from the
core to the cladding. However, with significant HOMs leakage-loss introduced, some residual
leakage-loss for fundamental mode also appears in these fibers. In this section the effect of this
fundamental mode loss on amplifier for laser efficiency is investigated.

Firstly, to explicitly understand the influence of core signal loss on system efficiency, an
analytical solution for slope efficiencies of core and total power was derived for a fiber laser
system. The model for fiber laser system is shown in Fig. 2.3, which consists of a piece of fiber

with length of L and two reflection mirrors with reflectivity R; and R, respectively.
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Figure 2.3: Illustration of fiber laser model.

The rate equations for lasing are as follows:
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dPp

E —_ _(O-ale - GepNz)FpPp (2.5)
dP¥ + 2

—E = [(Ge + Ga)FSNZ - GanNtot - 0(]Ps_ ( 6)
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where N1, N2 are longitudinal ion populations density at ground level and upper level

respectively. A is fiber core area while I}, = Acore/Aciaq 18 pump power filling factor and I is

the ratio of mode area to core area. v, v are pump and signal frequency, h is Plank constant, and

pl
T is upper level lifetime. a represents scattering loss coefficient for signal wave.

The steady state solution for upper level population ratio n,(z) = N,(z)/Nyo¢ is then:
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With N; = (1 — n,)Ny,: and (2.7), Eqn. (2.5) could be solved as:

©(0ep+0ap)Tp [Ppans(z) PP, Pio
P, (2) = Py(0)exp [—0ap[p Niorz + =t p( pabs ) _ ol t(Z)>]

A hv, s
(2.8)

where
Prabs(2) = B, (0) — Py (2) (2.9)
Pioe(2) = (P (2) — PE(0)) + Piyss (2) (2.10)
Pifpss(2) = [ aPE(&)dE .11)

Note that P;;,..(2) is not the power loss to cladding at z position, it is actually the total power in
cladding subtract the loss accumulated from z to 0. Similar definition applies for P/;.(z). And

Ppaps(2) and Pt (2)+Pioe(2)
hvyp hvs

are indeed photon flux of pump absorption and total signal

amplification respectively.

In a similar fashion, we obtain:

+ p—
P (2) = P;(0) exp [_(UarsNtot +a)z+ T(Ue‘:lda)rs <PpZ:),S(Z) . Ptot(zzl:Ptot(z)>:| (2.12)
p S

+ -_—
PS— (Z) — Ps_ (0) exp I:(O-arsNtot + (X)Z _ T(get+0g)ls <Ppab5(z) _ Ptot(z)+Ptot(Z)>] (213)
A hvy hvg
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For a fiber laser, the boundary condition is given by:
P, (L) = R, - P} (L) and P} (0) = R, - P; (0) (2.14)

Using Eqn. (2.13-14) we can further get:

T(0et0og)ls <Ppabs(L) _ Pt-t)t(L)‘l'Pt_ot(L)

; ) = @aliNewe + L =3I (RiR)  (215)

hvy hvg
Plug (2.15) into (2.8, 2.12 and 2.13),

(0'ep+cfap)l’p

P,(L) = P,(0) exp [—GaprNth + P

<(aarstt +a)l — %1n(R1R2)>] (2.16)

P (L) = B 2.17)

(2.18)

And the absorbed pump power can be expressed as

(oep-i-cap)l“p
(oetoa)ls

Ppabs(L) = Pp (0){1 — €xp _GaprNtotL +

(@aliNeoe + L =2 RY)y (2.19)
Using Eqn. (2.11-13), one can get an expression for the total power lost into cladding
sloss*

pi

sloss

.
= QPE(0) [y exp [F(0uNege + @)z + 10200l (Toebs® _ Mol yg, (2 20)
A hvyp hvg

+ -_—
pabs(®) _ Peot@*Peot(®) o i deed the difference between integral of photon flux for

. 2
Since
Vp hvg

pump absorption and signal amplification from 0 to z, the maximum value of this term is at fiber

Ppabs(L) . P (L) +Pioe (L)
hvy hvg

end z=L, i.e. . From (2.15) we can get

1
[(UarsNtot'i'a)L_z ln(RlRZ)]A

ANpax =

2.21)

(o, +0)l s
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This is also the threshold pump power photon flux to start the lasing oscillation. And one
reasonable assumption is that this threshold pump power photon flux is homogeneously

distributed along the fiber length, hence one can get:

AN(z) = 2Nmax2 (2.22)
Using Eqn. (2.20) and (2.22), P} . can be further calculated as
Pstoss = B+ - PF(0) (2.23)
+_ _ (RiRp-1)
where B = @k 2%
Similarly, one can also get:
Pstoss = B+ Ps” 0) (2.24)
where 37 (1' R(;R; )1 ) 2L From the expression of B and B, it is clearly shown that the power
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loss from the core signal is strongly dependent on the total loss rather then the loss ratio per unit
length.

Hence, the total amplified power from 0 to L is given by

P (2) + Proe(2) = x - P (0) (2.25)
where y = (1- Rlizl)j‘/__+‘/—)( 1n(2ROi];_2)).

With Eqn. (2.15) and (2.25) we can get an expression for P;(0) with dependence on
Pyaps(L) as follows:

|[(GalsNeor+a)L—3In(R1R,)|A

P+(0) — th {Ppabs(L)

X hvy T(0et+0y)ls

) (2.26)

For co-propagating laser output, i.e. R,<<1 and R;~1, the output power in core is:
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Pdout = P (L)(1 = Ry) = 22 PY(0) (227)

With (2.26) the slope efficiency of laser signal in core is given by:

dP;-,out: _ Vs . (1_R2) (2.28)

Ms.co dPpaps(L) Vp XJRiR;

The total power output is then can also be calculated by:

Pirour = [+ B+ B71(1 = ROP/(0) (2.29)

Similarly as the calculation for core signal slope efficiency, one can also get expression for total

power slope efficiency as follows:

_ dP-t'-ot,out _ (RlRZ_l)
T]tot,CU - deabS(L) - [1 + ln(Rle) ZaL]nS,CO (2'30)

For counter-propagating laser output, i.e. R;<<l and R,=1, the expressions for slope

efficiencies of core signal 7, ., and that of total power 7.4+ could be derived following the

same steps:
_ dPsour  _ vs (1-Ry)
Mt = dPpaps(L) vy  XR1 231
+ -
_ dPeotout _ [1 +(RL21)2(XL]775,CL‘ (232)

Neot,ct dPpabs(L) In(R1R3)

From the relations shown in (2.28 and 2.30-32), the dependence of slope efficiencies of
core signal and total power on total loss in the fiber rather than the loss ration per unit length
both for co-pumping and counter-pumping schemes. Moreover, for usual laser system,
reflectivity of one of the mirror would be close to one, and the following expression is true for
aL > |[In(R{R,) |.

1+81R2 =054,

— ki) _ 1 _R (2.33)

“In(R1R2)
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where R is the reflectivity of pick up value. This means the slope efficiency of total power would
remain the same for small total loss, and then with total loss increases, it degrades slowly to (1-R)
of the original value with no loss in core.

In Fig. 2.4 simulation results of relation between slope efficiencies and core signal loss
ratio both from numerical and analytical model are depicted and compared for 3m long 37um
core, 250um cladding CCC fiber with parameters listed in Table 2.1. The calculations were for
counter-propagating laser output with pick-up mirror reflectivity of 4%. The red curves are
analytical solution while the blue ones are from numerical modeling. The total slope efficiency is
illustrated in solid lines while the core signal efficiency is with dashed lines. The numerical
calculation was carried out with lasing wavelength at 1064nm and pump power of 100W with
wavelength at 976nm and 966nm respectively. The disagreement between numerical and
analytical modeling for 976nm at loss ratio larger than 5dB/m is because with such high loss, the
lasing condition is not satisfied and no lasing oscillation started. Therefore, the assumption made
with Eqn. (2.22) is not valid. However, one should also keep in mind that in real system,
fundamental mode loss in fiber is usually no more than 3dB/m. And for leakage loss smaller than

3dB/m, we have excellent agreement between the analytical expressions and exact solutions.
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Figure 2.4: Comparison of analytical solution and numerical calculation for the slope efficiency
dependence on fundamental mode loss in core. The solid lines are total power efficiency while
the dashed lines represent core signal efficiency. The simulation results following numerical
models are in blue while the ones following analytical solution are in red. (a) with pumping
wavelength at 976nm. (b) with pump wavelength at 966nm.

Since for fiber amplifier model, it only has initial boundary condition known, it is hence
not possible to get an explicit solution for the efficiency and loss rate relation. But one can still
study the effect of fundamental mode leakage loss on amplifier efficiency with numerical
calculation introduced in the previous section. Furthermore, fiber design criteria could also be
achieved based on such simulation. The following examples were calculated with the same 3m
long 37um core, 250um cladding CCC fiber as in the previous section. And effects of
fundamental mode loss for both co-pumping and counter-pumping scheme were compared and
further investigation on impact of signal loss on amplifier efficiency was also done. To simplify
the calculation, strong seeding for the amplifier is assumed and hence the power of the ASE is
negligible in the model.

First, power amplification with 0dB/m and 5dB/m loss of fundamental mode in a 3m long
piece of fiber with 9dB/m pump absorption at 975nm for both co-pumping and counter-pumping
schemes are compared, as shown in the Fig. 2.5. The system is seeded with 3W at 1064nm and
pumped with 100W at 975nm. For counter-pumping configuration, the signal power
monotonically increases along the fiber to 90W at the output when fundamental mode has no
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loss, and to 45W when it possesses a SdB/m leakage. For the co-pumping configuration, signal
output power reaches also 90W when signal is lossless, which is the same as in the counter-
pumping case. However, when fundamental mode experiences 5dB/m leakage, propagating
signal power first monotonically increases until it reaches 34.7W at 1.3m from the input, and
then monotonically decreases with further propagation reaching 11.5W at the output. This
happens because co-propagating pump decreases along the fiber, and at some point signal gain
becomes lower than signal leakage. If to shorten fiber amplifier to the length of 1.3m where
signal reaches its maximum, then considerable residual pump power would be transmitted,
indicating that efficiency of the amplifier is far from its optimum. This comparison shows clearly
that to have efficient power extraction, the counter-pumping scheme is more immune to the

signal loss and less sensitive to the fiber length than the co-pumping case.
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Figure 2.5: Power distribution along the fiber under both counter-pumping and co-pumping
configuration with assumption of fundamental mode loss in core as 0dB/m and 5dB/m
respectively. The dashed curve is the pump power distribution. The solid curve represents signal
power in core while the dash-dot curve is the total signal power distribution

26



Counter-Pumping Fiber Amplifier

Efficiency and Core-to-Cladding ratio V.S. Leaking Loss

0.0 Npmmmmm——— e T 0.9
\
L) e 0.8
0.8+ R E H e : sall il
~
0.7¢ ‘\\ 4 0.7¢ ‘\‘ —Signal_in core
" == Signal in core ===total signal )
2 0.6- ) ===total signal 2 0.61 =®=core-to-cladding
5 NS =®=core-to-cladding 5
= 0.5 \\ : T pers | 3 0.5
& \ E
= 0.4- < . = 04l \\

e
w
T

Fed
(8]
T

=3
-
¥
[/
7

0

~~~~~~

0

5

I R
10

I
15

central core leakage loss [db/m]

i
20

Co-Pumping Fiber Amplifier

Effilotciency and Core-to-Cladding ratio V.S. Leaking Loss

o
w
T

o
2

\

I
=

0

M,

.

i i

-—g

0

5

i
10

i i
15

central core leakage loss [db/m]

20

Figure 2.6: Slope efficiencies of signal in core and total amplified power as well as core-to-total
power ratio versus fundamental mode loss in core. The dashed curve is the slope efficiency of
total power and the solid line is that of the signal power in core. The dashed curve with circles
represents the core-to-total power ratio.

Impact of loss of core signal on amplifier efficiency and core-to-total power ratio is
further explored for both pumping schemes with the same system parameters as in previous
simulation. The slope efficiencies of core signal and total signal power versus absorbed pump
power as well as core-to-total power ratio were calculated for various core signal losses per unit
length range from OdB to 20dB/m and the simulation results are depicted in Fig. 2.6. Both
counter-pumping and co-pumping cases were computed with 3W seeding power at 1064nm and
100W pump power at 976nm. For both pumping configurations, the slope efficiency of total
amplified power experiences negligibly small degradation, decreasing from 90% to 87% when
fundamental mode leakage loss increases to 20dB/m, while the in-core signal efficiency degrades
significantly with increasing fundamental mode loss. The degradation of core signal slope
efficiency in co-pumping amplifier with leakage loss is more pronounced than that in counter-
pumping systems. This behavior is due to the less efficient pump power conversion when the

signal propagates away from the pump end in co-pumping system. It is confirmed again that

counter-pumping configuration is more suitable for optimizing conversion efficiency of power
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amplification. It is worth noting again that in practical system, the fundamental mode loss in
fiber core is usually much less than 3dB/m, with a typical design requirement being less than
1dB/m.

The fundamental mode leakage from core to cladding not only degrades the efficiency of
an amplifier or a laser system, but it also affects output beam quality due to power present in the
cladding. Therefore, an important characteristic of an effectively single-mode fiber laser or
amplifier is the core-to-cladding power ratio of the output beam, defined as the ratio between the
in-core signal power to the total signal power from the fiber. If to require that a beam with
acceptable quality should have core-to-cladding power ratio higher than 90%, then according to
the simulation results from Fig. 2.6 for the 37pum core, 250um cladding CCC fiber, less than
0.5dB/m fundamental mode leakage loss is allowed.

Fiber length is a critical parameter in determining the performance of fiber amplifiers and
lasers. On one hand, the longer fiber length facilitates thermal management; on the other hand,
increasing length usually reduces the threshold for nonlinear effects, which are detrimental to the
power scalability of the system. Slope efficiencies of core signal and total amplified power
versus various fiber lengths for both counter-pumping and Co-pumping systems are shown in Fig.
2.7. The fundamental mode loss ratio a and ion concentration N were adjusted for different fiber
lengths to keep the total loss and pump absorption value constant. From Fig. 2.7 one can
conclude that the slope efficiency is dependent on the total loss of the system but not the loss per
unit length, which is consistent with the analytical solution for fiber lasers. As a result, higher
doping concentration for the fiber is preferred if the fundamental mode loss ratio is constant so
that fiber length in need is shortened which in turn will reduce the over all loss in amplification

as well as increase the slope efficiency.
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Figure 2.7: Slope efficiency dependence on fiber length with total fundamental mode loss fixed.

A comparison of experimental measurements with the numerical calculation of both
amplifier and laser is depicted in Fig. 2.8. Core-to-cladding power ratio from the same 2.5m long
55um core Yb-doped CCC fiber was measured under various tests. Firstly, both ends of the fiber
were straight cleaved and pumped with up to 40W. The core-to-cladding ratio was measured
with output beam from both ends, which was 84% for the counter propagating signal and 52%
for the co-propagating signal. And then the core-to-cladding ratio of 62% was measured from
lasing output with implementing a dielectric filter at the pump output end. Both ends of the fiber
were then endcaped and polished to 12°. Seeding with 10mW and 600mW respectively, the core-
to-cladding power ratios of amplified output were measured with counter-pumping to SOW. For

10mW seeding, core-to-cladding ratio was about 71%, and for 600mW seeding, that was around
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62%. As shown in Fig. 2.8, most of these measured values correspond to a calculated leakage

loss rate of approximately 2dB/m.
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Figure 2.8: Comparison of experimental measuerement of core-to-cladding ratio from fiber
amplifier and laser to the simulated result. The sollid lines are simulation results. The dots are the
measured value.

2.3 Thermal analysis for heat distribution along fiber during amplification

Heat is generated in the core of fibers due to intrinsic quantum defect and non-radiative
decay [65]. The intrinsic quantum defect is the energy difference between pump and lasing
photons, which is lost during the non-radiative transition from pump absorption band to the

lasing level. It is hence given by:

2
ng=1- ”/ A, (2.34)

Ideally, the efficiency of the system is the quantum efficiency defined only be A, /

As. However, in practice, the system efficiency is lower than this quantum efficiency since there
is non-radiative decay from the lasing level due to multi-photon decay and ion-ion energy

transfer such as concentration quenching, diffusion and cross relaxation. As illustrated in Fig. 2.9,
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for general double-clad fibers, the heat is then transported from core to the surface of the fiber by
thermal conduction in silica and polymer and further removed by various cooling techniques,
such as natural convection and radiation to ambient air and forced convection by fan or water-

cooled metal mount.
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Heat Flow Type
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Figure 2.9: Illustration of heat dissipation in cross section of double clad fibers. The solid line
represents conductive heat transmission, and the dashed lines are dissipation by convection and
radiation

With heat generation and dissipation in fibers, a temperature gradient AT would be
formed across the fiber, i.e. from the fiber core to the coating. This temperature gradient would
then affect the fiber laser or amplifier performance in the following ways: 1) thermal stress
induced fracture of fiber, 2) polymer coating degradation, 3) beam distortion by thermal induced
refractive index change, 4) decrease in quantum efficiency due to the temperature dependent
non-radiative decay rate [65]. Although one of the advantages of fiber lasers is good heat
dissipation due to large surface-to-volume ratio of a fiber, thermal effects still occur when very
high powers are reached. As a result, analysis of temperature distribution across and along the
fiber is a prerequisite for the design of cooling arrangement as well as the evaluation of power
scalability of the system. The design criterion for the thermal management is to keep the

temperature of fiber core 165°C, which corresponds to a drop of 6% of quantum efficiency [65]
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while the polymer coating temperature always has to be below 60°C to avoid degradation of the
coating material.

To simplify the calculation of temperature distribution across the fiber without
considering its influence on beam distortion, one could assume the profile of the beam
propagates along the fiber is flattop with power uniformly distributed across the symmetric fiber

core. Heat dissipated per unit volume Q(z) is hence given by:

Rp(z)Pp(z)
=1-n—L=,0<r<
Q(Z) = O) o < r

where 1) is the efficiency of amplifier, 1o is the radius of fiber core and P, (z) is the pump power

distribution at longitudinal position z of the fiber with Rp(z) as the pump rate at that point. With
the heat source specified, temperature distribution could be derived by solving Fourier equation

in cylindrical coordinates over the fiber volume:

k(T + T—”} +0=0 (2.36)

T

where « is the temperature conductivity of fiber material for different sections.
Boundary condition at the center of fiber core (r=0), interface between different fiber

materials (r=rp) and the outer surface of coating (r=r..a) are as follows [68]:

L =0 (2.37)
OT(Mlyer, = OTMye,, O v = o _y (2.38)
7w = [Ty = T(eoad)] + == [T¢ = T* (Fooar)]. (2.39)
r=rcoqe  Kcoat coat
where h = C; (Z:Z‘H) '/4 is the surface heat transfer coefficient, where C, is the coefficient of heat

convection with reservoir, which varies due to different cooling method utilized. Ty is the
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ambient temperature. d is Stefan Boltzmann constant and ¢ is surface emissivity. The first term
on right-hand side of Eqn. 2.39 represents heat convection to the external reservoir, while the
second term is for radiative heat dissipation.

For double-clad fibers, the solution of (2.36) is:

Q g coa
Tclad <rs Tcoat) T(T‘) = T(rcoat) + %ln (%) (240)
Q) cla
T <T S Taae T() = T(aaar) + ez n (7422) (2:41)
2 2
0o<r<r, T =T(,)+ fiz)r [1- (Ti) ] (2.42)

where T, Icag and reeqt are radii of fiber core, cladding and coating respectively. Kipqt) Kciaq and
Kcore are thermal conductivity for theses different fiber sections.

Table 2.2 Parameters for temperature distribution calculation

Parameter Value
Cair 1.38 W/(m1-75K1.25)
Cwater 105 W/(m1-75Kl,25)

Kcoat 0.23 W/(mK)
Kclad 1.37 W/(mK)
Kore 1.37 W/(mK)
5 5.67x10° W/(m’K")
€ 0.95

Values for parameters commonly used in calculation for temperature distribution across

the fiber is listed in Table 2.2.
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Fig. 2.10 shows an example of simulation results for power and temperature distribution
of a piece of fiber during high power operation. The fiber used in this calculation is a piece of
2.5m LMA fiber with 37um core, 400um cladding and 550um coating. Seeding power for the
amplifier is assumed to be SW at 1064nm while the pump power is 150W at 976nm and follows
a counter-propagating scheme.
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Figure 2.10: Example of simulation results for power and temperature distribution of a 2.5m
double-clad fiber with 37um core and 250pm cladding in counter-pumped high power operation.
(a-b) Transversal and longitudinal core temperature distribution with passive air convection at
fiber surface. (c-d) Transversal and longitudinal core temperature distribution with passive water
convection at fiber surface. (e-f) Longitudinal distribution of absorbed power, pump power and
signal power along the fiber.
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Plots (a) and (c) are transversal temperature distribution at the pump end of the fiber
while plots (b) and (d) are longitudinal core temperature distribution along the fiber. Passive air
convection at surface of the fiber is assumed for simulation done with plots (a) and (b) and
passive water convection is considered for that done with plots (c) and (d). Plots (e) and (f)
shows the longitudinal power distribution for absorbed and total pump power as well as signal
power. Close to 400°C difference for temperature distribution within and along the fiber between
these two cooling methods shows clearly the importance of a proper cooling scheme for high

power fiber laser systems.
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Figure 2.11: Illustration of heat dissipation across the fiber in air-clad fibers. The solid lines
represent conductive heat transmission. The dashed lines are thermal convection and radiations.

Recently, with development of Photonic Crystal Fibers (PCF), air-clad fiber technology
has been emerged as a novel design for pump cladding [66]. As shown in Fig. 2.11, the two
layers of claddings of the fiber are separated by a ring of air holes. With the air-clad, a high NA
up to 0.7 is enabled for the pump guiding clad, i.e. inner cladding of the fiber. This new design of
fiber cladding structure is hence considered as a promising solution for high power handling with
reduced nonlinearity and better thermal management. To investigate the heat dissipation of air-
clad fibers, a modified model for temperature distribution calculation is required. In this structure,

when heat is transferred to the air-clad level, it further flows to the outer-cladding through both
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air chambers and the bridges between them. Although, the transportation of heat is by thermal
conduction both in air chamber and fused silica bridge, the thermal conductivity of these two
materials are different. Thus a model for the combined thermal conduction at air-clad region is
required.

To calculate temperature distribution across air-clad, concept of thermal resistance is
brought in as an analog to electrical charge. With such analogy, temperature difference drives
heat flow through a thermal resistance as electrical voltage drives the current through electrical
charge. Hence, similar to AV = R - I, the relationship between temperature difference AT and
thermal resistance R, can be expressed by AT = R, - P, where P is heat flow [67]. From
temperature distribution expressions in Eqn. 2.40-2.42, one can derive that the thermal
resistances Ricong and Riconpy for heat conduction and convection in fiber cladding and surface

respectively are given by:

in("?/r,)
thond = 27_”:1 (243)
1
Recons = 5o (2.44)

where 11, 1, are inner and outer radius of the cladding section while « is the coefficient of heat
conductivity for the cladding material. And a is convection coefficient for reservoir medium. For
air-clad section, the thermal resistance R, is the combination of resistances of heat conduction

of both bridge R¢prigge and chambers Recpamper-:

1

(2.45)

Rige =1 y 1 /
Rtchamber Rtbridge

where

l

mbKciad

Rtbridge = (24521)
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ln(Taz/ Ta1)

2Tk qir

(2.45b)

thhamber =

1,, and 1,4 are radii of air-cladding inner and outer layer respectively. Thermal conductivity for
air K, 1s about 0.02 W/(mK). m is the number of air holes, while 1 and b are bridge length and

width respectively. As a result, the temperature distribution across an air-clad fiber is give by:

Q ) g coa

Tclad2 <rs<s Tcoat) T(T‘) = T(rcoat) + 2,(;0; In (T r t) (246)
( g cla

Tair <rs Tcladz: T(T‘) = T(rclad2+) + gKZ)T In (T l dz) (247)
clad r

Q(Z)Z:[rgl n (rair) (2.48)
mbkciqd ln( ‘:fr)+2n'1cal r

Tclad1 <rs<s Tair T(T‘) = T(rair+) +

Q)ré cla
T <T < Taaar, TO) = T(ruaare) + 2t In (7o) (2.49)
clad
2 2
0o<r<r, T@) =T(,)+ fi—) [1- (—) 1 (2.50)

where 7,442 and 1,41 are radii of inner and outer cladding respectively, 1y, is outer radii of air
clad layer.

A similar calculation for temperature and power distribution was done for an air-clad
fiber with the same length of 2.5m as well as the same seeding and pumping power and
wavelength as for the calculation of double-clad fiber shown before. The fiber core and coating
size are same as that of the double-clad fiber, but with a inner cladding of 250um and outer
cladding of 400pm. The air-clad layer consists with 115 air holes with the bridge length of Sum
and width of 900nm. To compare the heat dissipation for the two different cladding structures,
the pump power filling factors were assumed to be the same. The heat dissipation at air-clad
fiber surface was also assumed to be with passive water convection. The simulation result is

shown in Fig. 2.12. Plot (a) is transversal temperature distribution at the pump end while plot (b)
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is the longitudinal core temperature distribution of the fiber. With same power amplification
level, which means the same heat load, the temperature differences of fiber surface and reservoir
are same for air-clad and double-clad fibers while the core temperature of air-clad fiber is
elevated due to the less efficient heat transportation at air-clad region. This is clearly seen from
the calculation of surface temperature by boundary condition (2.39) and temperature distribution
at coating with Eqn. (2.40) or (2.46). The surface temperature is only dependent on the heat load
in core, reservoir temperature, coating material and coating radius. Thus, air-clad structure is not
superior at thermal management comparing to double-clad fibers with same size. Indeed, with air
holes as a barrier for heat transportation, air-clad fibers would experience higher temperature in
fiber cores than that of double-clad fibers, which would lead to a lower threshold for thermal

lensing and modal instability in high power operation.
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Figure 2.12: Simulation results of temperature and power distribution of an air-clad fiber with
37um core and 250pum cladding in counter-pumped high power operation. (a-b) Transversal and
longitudinal core temperature distribution with passive water convection at fiber surface. (c-d)
Longitudinal distribution of absorbed power, pump power and signal power along the fiber.

However, due to the large acceptance angle of inner cladding, air-clad fiber is more

efficient and compatible for high power lasing and amplification than double-clad or even triple
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clad fibers. One can fabricate air-clad fiber with small inner cladding for high absorption of
pump power and hence short fiber length in need to avoid onset of nonlinear effects while the
outer cladding is kept large for better heat dissipation.

Table 2.3: Parameters of fiber and pump used in the calculation

Fiber Parameters
Fiber Type Double-Clad Fiber ‘ Air-Clad Fiber
Core Size 37 um
Cladding Size 250 um 250/260/400 um
Coating Size 350 um 550 um
Pump Absorption Ratio @ 976nm 9 dB/m
Seeding Wavelength 1064nm
Seeding Power SW
Pumping Information
Pump Wavelength 970nm 976nm
Gap 0.641X10"'m" | 2.54X10™'m"
Gep 0.545X10*" m” 2.1X10"'m”
Fiber Length Sm 2.5m

The main purpose of this power and temperature simulation model is for the design of
high power fiber amplifiers. One can compare and choose fiber length, pump wavelength by this
calculation to optimize the power scalability of the system. Fig. 2.13 shows an example of
analysis for power scalability for different fiber type, fiber length and pump wavelength. In this
case, performance of two pieces of double-clad fiber and air-clad fiber with same core size are
investigated. The inner cladding of double-clad fiber was chosen to be the same as that of air-
clad fiber to keep the pump power filling factors the same for both fiber structure and hence the
similar pump absorption ratio for both fibers, which is 9dB/m at 976nm. The coating and core
temperature of both fibers under different pumping wavelength choices are calculated with
assumption of passive water convection at fiber surface. The length of fiber in use was also
adjusted for different pump absorption ratio according to the pump wavelength. Parameters of

fibers and pumping used in simulation are listed in table 2.3.
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Figure 2.13: Temperature of coating and core of double-clad and air-clad fiber at the pump end
of the fibers versus amplified signal power. Red lines are temperature of double-clad fiber while
blue lines are that of air-clad fiber. Lines with dot marks are coating temperature and the ones
with circular marks are core temperature. Dashed lines are results for 2.5m of fibers pumped at
976nm while the solid lines are that for Sm of fibers pumped at 970nm.

As summarized in Fig. 2.13, temperature with air-clad fiber is lower than that with
double-clad fiber at same output amplified signal power level as discussed earlier due to the
larger total size of fiber for air-clad fiber. Although with 976nm pumping wavelength, shorter
fiber length is needed for high power amplification, the heat load distribution along the fiber is
large and hence the temperature of fiber coating exceeds the 60°C coating temperature limit at a
very low amplified power level for both types of fiber. Consequently, operation with a 5Sm long
fiber pumped at 970nm is a better choice to optimize the power scalability of the system. More
careful analysis is needed for the selection of fiber length and pumping wavelength to keep
temperatures of fiber core and coating below the limits under high power operation while onset

of nonlinear effects is avoided.
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2.4 Conclusion

In this Chapter we presented a numerical model for calculating power and temperature
distribution along the fiber. Using this and, additionally, an analytical laser model, we study the
effects of fundamental mode leakage from the central core into the cladding on the total and in-
core signal efficiencies. It is shown that in-core efficiency is much more sensitive to this leakage-
loss magnitude than the total-signal efficiency. It is also shown that only the total loss per
amplifier or laser is important. Degradation of this in-core efficiency, as well as output beam
quality degradation due to presence of cladding light, with increasing leakage-loss sets the
constraints for this loss of less than approximately 1.5dB to 3dB of total loss per amplifier or
laser. For a typical pulsed amplifier length of approximately 3m, this corresponds to 0.5dB/m to
1dB/m of acceptable leakage loss. For a high power laser or amplifier, with a longer fiber length

this would lead to even lower required leakage loss per unit length.
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Chapter 3

Polarization maintaining properties of CCC fibers

Polarization maintenance in optical fibers is very important for numerous fiber laser and
amplifier applications, where a defined and stable polarization of the output beam is required.
For example, a polarized high peak power source is necessary for efficiently nonlinear
frequency conversion [69], stable narrow-linewidth fiber laser sources for advanced gravitational
wave detectors are also need to be polarized [70], stability of coherently combined laser beam
can only be achieved with robustly polarized individual channel outputs, etc.

Currently dominant technique for achieving polarization preservation in optical fibers
relies on high-birefringence (Hi-Bi) induced in a fiber. However, as core size of a fiber increases,
it becomes increasingly more difficult to achieve high birefringence, since the stress-induced
birefringence is inversely related to the separation between stress-producing regions, and
geometrical-effects vanish as well, as described in more detail in this chapter. Furthermore, it
might be difficult to combine high birefringence with fiber core structures designed to achieve
effectively single-mode operation, such as CCC fibers. Nevertheless, experimental observations
revealed that CCC fiber based amplifiers and lasers do preserve polarization [59,62,71] to a
remarkable degree despite the fact that current CCC structures do not include any Hi-Bi

producing elements.
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In this chapter, detailed theoretical and experimental analysis of polarization-maintaining
characteristics of CCC fibers is presented. We show all the internal random polarization
perturbations are eliminated in CCC fibers due to fiber preform spinning during fiber fabrication,
and CCC fiber core is effectively single mode fiber. We also show that, large transverse
diameters typically associated with the large core CCC fibers lead to increased immunity to
external birefringence. At the end of the chapter we consider effects of coiling-induced linear
birefringence and twisting-induced circular birefringence on CCC fiber polarization properties,

an important practical aspect for designing an integrated fiber system.

3.1 General description of fiber polarization properties.
3.1.1 Origins of polarization effects in optical fibers
Electric wave propagation along a lossless fiber could be represented by linear

superposition of two modes as:

E(2) = Cu& + CyP; 3.1)

where C; = c;e'®i% represent the amplitude and phases of the propagating modes. Ideally, in a

J
perfect fiber with circular symmetry, the propagation vector k; for the two modes equals to each
other, and all the polarization modes propagating through the fiber are preserved. However, in
practical fibers, defects within fiber core shape as well as asymmetrical lateral stress either
within the fiber or from external source would all break this rotational symmetry of the fiber
structure, causing variation between refractive indices in orthogonal transverse direction, which

is the birefringence of fiber: 6n = n,, —n,. As a result, modes aligned with different axes

y

traveling with different phase velocities. Therefore, for light fields not aligned with either of the

eigen polarization mode axes, the polarization states would shift along the propagation, due to a
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linear retardation between orthogonal polarization mode components. Furthermore, these
imperfections are usually randomly oriented along the fiber, consequently, for long propagation
lengths, no eigen polarization modes exist.

In general, mechanisms introducing birefringence changes in an optical fiber are
categorized into two major classes: (i) internal and (ii) external birefringence perturbations [15].
The internal birefringence perturbations stems mainly from geometrical deformation of fiber
core, frozen-in asymmetric lateral stress during the fabrication as well as modal scattering in
LMA fibers.

Unintentional elliptical deformation of the fiber core is inevitable during the fabrication,
since it is difficult to precisely control the heat distribution across fiber preform as well as
different thermal contractions with different materials of the fiber structure. The noncircularity of
the core then causes different propagation constant for the two modes with orthogonal
polarization, which raises intrinsic birefringence of fiber by both geometrical anisotropy and
stress birefringence [72,73]. For fibers with large core size, propagating modes are usually
confined within the core area and hence the core deformation would not causing stress
birefringence. In an elliptical shaped fiber core, light travels faster along the axis that is the
smallest transverse dimension. With ellipticity “e”, radius “r.” of the fiber core as well as
refractive index difference between core and cladding “A” known, the birefringence caused by
this geometrical deformation is approximated by [73]:

_ef@a3w? o, 2 2y (Jo))? 2 (Jo(\3
o= e a0+ U =W )(]1(U)) +UW (Jl(u))] (3-2)

where k is the propagation vector of light wave in vacuum. V = n,,..1.k¢V2A is the V number

of the fiber. U and W are usual circular waveguide parameters given by:
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U = 1\ nZoreks — B2,

W = 1.4/ B? — n0qK5,
where f is the fundamental mode propagation vector in the fiber. From the expression in (3.2), it
is clearly shown that the birefringence induced by geometrical deformation of fiber core is
frequency dependent, and it scales inversely with the fiber core size, i.e. the larger the fiber core
size, the smaller the birefringence is with same core ellipticity. It is also worth noting that,
magnitude of the core deformation induce birefringence is non-related to the cladding or total
size of the fiber, which is also reasonable, since the size of cladding or total fiber does not affect

the propagation of modes in core.

Intrinsic birefringence induced by core ellipticity
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Figure 3.1: Intrinsic birefringence generated by non-circularity of the core. The different color of
shades of areas represent different NA of core for various sizes of the fiber. The red area is
conventional single mode fiber with NA=0.12, core size smaller than 6um. The yellow area is for
LMA fibers with NA=0.077, core size from 6~35um. The green area is for LMA fiber with
NA=0.06 and core size from 35~50pum. The three curves are calculation results with different
core ellipticities. Blue is for e=0.9. Red is for e=0.95 and black is for e=0.997.

Fig. 3.1 depicts calculation results following Eqn. (3.2) for fibers with core radii range

from 1.5um to 25um. For different core size, NA is adjusted according to specifications of
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commercialized single mode and LMA fibers. The computation was done with core ellipticity
assumed to be 0.9, 0.95 and 0.997 respectively. The simulation shows intrinsic birefringence
induced by core deformation degrades by over one order of magnitude with core size increasing
from 6pm standard single mode fiber to 30pm LMA fiber.

In weakly guided fibers, the propagating modes are categorized as LP modes [74], with
which the mode fields are almost transverse while the spatial intensity patterns are similar to that
of TEM modes in transverse planes. Consequently, each LP mode consists of a set of submodes,
which are indeed linear polarization modes. For fiber with negligible birefringence, these
submodes are degenerated. For fiber with certain birefringence, two distinct polarization axes are
presented in transverse plane, and hence, these submodes will have different propagation
velocities from each other. For example, two non-degenerated polarization modes occur for LPy;
mode, and four distinct polarization modes exhibit for LP;; associated with the spatial field
patterns, all propagating at different velocities. The field patterns of LPy, LP;; mode are

depicted in Fig. 3.2.
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Figure 3.2: Electric field distributions for LPy; and LP;; mode.

For LMA fibers without effectively single-mode controlling, excitation into HOMs are

inevitable by either mode coupling mismatch in free space systems or splicing defects induced
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perturbation in monolithic systems. Since the electric fields of scattered HOMs propagating with
different phase velocities from that of fundamental mode are randomly oriented due to the
cylindrical symmetry of optical fiber, the polarization preservation of the fiber would be
degraded. Furthermore, with scaling up of the core size, more and more HOMs are supported in
the fiber, and hence, stronger de-polarization would occur.

External birefringence perturbations may be introduced to fibers by asymmetric lateral
stress due to mounting, bending of the coiled fiber during packaging, twisting of the fiber
associated with the coiling of fiber, and transverse electric field or axial magnetic field applied
under certain situations. The last two perturbations are not commonly seen with fiber amplifiers,
thus they will not be discussed in this thesis. However, the first three perturbations, which are all
basically related to stress induced perturbation, are always inevitable to some degree in mounting
and packaging of fiber amplifiers.

Asymmetrical lateral stress generally introduces a linear birefringence by producing an
elastic stress anisotropy in the fiber core. When fiber is sandwiched between two parallel plates
as for the usual arrangement of fiber cooling with cold plates, the birefringence induced is given

by [75]:

Snp = 4C;—2 (3.3)

nrkoE
where C; = 0.5kon3 (p11 — p12)(1 + Vp). Cs/ky is a strain-optical coefficient related to fiber
and material parameters, with n, as the average refractive index of fiber core, p;; and p;, as
strain-optical tensor components of fiber material and v, as Poisson’s ratio. E is Young’s
modulus of the fiber material, which is about 7.6x10'°N/m?; f is the line force applied to the fiber

per unit length and r is the outer radius of the fiber. The fast axis of this birefringence is along
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the direction of the compressive force applied. For fiber pressed into a V-groove, a modified

expression could be used for the induced birefringence as [76]:

Sny = 2C,(1 — cos 28 sin §) —L (3.4)

TrkoE

where 29 is the included angle of the V-groove. The fast axis is still along the direction of the
compressive force on the fiber. For V-groove mounting scheme, the birefringence is reduced
comparing to the case with parallel plates mounting with same amount of force applied and will
fall to a minimum value with 60° of the included angle due to the balance of reaction forces and
friction from walls of the V-groove. In fused silica, np=1.45, p;1=0.12, p;»=0.27 and v,=0.17.
Therefore, C=1.62x10°m™ at A=1064nm. The linear birefringence induced per N/m for various
outer cladding sizes is depicted in Fig. 3.3. It clearly shows the inverse dependence of induced

birefringence and fiber cladding size.
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Figure 3.3: Birefringence per N/m induced by asymmetric lateral forces applied externally. Blue
curve is with parallel plates. Curves with green, purple, black and red are the birefringence
induced by V-groove mounting with the included angle of V-groove as 120°, 90°, 60° and 30°.

Bending of the fiber introduces also a linear birefringence in fiber by elasto-optic index

changes. There are three forms of bending in practical fiber mounting situations: (i) freely bent,
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(i1) bent around a drum under tension, (iii) kinked over a sharp object on the drum. The total
birefringence induced by bending of the fiber would be the sum of individual birefringence
induced by these three cases as long as they are presented. For freely bent fiber, as in case when
fiber is coiled to a radius of R and lay on a plate, the compressive stress now is the tension from
outer portion of fiber cross section pressed laterally onto the inner portion. The induced

birefringence would have a fast axis perpendicular to the bending axis and is given by [77]:

sny, = 0.5C, -

S koR2

(3.5)

Unlike the case with external lateral stress, the birefringence now depends quadratically on the
outer cladding size and also inversely related to the bending radius. This could be easily
interpreted since for thicker size of the fiber, the more effort needed to bend it to a smaller size,
and thus more tension is applied to the fiber.

Winding the fiber around a drum with axial tension F is also a commonly used method
for fiber packaging. In this case, additional linear birefringence is produced from the lateral

reaction force by the drum to the axial tension F. It is given by [78]:

__ G 2-3vpr
ko l—Vp R

Snye (3.6)

where € = F/(nr?E) is the mean axial strain in the fiber, which may be assumed as a fixed
value 0.5% as a moderate large tension applied for various fiber radius.

One practical perturbation usually accompanied with winding the fiber around a drum is
the kink of one fiber turn when it crosses another. In this case, an additional birefringence ony is
added to on, and on within the short length of fiber affected by the kink. Denoting height of the

obstacle causing kink as H, the local birefringence produce is given by [79]:
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5ny, = 052—03\/% (3.7)

When the kink is from crossing of the fiber turns, H is the diameter of fiber, i.e. H=2r.

While all the perturbations discussed above produce linear birefringence, twisting of a
fiber leads to a coupling of longitudinal electric field of one mode with the transverse field of the
orthogonal mode by shear stress. And therefore a circular birefringence is produced, since the
phase difference between these two fields are m/2. The resulting circular birefringence on; is

linearly proportional to the twist rate t [80]:

on, = z—o (3.8)

where g = —0.5n%(p;; — p12). For fused silica fiber, g is about 0.157. Therefore, for operating
wavelength of 1064nm, about 1.66x10” of birefringence is induced for twist rate at 1 turn/m. In
practice, one can deliberately twist the fiber with large twist rate to create strong circular
birefringence in the fiber. However, the larger the size of the fiber, the harder it is to twist the
fiber. Consequently, the maximum circular birefringence one can achieve by twisting the fiber is
inversely related to the fiber core size and cannot be utilized to generate Hi-Bi in a fiber.
Moreover, it is also worth noting that small amount of twisting is always associated with coiling
of the fiber to balance the surface area difference of outer and inner portion of the fiber. For
small size fibers such as conventional single mode fibers, the line difference between inner and
outer surface of the fiber is about 0.3mm / turn and will not causing fiber twisting until several
rounds of coiling. However, for fiber with large cladding size, the influence is more significant
since not only the line difference scales up but also the affected surface area also scales up with

the fiber size. And the following analysis is only valid for fiber with large cladding size. To
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roughly calculate the twisting rated due to coiling, half turn per coil would be a reasonable
estimation. And a relation between twisting rate T and coiling radius R is derived as:

T=— (3.9)
Using Eqn. (3.8) and (3.9), the circular birefringence in the fiber from bending induce twisting is:

ony = > (3.10)

2Rk,

It shows that dn; is inversely dependent on the coiling radius but immune to the fiber size.
This bending related twisting is of practical significance, since it complicates the birefringence
perturbation in packaging process, and may largely affect the polarization preservation in real
fiber laser systems. Detailed description of the combining effect of linear birefringence induced
by bending and lateral stress with twisting induced circular birefringence is given in the next
subsection. The birefringence induced by the three bending types as well as from the bending
related twisting are calculated and depicted in Fig. 3.4.

The calculation results of birefringence originated from bending of the fiber for the three
types all scales up with increasing fiber size while inversely related to the coiling radius.
However, winding fiber onto a drum with axial tension may cause more than one magnitude of
order of birefringence than that from the freely bending case. Also, the kink induced local
birefringence is also non-trivial compared to the free bending birefringence. The total
birefringence roots from these three mechanisms, if all were presented, would be roughly around
the order of 10 for fiber cladding size from 200um to 600pm. Indeed, when fiber size scales up,
the achievable coiling radius also increases to avoid substantial leakage loss of fundamental
mode. As a result, the bending induce birefringence will grow much more slowly with increasing

fiber size in real systems. Similarly, for circular birefringence introduced by twisting associated
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with the coiling may degrade with the scaling of fiber size in practical systems. Consequently,

this circular birefringence only matters when fiber is freely bent with outer cladding size no more

than 600um.
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Figure 3.4: Birefringence induced by various sub-conditions associated with coiling of the fiber:
(a) freely bending of the fiber; (b) winding of the fiber around a drum with axial Tension
F~0.5%xnr’E; (c) kink induced localized birefringence change with fiber wound around the
drum; (d) coiling induced twisting of the fiber. All the calculations were carried out with fiber
size ranging from 100um to 1000um. Different colored curves represent different coiling radius
applied.

3.1.2 Polarization evolution and coupling along the fiber
In practical fiber laser systems, the polarization state injected into the system may

experience with more than one single birefringence perturbation introduced in the previous
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section. The combined effect of several birefringences on the propagating polarization states
needs to be analyzed for the prediction and controlling of output polarization. Two methods are
commonly used in analysis of polarization states evolution along an optical fiber: Poincaré
sphere representation [80] and Couple mode theory [82]. For uniformly distributed birefringence
known over the whole fiber length, Poincaré sphere representation would be a convenient way
for understanding of polarization state evolution along the fiber; while for analysis of polarized
light propagation with random perturbations locally applied to the fiber, couple mode theory is
more useful.

Fig. 3.5 illustrates a Poincaré¢ sphere representation of an elliptical polarization state with
azimuth angle ¢ and ellipticity angle i = atan (S), where “b” is the minor axis and “a” is the

major axis of polarization ellipse. With 2¢ as the longitude and 2y as the latitude on the sphere,
all linear polarization states would lie on the equator while the left-hand and right-hand circular
polarization stated at the north and south poles respectively. States on the rest of the sphere are
all elliptical polarization states with all the left-hand polarization states on the north hemisphere
and the right-hand ones on the south hemisphere. The position of the polarization state on the

sphere could also refer to angular coordinates y and &, which are given by:

|cx/cy|—1
2y = atan
|cx/c |+1
ny (3.11)
28 = arg—
Cy
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Figure 3.5: Illustration of Poincaré sphere representation for a random elliptical polarization state
with azimuth angle ¢ and ellipticity angle y [81].

One key feature of Poincaré sphere representation is that for any birefringence
perturbation P, the state of polarization will rotate on the surface of the sphere about axis of
vector representation of this perturbation through an angle w = f - L, where L is the length of
propagation distance. Therefore, the polarization state evolution in fiber with linear, circular and
elliptical birefringence perturbation may be depicted as in Fig. 3.6. Individual birefringence
perturbation could be represented as a vector in the sphere. The magnitude of the vector equals to
that of the birefringence perturbation itself, while its orientation is defined by the azimuth angle

¢, and ellipticity angle v, of this perturbation in a similar way as that for the representation of
polarization states. For linear birefringence perturbation as shown in Fig. 3.6(a), the VectorBT,
lies in equator plane then, with longitude 2¢,, as two times of the azimuth of the fast axis of this
perturbation. And all the input polarization states propagating along the fiber will transform to
other states and then reproduce the input state every L, = 2m /B, which is named as the beating
length of this perturbation. Only input states at points where the axis of vector BT, intersects with

the surface of the sphere would remain unchanged through the traveling, which are the
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eigenstates of this perturbation and are orthogonal to each other. Likewise, for circular
birefringence perturbation, the vector a is long the polar axis as shown in Fig. 3.6 (b). And in

this case, the eigenstates are the two circular polarization states.

Figure 3.6: Polarization states evolution under birefringence perturbation of (a) linear; (b)
circular; (c) elliptical as the combination effects of linear and circular [81].

In practical systems, intrinsic birefringences and external perturbations usually coexist
with each other and that leads to the analysis of combined effect of several birefringences. As

shown in Fig. 3.6 (c), a vectorial addition of all the individual birefringence perturbations

_—

Q= E + B, + o, may represent this combined effect, with E as the intrinsic birefringence of

the fiber, BT,, a as the linear and circular external perturbation respectively. The magnitude of this

combined birefringence is then:

Q= \/(,Bi + B, cos 2¢,)% + (B, sin2¢,)” + a? (3.12)
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where ¢,, is the angle between the fast axes of external linear perturbation and intrinsic

birefringence. The physical meaning of the three components constitute Q is that when external

perturbation 3, and o are applied to the fiber, the intrinsic birefringence perturbation f3; is detuned

by B, cos 2¢,, and the eigenstates of f; is cross coupled to each other by \/ (,b’p sin 2¢p)2 + a?.

Assuming that the intrinsic birefringence has its fast axis lies along horizontal direction (which is
kept for all the theoretical analysis in this chapter, if no other statement is made) and only
horizontal linear polarization Py is sent into the fiber, the coupling of power between the two

eigen-polarization-states is given by [81]:

2
ro_ () e o (00 (3.13)

Py+Py Q2
Accordingly, to have the same horizontal linear polarization states emitting from the fiber,

one of the following two conditions must be satisfied for arbitrary angle ¢,,:

L= ZNT”,or B +a? KB} (3.14)

where N is arbitrary integer number. With the first condition satisfied, the fiber length is indeed
the beating length of the combined birefringence. In this way, the input polarization state
continuously transforms during the propagation and reproduces itself at the fiber output end. The
second condition is to utilize very large intrinsic birefringence, so that the cross-coupling power
between eigenstates is negligible and the input polarization state is preserved all along the fiber
as long as it is aligned with the eigenstates of intrinsic birefringence. This is also the principle for
most of polarization maintaining (PM) fibers nowadays, which are usually categorized as Hi-Bi
fibers. Conventional technique, which dominates the current PM fiber fabrication is to introduce

very high (usually > 10™*) internal birefringence by making elliptical inner cladding surrounding
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the fiber core or including two stress rods on opposite sides of the fiber core as in the case of
PANDA fiber and Bow-tie fiber as illustrated in Fig. 3.7. Both methods are based on introducing
different thermal expansions and hence increased stress birefringence with the noncircular
cladding or stress bars [83-85]. Although polarization maintenance within conventional single
mode fibers by adding stress rod has been fully developed, it becomes more and more difficult to
introduce sufficient and stable intrinsic stress for creation of high birefringence in LMA fibers

with core size larger than 50pum.

(a) Elliptical Inner Clad  (b) Panda-type Stress Rod (¢) Bow-tie-type Stress Rod

<= oo )pd

Figure 3.7: Cross-sections of commonly used Hi-Bi fibers.

It is also worth noting that the same principle also applies for fiber with intrinsic circular

birefringence. In this case, the cross coupling power is:

2
PL B . o[ B et (3.15)

=—L —sin
PRr+Pj, ﬁp +a? 2

And polarization preservation is also achievable as long as the circular birefringence is much
larger that the external perturbation.
When the multiple external perturbations are randomly applied to the fiber, the Poincaré

sphere representation for polarization evolution is no longer convenient and the couple-mode
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theory is more applicable. The coupled-wave equations for the field amplitudes of the two

polarization eigenstates consisted in Eqn. (3.1) are [82]:

dCy/dz = ix,C, + ikC, 316
dC,/dz = ix*C, + ik, C, (3.16)
with weak coupling approximation, (3.16) is reduced to:
dcy(z)/dz = ixcy(z)e'F” 3.17)
dey(2)/dz = ik*c,(z)e™ P> '

where f = k, — Ky is the detuning coefficient equals to propagation difference between two
eigenstates. K is the coupling coefficient between the two states. Following the denotation of

effective combined birefringence Qin (3.12), these two coefficients are:

B = Bi+ Bpcos(2¢,), 2k = P,sin(2¢,) — ia (3.18)

With initial condition{

— (0 dc,(2)/dz| = = ikc,(0)
Cxo = Cx(0) { * * g applied, the solutions to

cyo = ¢, (0) dcy(z)/dz|y=0 = iKc, (0)
(3.17) are:

(@) = [ex(0) cos (§2) + £ 2k, (0)  pec@sin G )] e >

N i o iz (3.19)
cy(2) = [cy(O) cos (Ez) +5 (2" (0) + Bcyy(0))sin (;z)] e 2

where Q is still the magnitude of combining effect of all the birefringences: Q = |/4kk* + 2

Eqn. (3.19) can also be write in matrix representation:

[Tn T12] [Cx(o) (3.20)

Cy(Z) B _Bz1 Ty Ty Cy(O)

iz
P&)_FT 0
0 e 2

where
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- cox(32) - £ 22

le = sm( ) (3.21)
Ty, = _T12
Ty, = T11*

It is again manifested that the output polarization states equals to the input polarization only
when z = %T,OI‘K « Bis satisfied, and the latter condition is when polarization preservation

achieved.

With all the internal and external birefringences perturbation known, the evolution of
polarization states could thus be described by accumulating the calculation in Eqn. (3.20) for
individual fiber sections with different birefringence status along the direction of mode

propagation.

3.2 Polarization properties of CCC fiber
3.2.1 Intrinsic birefringence properties of CCC fibers

Generally, CCC fiber has local internal birefringences attributed to the structure of itself.
First of all, unique structure of side core wound around the central core causes linear
birefringence in the spacing between side core and central core due to the different thermal
expansion coefficients associated with the two cores and the cladding region in between them
[56]. The magnitude of this linear birefringence could be as large as 107, however, due to the
small area outside the central core it exists, the residual linear birefringence across the central
core is largely reduced, which is around 10 with a reasonable estimation. Additionally, also due
to the side core structure which is very close to the central core (<10um), a pulling tension is
exerted to the central core while the fiber is in “molten” state during the fabrication process,
which easily leads to a deformation of central core to “egg” shape for CCC fiber with single side
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core or a polygonal shape for that with multiple side cores (Fig.3.8). Assuming that the ellipticity
of deformed central core is about larger than 0.95, for a CCC fiber with core size around
30~50um, the birefringence originated from geometrical deformation is less than 1x107

according to the calculation results shown in Fig. 3.1.

Figure 3.8: Example of central core deformation towards the side core.

Following the description above, one would conclude that CCC fiber is a non-PM fiber
which suffers the similar random internal birefringence as for other conventional fibers, though
at a lower level due to the large core size. However, one key feature also resulting from the
structure of CCC fiber eliminates the effect of internal birefringence, which is the spinning of
preform during pulling process of CCC manufacture to creat the hellical structure of side core.
The spining of fiber preform while in its "molten’ state, interchanges the fast and slow axis of the
internal birefringence within the fiber. Hence, the overall effect of spin on polarizaiton mode
propagation could be predicted, using aforementioned couple-mode theory applied to a twisted
anisotropic medium [86, 87]. In this case, the intrinsice birefringence f; is not detuned but a
coupling between orthogonal eigenstates by the spin rate & is present. The coupling coefficient «,

representing the coupling rate between eigenstates, equals to the spin rate i§. Assuming that the
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fast axis of internal birefringence is along x direction and following Eqn. (3.19), the polarization
states along fiber is:
Q P o) Biz
e (z) = [cx(O) cos (; z) + é (2i&cy, (0) — Bic, (0))sin (5 z)] ez

iBiZ

, (3.22)
cy(z) = [cy (0) cos (% Z) + é (—2i&c,(0) + Bicy, (0))sin (% z)] e 2z

where () = / ,Bl-z + 4&? is the combined effect of intrinsic birefringence and the spin induced

coupling. The azimuth angle ¢ and ellipticity angle y of the polarization states is related to the

electric fields at x and y direction as:

_1 CxCy+CyCs
¢ = Latan (—Cxq_cyc*> (3.23)
Y = Zasin (i(Cny* - Cyc;;)) (3.24)

With linear polarization input at angle 6 to the fast axis of the internal birefringence, at

longitudinal position z is hence given by:

2§ . .
1 —22sin (2z)cos (20)+cos(Nz)sin (26)
¢ = Eatan< e ‘;E > - > (3.25)
[(EL) +(5) cos(02z)]cos (28)+sin(Qz)sin (26)
1 . Bi (2§ . .
= -asin|=(=(cos(2z) — 1)cos (20) + sin(2z) sin (26 (3.26)
2 0 \0

In CCC fiber fabrication, the spun rate is usually around 6mm / turn, and thus =167,
which is much larger than the value of internal birefringence perturbation 8; ~ 0.1 for n~1x107".
The corresponding azimuth angle to the rotated major axis and ellipticity angle along the

propagation direction is then:

Q
(st

I
Nos

N

(3.27)

< ©
I
o

(3.28)
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In laboratory frame, ¢p = 6. Together with (3.28), it indicates that any linear polarization state is
preserved as long as the spin rate is substantially larger than the internal birefringence and the
spun CCC fiber is indeed a low birefringent (Lo-Bi) fiber, which naturally preserves any
polarization states injected under no external perturbations.

Another main characteristic of CCC fiber that distinguish its polarization preservation
performance from that of conventional spun LMA fibers is the robust and pure single mode
guidance within the fiber. As introduced in section 3.1.1, the HOM scattering in LMA fiber
degrades the polarization preservation since the scatterred modes have a random polarization
orientaion and propagating at a different velocity as fundamental mode. In CCC fiber, with the
scattered HOM coupled into and undergone high loss in the side core, no mixing of the modes
would happen at the output end of the fiber as long as the propagation length is long enough for
HOM suppresion, which is usually around 1m for CCC fibers.

Experimental characterization of internal birefringence with CCC fiberInformation on all
the tested fibers in this chapter is summarized in Table. 3.1. Commercialized standard single
mode fiber (HI-1060, Corning) and 10pum LMA fiber (LMA-GDF-10/400, Nufern) were tested
to characterize the geometrical deformation induced birefringence. The 35um core CCC fiber
and two LMA fiber from the same preform as this CCC fiber but without side core structure
were compared to further explore the influence of spining and single mode operation on CCC
fiber internal birefringence. The 55um core and 500um cladding CCC fiber is tested to study the

effect of large cladding on external perturbation.

62



Table 3.1: Table 3.1 Parameters of fiber used in polarization transmission test for birefringence
characterizations. * Fibers from the same preform

Fibers Parameters . .
Core Size Cladding Size Spin Period
HI-1060 6pm 125um N/A
LMA 10/400 10pm 400pum N/A
LMA 35/250" 35um 250pum N/A
LMA 35/250 spin 35um 250um 6mm
CCC 35/250° 35um 250um 6mm
CCC 55/500 S55um 500pum 6mm

To characterize the internal birefringence with CCC fiber, polarization preservation
performance was tested with the setup shown in Fig. 3.9. Comparison of the measurement results
with several non-Hi-Bi fibers was also done to further verify the origin of CCC internal

birefringence.

Polarization Preservation Test Setup

Legend

Coupling Lens

Tunable Laser ' ASE Source
I Quarter Wave Plate

[] Half Wave Plate

Dielectric Mirror

] s

Test Fiber Piece
~70cm

to Power S
Measurement

Figure 3.9: Illustration of setup for polarization preservation test. For fibers without robust single
mode output, a standard non-PM single mode fiber was used to strip off the HOM in power
measurement.

In the internal birefringence characterizations, fiber lengths in use are all around 70cm so
that the randomness of the geometrical deformation is not strong enough to interfere with the
measurements. Also, the fiber is straight mounted to avoid any possible external perturbations.
The tests were carried out for standard single mode fiber, 10um LMA fiber and the 35um CCC

fiber, since for all the other large core fibers, multi-modes are guided with such short length in a
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straigh fiber, and the output beam has a strong polarization beating effects with narrow linewidth
source seeded. For 35um CCC fiber, the polarization extinction ratio (PER) was calculated with
the measurement after a non-PM standard single mode fiber, since there is still residual of HOM
output with this short length. The impact of robust single mode operation on polarization
preservation would be testified later with a longer piece of the same CCC fiber, which would be
discussed after the next section.

For arbitrary elliptical polarization state at propagating distance z, it could be described
by an equation of polarization ellipse as [16]:

E}(z) | Ej(2)  2Ex(2)Ey(2)

2 2
Eox Egy EoxEoy

cos{ =sin?¢ (3.29)

2E,,

2E,,

Figure 3.10: Illustration of polarization ellipse.

whereE),, Ey,, are as shown in Fig. 3.10. E,(2), E, (z) are magnitude of polarization components
at z. { is the phase difference between them. o is auxiliary angle. Therefore, polarization

characteristics such as azimuth angle ¢(z), and and ellipticity angle y(z) are given by:

{tan(zq)(z)) = tan(2a) cos {(2) (3.30)

Sin(ZIIJ(Z)) = sin(2a) sin {(2)
with ¢(z) and ¥ (z) known from the measurement, one can compute out the value for o and
most importantly, the phase difference between the two polarization components {, which is
euals to dnek, and leads to estimation of birefringence.
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The test were carried out with straightly mounted fiber piece. Linear polarization state
from narrow linewidth tunable laser source is injected into the fiber with the azimuth angle
varies from 0 to 180°. With recording the output PER and azimuth angle and follwiing Eqn.
(3.30) one can get the value of {. However, one also need to keep in mind that the output PER
value varies periodically evergy quarter of polarization beating length, which is L, /4 = 1/46n.
Thus, for fiber length larger than quarter of its beating length, this calculation would
underestimate the birefringence. To solve this ambiguity problem, a second measurement needs
to be done with a different wavelength. In this way, one can get the relative spectral phase

differece and:

_ A122(621-622)
on = oLy (3.31)

In fig. 3.11, the spectral polarization transmission measurement results of the Hi-1060
and 10/400 LMA fiber are shown. Using Eqn. (3.30) and (3.31), the internal birefringence of
these two fibers are about 6x107 and 2.5x10” respectively. Assuming that the gemetrical
deformation induced linear birefringence is the main origin for these fibers and following
calculation for geometrical deformation induced birefringence in section 3.1.1, the core non-
circularity of the Hi-1060 and 10/400 LMA fiber are roughly 0.7% and 0.6% respectively,
assuming that is the only birefringence perturbation mechanism within the fiber, which agrees

with commercial specification of a roughly 0.5% non-circularity for the core of a 10/130 fiber.
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(a) Hi-1060 0.72m (b) LMA GDF-10/400 0.73m
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Figure 3.11: Spectral polarization transmission measurement for (a) Hi-1060 single mode fiber
and (b) 10/400LMA fiber. The blue curves are measurements with wavelength at 1065nm, and
the red ones are of 1060nm. Solid lines represent PER of the output polarization; the dashed
ones are the output azimuth angle.

75cm Golden Fiber Straight Mounted
w/ Tunable Laser @ 1040nm

PER (dB)
Output Azimuth Angle (°)

/ o——e PER
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0
0 60 120 180

Input Azimuth Angle (’)
Figure 3.12: Polarization transmission measurements for 35pum CCC fiber with 1040nm narrow
linewidth source; The solid curves are PER measurements; the dashed ones are output azimuth
angle.

Fig. 3.12 shows the polarization transmission measurements with 35um CCC fiber. PER
of output polarization from CCC fiber with 1040nm narrow linewidth source is above 22dB for
all input linear polarization states. The asymmetric PER value over 180° of input azimuth angle
is speculated to be from the residual modal scattering effect coupled into single mode fiber. Due
to the measuring up-limitations of the polarization optics, it is impossible to determine the actual

birefringence related to PER over 20dB. However, the preservation input linear polarization with
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various azimuth angle indicates that CCC fiber has extremely low internal birefringence than
what is predicted with the geomtrical deformation and further validates that the spinning process
largely reduce the overall intrinsic birefringence to negiligible level.

3.2.2 Effects of external perturbations on CCC fibers

Although Lo-Bi fiber also preserves polarization states, it was not considered as a
appropriate technique for polarization maintaning systems, due to its sensitivity to external
perturbations. To evaluate the capability of polarization maintenance of CCC fibers, the effects
of external perturbations such as bending, twisting and stress need to be investigated.

In real high power fiber laser systems, when fiber is coiled, both bending induced linear
birefringence and twisting induced circular birefringence coexist, according to previous
discussion. Assuming a coiling radius of 20cm, which is mostly used for 30-50pum CCC fiber,
the general bending induced birefringences, i.e. from freely bending, combination of freely
bending and wounding with axial force and beding induced twisting, are ploted in Fig. 3.13. The
kink induced birefringence is not included here, since it is a random local purturbation.

As shown in Fig. 3.13, the twisting circular birefringence is negligible when the fiber is
wounded around a drum with axial force, but rather comparable to the linear birefringence from
freely bending. To explore the influence of these purturbations, polarization evolution along the
fiber was simulated following couple mode theory solution for a fiber size of 250pm with
assumption that the bending is over the whole fiber. Although in practical systems, this is not
true, the polarization mode does not change while propagating along straight CCC fiber due to its

Lo-Bi nature.
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Bending Induced Birefringence, R=20cm

Birefringence

Freely Bending
‘Wound on a drum

— Twisting

i i i i : . :
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Figure 3.13: Bending induced birefringence with a coiling radius of 20cm.

In Figure 3.14, polarization evolution along a piece of 250um low birefringent fiber,
which is either (a) freely bent with a 20cm radius or (b) wound arong a drum with 20cm radius,
is represented on Poincaré sphere. It shows that when fiber is freely coiled and the linear bending
birefringence and twisting circular birefringence are comparable, the eigen polarization state is
no longer linear. And thus no preservation for linear polarization along the fiber. Meanwhile, the
total birefringence is still close to linear, when the fiber is wound around a drum, and it is still
possible to maintain linear polarization along the fast or slow axis of bending birefringence, as
long as the coiling diameter is sufficiently large.

It is worth noting that for freely coiling case, one will always able to achieve a linear
polarizaion output with certain azimuth angle of the linear polarization input. In other words, for
freely coiled CCC fiber, linear polarization state can always be reproduced at the output end of
the fiber without dependence on the fiber length. And this is the reason why we observed good
polarization preservation with coiled CCC fibers in practical amplifier systems. Since in most

applications of high power fiber amplifiers, the preservation over whole fiber length is not

68



indispensable, this reproduction of linear polarization would still be acceptable for polarization

maintaning systems as long as external stress perturbation is negligible.

Y (L+45)

LS 15 B

(a) Free Bending

1.5+
Z(RCP)

0.5

Y (L+45)

2 -15

(b) Wound around a drum

Figure 3.14: Poincaré sphere representation of polarization mode evolution along the 250pm
fiber when it is: (a) freely coiled, (b) wound around a drum with axial force. The coiling radius is
20cm for both case.
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One of the significance of this bending induced linear birefringence is that, in practical
systems, these effects are globally applied to CCC fiber and behave as main origin of
polarization effect for the low-birefringent CCC fiber. Hence, one can utilize these effect as a
control approach for the polarization performance in CCC fibers. Moreover, as shown in Fig.
3.13, the bending induced birefringence scales up with increasing fiber size. Also recall that the
external stress induced birefringence scales inversely with increasing of the fibersize as depicted
in Fig. 3.3, for fiber with larger cladding size, the less sensitiveness to external stress
perturbation would it experience when it is coiling packaged. For example, according to
calculation results in Fig.3.3 and 3.14, for 400um CCC fiber wound around a drum with 20cm
radius, the total bending linear birefringence is over 2x10°, while the linear birefringence per
unit line force is about 2x10™®/(N/m). And in real systems, the ramdonly localized external stress
perturbation on a fiber is usually less then few Newtons per meter, therefore, the stability of
polarization preservation with a bent structure of the fiber is enabled.

3.2.3 Experimental characterization of external birefringence of CCC fiber

Fristly, with longer piece of fiber under test, the effect of robust single modeness on
polarization property of the fiber is demonstrated. This time, polarization transmission
measurements were done with 35um CCC fibers and the LMA fibers from same preform with a
coiling diameter of 35cm. The testing length for CCC and unspun LMA fiber were both 5m,
while for the spun LMA fiber it was 2.5m long. For all the tested fibers, PER of output
polarization measured directly from the test fiber was compared to that from the power striped
with a non-PM standard single mode fiber (SMF). With unspun LMA fiber, PER output with a
deliberate misaligned mode excitation was also measured with SMF fiber output. As shown in

Fig. 3.15, the difference between measurements from direct and SMF striped output power from
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CCC fiber is negligible, However, for LMA fibers, maximum PER of the total output power is
much less than that with the fundamental mode. Furthermore, the degradation of PER maximum
with worse single mode excitation of unpun LMA in Fig. 3.15(c), clearly shows the strong

dependence of polarization linearity on the modal quality of the beam.
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Figure 3.15: Polarization transmission measurement with:(a) 35umCCC fiber; (b) 35um spun
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LMA fiber, (c) 35um unspun LMA fiber.
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One key requirement of polarization maintaning system is the output polarization states
do not change with the external perturbation. And this is realized in two perspects: 1) the output
PER does not degrades, ii) the azimuth angle of output linear polarization does not change. The
external perturbations in consideration here, are usually the random lateral aymetric stress and
temperature change, since bending and twisting are fixed situation during the packaging process
and would not change during the operation. For spun fibers, since the overall internal
birefringence perturbation is zero due to the fast spinning or preform, the effect of temperature
dependent thermal expansion coefficient would be also averaged out in a same maner. Therefore,
polarization performance from CCC fiber is immune to temperature variance, opposite to that of

conventional Hi-Bi fibers [62].
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Figure 3.16: Polarization transmission measurement with: (a) 35um CCC fiber; (b) 35 unspun
LMA fiber, (c) 35um spun LMA fiber. Inserts are illustration of experiment setup.
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Fig 3.16 show the experimental test results of Sm pieces of 35um CCC fiber and unpsun
LMA fiber as well as a 2.5m piece of spun LMA respectively. Both Sm long fibers are coiled to
4 rounds with about 36cm diameter and the spun LMA was coiled to 2 turns with around 35cm
coiling diameter. Few metal bulk with various weights were layed onto rough 8:00 position of
the two coils of the fiber, for S5Sm pieces, those are the two coils in the middle as shown in the
insert illustrations. All the PER measurement for CCC fibers are from the direct output power,
while for LMA fibers, HOMs filltering with SMF was employed. The maiximum PER of output
polarization from CCC fiber remained at over 35dB with stress up to 54.35N/m. However for
spun LMA fibers the maximum PER value varies in a range from 25dB to 35dB. One need to
keep in mind that these measurements with LMA fiber are all from a stripped output from single
mode fiber. The real PER from direct measurement in practical system would be much lower
with multimode output. And worst of all, the maximum PER output from spun LMA fiber kept
degrading from an initial value of 32dB to about 18dB. The degradation of maximum PER from
spun LMA is due to the HOMs excited within the fiber due to stress perturbation, while for
unspun LMA fiber, this droping is the combination result from its resiual intrinsic birefringence
and HOMs guidance. From comparison between these reults, it manifests again that the linear
polarization reproduction from CCC fiber is due to both its Lo-Bi nature as well as the robust
single mode performance. However, the azimuth angle of output polarization from all three fiber
shifts due to the external stress. The question now is that whether one can find a way to enhance

the insensitivity of azimuth angle of output linear polarization of CCC fiber.
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One natural path would be to increase the fiber size. As aforementioned and shown in
Fig. 3.3, the stress bifrefingence is inversely dependent on the fiber size, and thus influence of
same amount of stress would be reduced. Fig. 3.17 presents the similar polarization transimission
measurement with a 2m long 55pum CCC fiber with 500um outer cladding. the fiber is coiled to
one round with 40cm in diameter. The metal bulk applied to the same 8:00 position on the fiber,
with short piece of fiber with same dimention to support the bulk, so that the stress distribution
per unit length is same as the arrangement in tests with 35um fibers. Both maximum PER and its
corresponding azimuth angle is preserved for stress up to 100N/m.
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Figure 3.17: Polarization transmission measurement with 2m long 55um CCC fiber with 400pm
cladding

Simulation results of Sm 35pum CCC and 2m 55um under respective test conditions same
as these two tests are shown in Fig. 3.16(a) and 3.18, based on couple mode theory. Comparing
the two calculation results with the experimental measurements, it performance of 35um CCC
fiber is different from the prediction, while that of 55um CCC fiber agrees well. It is not fully
understood that where this discrepency of experimental measurement and theoretical prediction
on performance of 35um CCC fiber comes from yet. However, one suspicion is that the local
internal birefringence induced by the asymmetric lateral stress from single side core may
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interfere with the local external lateral stress. Further exploration on this problem is still

undergoing.

(a) Sm 35um CCC fiber

—o— 0

(b) 2m 55um CCC fiber
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Figure 3.18; Calculated output PER and azimuth angle for (a) 5m 35um CCC fiber coiled with 4
rounds, (b) 2m 55pum CCC fiber coiled to 1 round, with various stress applied. The simulation

parameters are following the parameters in experimens, which were shown in Fig. 3.16 (a) and
3.17.

3.3 Approaches to enhance polarization preservation of CCC fibers

As analyzed and demonstrated in previous sections, the conventional concept of
polarization maintenance no longer applies for CCC fiber. And with coiling fiber for practical
fiber laser system packaging, CCC fiber is no longer working as a Lo-Bi fiber either. However,
all time polarization maintenance within the fiber is not mandatory for most high power fiber
laser systems, CCC fiber can still well fit for the requirements of a PM power system as long as:

1) Linear polarization state could be reproduced at output;

2) The azimuth angle of this output linear polarization is insensitive to external stress

perturbations.

The first requirement is naturally satisfied with coiling packaging of CCC fiber as

illustrated in Fig. 3.10. However, the second one is not fulfilled without extra strategy taken as

demonstrated in Fig. 3.16 (a). Since the dependence of stress birefringence and fiber size is a
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inversely linear relation, the increasing of fiber size is not a sufficient method to enhance the
insensitivity to external stress perturbation.

Since there is a combination of linear and circular birefringence coexisting in the fiber
when it is packaged with coiling, a seemingly reasonable solution would thus be either
increasing the bending linear birefringence, or strengthen the twisting circular birefringence so
that the effect of external stress would be negligible.

To raise the linear birefringence from bending, several ways could be exploited based on
the analysis in section 3.1.1. Firstly, one could shrink the coiling radius to enhance the
birefringence related. According to Eqn. (3.5-6) the bending birefringence has a quadratic
dependence on the inverse of coiling radius and the wounding birefringence is inversely
proportional to it. In Fig. 3.18, the birefringence and coiling radius relations for fiber with
400um cladding is drawn. And with extremely small coiling size, one may achieving close to
1x107 linear birefringence either by freely bending or wounding of the fiber. However, for fiber
with large core size, this is not practical, a coiling radius larger than 15cm is usually applied to
avoiding extra fundamental mode loss in the core. Therefore, to have dominant linear
birefringence from bending process, wounding the fiber around a drum would be a better choice.

And in that way, one can usually get linear birefringence around 2x107°.
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Figure 3.19: Bending induced birefringence versus coiling radius for a 400pm fiber.

To strengthen the circular birefringence, extra twisting is needed to apply on the fiber.
Following Eqn. (3.8), the circular birefringence induced by twisting is about 1.55x10” with each
turn per meter. Therefore to get similar magnitude of linear birefringence from wounding with
400um fiber around a drum, about 13 turns /m is required.

Fig. 3.19 shows the calculated PER of output polarization from a strongly twisted freely
coiled fiber based on couple mode theory. The output PER is calculated for polarization at
azimuth angle equal to the predicted rotated angle by twisting optic activity. The simulation was
done for two 2.5m long fibers with sizes: 250um and 400um, which are the sizes of commonly
used large core fibers. For 250um fiber, a coiling radius of 15c¢m is assumed, and for 400um
fiber, 20cm-coiling radius fits the practical situation. The stress is applied to the whole fiber with
a 45° angle to the bending plane, which is the direction for largest decoupling with the bending
linear birefringence. In practical situation, external stress perturbation is usually applied with
random direction and length. However, this simulation still provides a good prediction as for the
worst perturbed case. As marked by the dashed curves where the output PER is 20dB, for fiber

with larger size and coiled to larger radius, the stress perturbation influence is reduced. For the
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400um fiber with a twisting rate at 15 turns/m, the insensitiveness of output polarization to the

external stress could be maintained to roughly 10N/m.

(a) Fiber size: 250pum, R=15cm (b) Fiber size: 400pm, R=20cm
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Figure 3.20: Simulation of output PER dependence on fiber twisting rate and external stress
perturbation with : a) 250um fiber coiled to 15c¢m radius and b) 400um fiber coiled to 20cm
radius. The dashed line indicates roughly where 20dB PER is.

Since the twisting rate is not related to the fiber size and coiling radius, but bending
birefringence are, one can utilize these two approaches for different fiber parameters. For
example, when fiber size is small, coiling size could be reduced, and the wounding linear
birefringence is larger and consequently, better polarization stability is with external stress
perturbation. But the twisting rate required to provide same stability would be also increase and
may be practically unachievable. Meanwhile, for fiber with larger size and coiling to larger
radius, twisting the fiber to produce strong circular birefringence would be a better solution,
since at this time, the wounding birefringence is reduced by a similar rate as for the stress
birefringence.

Another feature distinguishing these two methods is that while strong twisting of the fiber
actually makes it a circular birefringent fiber, with circular polarizations as its eigenmoeds,

wounding the fiber around the drum makes it similar to Hi-Bi fiber, with which linear
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polarization is maintained over the whole fiber. Therefore, if the system is for applications which
requires all time maintenance of polarization such as four-wave-mixing, wounding around the
drum is the better choice. On the other hand, for applications, which prefer nonlinear effect
suppression, such as SBS and SRS suppression, the twisting approach is perfectly fitted, since it

can provide a linear polarization output while double the threshold for those nonlinear effects.

3.4 Conclusion

In this Chapter, polarization preservation in CCC fiber is explored theoretically and
experimentally. First, we show that internal birefringence is negligibly low in CCC fibers due to
two factors: (1) effects of local stress and geometrical-deformation induced birefringence are
eliminated by the spun nature of CCC fibers, which are drawn from a rapidly rotating preform
during their fabrication, and (2) effects of modal scattering are also eliminated due to the
effectively single-mode performance of CCC fiber core. Second, large cladding size associated
with large core CCC fibers significantly reduces fiber sensitivity to external perturbations to a
degree that effects of the perturbations occurring due to packaging imperfections (such as
random lateral stresses, etc.) become negligible. Furthermore, in practical integrated laser
systems containing coiled fibers, fiber bending and the corresponding twisting inevitably occurs,
which induces linear and circular birefringence distributed along fiber length. Wounding fiber
around a drum provides linear birefringence of approximately 10, which enables linear
polarization eigenmodes perpendicular to or along the wounding axis over the coiled fiber.
Twisting fiber at a rate of approximately 10-20 turns/m creates circular polarization of
approximately 10°. Both effects can be exploited as additional means for polarization

preservation in CCC fibers.
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Chapter 4
Narrow linewidth CCC fiber amplifier

for CW combining laser array

4.1 Introduction

Nowadays, due to their compact and robust structures, superior thermal management
properties, near diffraction-limited beam quality, and high conversion efficiencies, CW fiber
lasers and amplifiers play an important role in high power systems for various potential
applications such as gravitational wave detection, LIDAR, material processing and etc. Few kW
fiber lasers with diffraction-limited beams are now commercially available [88]. And 10kW
single mode fiber lasers are already realities [24]. However, one single channel is not sufficient
to achieve over 100kW practical laser systems due to limitations such as nonlinear effects, bulk
silica damage and thermal damage. To overcome this bottleneck, coherent combining of
continuous-wave high power fiber lasers is currently considered to be the most promising path
for further power scaling.

First of all, to have all the output beams from individual amplification channels
overlapped well with each other and to achieve a high brightness combined beam with good
combining efficiency, beam with single transverse spatial mode quality from each channel is in
need. Moreover, the stability of combined beam is also important for practical applications, thus

robust polarization maintenance of individual channel is also required. Furthermore, building
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coherent fiber array would require each fiber amplifier output to achieve accurate phasing and
have mutual coherence. Thus, very narrow linewidth spectrum of output beam is highly
demanded. Spectral bandwidth of each channel should be broad enough to avoid significant
nonlinearity appearance, which would be discussed in the next section, while also be within
certain range such that the path lengths of each channel could be matched within coherence
length. For combinable fiber based master oscillator power amplifiers (MOPA), to have
adjustable mismatch path length between each channels, no more than 10 GHz linewidth is

acceptable [44].

4.2 SBS mitigation
Stimulated Brillouin Scattering (SBS) is the most significant hindering factor of the
power scalability of coherent combining system components operating within narrow linewidth.
SBS is induced by interaction between optical field and acoustic phonons in the fiber, driven
through the process of electrostriction [31]. With certain spectral power density of optical field,
acoustic wave is generated and modulated into a moving index grating in the fiber core. As a
result, small portion of amplified signal would be deflected by this grating and backward
propagated along the fiber, which will then compete with the signal light for the gain in the
amplifier and further be detrimental for the previous amplification stages. The backscattered
Brillouin wave is frequency downshifted due to the Doppler shift of the moving acoustic grating.
This Brillouin shift is then calculated by [31]
Vg = 2npva/A, 4.1)
where ny, is the refractive index at wavelength A, and v, is acoustic wave velocity in fiber core.

For silica fibers n, = 1.45,v, = 5.96km/s, with wavelength A, around 1um, vg » 16GHz.
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The gain of SBS depends on both the bandwidth of amplified signal Av, and its own gain
spectrum Avg, as shown in (4.2). The SBS gain bandwidth Avg is related to the phonon lifetime,
which is usually 50~100MHz in silica fibers. gg, is the peak value of Brillouin gain at v = vg,

which is usually about 5x10™"" W/m for fused silica.

AUB
Avg+Avg 9Bo

gs(Qvg) = (4.2)

The development of SBS is governed by coupled equations and could be solved
analytically under assumption that pump wave depletion is negligible. And the critical power P,

for the Brillouin threshold is given by [96]

XAefr
P,=— .
r gB(AUs)'Leff (4 3)

where A is the effective mode area, Lesr is effective fiber length and y is a numerical constant
related to all the other parameters in this formula. For conventional single mode fiber MOPA,
is approximately 21 and the critical power could be calculated out as tens of watts, which are
insufficient for high power beam combining system seeking for hundreds kilowatts power output.
As a result, methods to mitigate SBS are in demand for further power scaling.

According to the critical power dependence on fiber length, mode area and Brillouin gain
coefficient, methods for SBS mitigation fall into three main categories. Firstly, one can enlarge
the effective mode area of fiber to increase the critical power. Another method is to increase
doping concentration in fiber core and thus shorten the fiber length in need for amplification to
raise the SBS threshold. Furthermore, lowering Brillouin gain can also raise the critical power.
One of the approaches to achieve this goal is by utilizing thermal gradient in counter-pumped
fiber amplifier. In this way, frequency shift associated with Brillouin scattering along the fiber
would be changed and it further decouples SBS gain between sections of fiber at different
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temperature. Another way is to reduce the overlap between optical and acoustic modes in the
fiber by choosing refractive index profile or selecting certain dopants in fiber to spatially
separate the two modes or create an acoustic anti-guide. Additionally, one can also broaden the
bandwidth of signal to larger than Brillouin gain bandwidth so that SBS gain if reduced and
threshold is thus raised. However, this improvement is at the cost of losing coherence of the
beam as we stated earlier.

With approaches for SBS suppression discussed above or the combination of these
approaches, up to 800W single frequency fiber MOPA output was achieved [89-92, 101], and
kW level fiber MOPA output with narrow bandwidth over GHz [94-96] was also realized as
shown in figure 4.1.. Furthermore, kilowatt scale coherent combining has been realized by

building eight nearly S00W single frequency fiber MOPAs in a filled aperture [36].
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Figure 4.1: State of the art of fiber based CW power amplification with single frequency and
narrow linewidth centered at 1064nm. The cross-circle marks are records with no polarization
maintenance. P marks represents records with polarization maintenance.

4.3 37pm CCC single frequency amplifier scalability and SBS threshold analysis

Figure 4.2: Microscopic image of 37um Yb-doped air-clad CCC fiber with focus on the core area
and the whole fiber transection.

To achieve high power CW single frequency amplification, one piece of 37um Yb-doped

air-clad CCC fiber with high absorption is chosen as the main gain medium [56]. Microscopic
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image of this fiber is shown in Fig.4.2. And detailed information of this fiber is also listed in
Table 4.1. As discussed in Chap 2, the air-hole structure in the cladding could improve the
thermal management of fiber coating and thus facilitate high pumping levels for relatively short
fiber lengths. Furthermore, the large mode area and high absorption enabled short effective fiber
length could raise SBS threshold as analyzed in section 4.2.

Table 4.1: Specification of 37um Yb-doped air-clad CCC fiber.

Central Core Side Core Inner Cladding | Outer Cladding | Helix | Absorption
MFD Dia. Dia. Dia. Period | @ 975nm
N.A. N.A. N.A. N.A.
(pm) (pm) (nm) (nm) (mm) (dB/m)
30 | 0.069 | 9.8 | 0.089 260 >0.6 | 440 0.46 6 8

With these fiber parameters know, we could estimate critical power lever for SBS onset
following Eqn. (4.3). For large mode area fiber in use, the numerical factor y need to be modified.
In this case, x is 32. Assuming the gain in the this amplifier would be around 20-30dB, and the
predicted critical power would be inversely proportional to fiber length in use. From this
calculation, the critical power for this 2.7m long air-clad CCC based MOPA system for single-
frequency operation would be within 800W-1200W. This estimation is for case with seeding
bandwidth within SBS gain bandwidth, i.e. 100MHz. It is also under the assumption that the
fiber amplifier is counter-pumped. For co-pumping configuration, the expected SBS threshold

would be about half of that for counter-pumping condition, due to longer effective fiber length.

4.4 Experiment and results
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Figure 4.3: Illustration of experimental setup with counter pumping scheme.
A three-stages Yb-doped fiber based Master Oscillator Power Amplifier (MOPA) system

was used to demonstrate single frequency CW power scaling (Fig. 4.3). The system was seeded
with a single-frequency DBR laser diode (Sacher Lasertechnik TEC 50) operating at 1064nm
with spectral bandwidth around 800kHz. The seeding signal then propagated through and was
boosted by three Yb-doped polarization maintaining (PM) fiber amplifiers in chain. The two pre-
amplifiers were based on standard single mode PM Panda fiber and double-clad CCC fiber
respectively, while the final power amplification stage utilized a piece of 37um airclad CCC
fiber introduced in previous section.

The single frequency diode source provided about 40mW PM seeding power. It was then
free space coupled into a single mode PM pre-amplifier co-pumped by a 600mW single mode
laser diode at 976nm and generated 110mW power. The second pre-amplifier was based on 3m

long Yb-doped double clad CCC fiber with 30um core, 250um cladding. It then followed a
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counter-pumping scheme by a JENOPTIK fiber coupled CW diode laser to 30W. This stage
provided 2.3W single transverse mode, linear polarized beam seeding the last and the main
amplifier stage.

The main amplifier of this single frequency fiber MOPA consisted of an Yb-doped
airclad CCC fiber introduced in the previous section. Both ends of the fiber were polished to 12°.
However due to air-hole structure in the cladding, the pump end, which was also the output end,
was not endcaped but just fused for the polishing purpose as well as to avoid degradation of fiber
by capillary action while maintaining the input pump power confined inside inner cladding of the
fiber. The whole fiber was sandwiched in between two water-cooled cold plate to enhance heat
dissipation. It was counter pumped by a combination of 3 fiber coupled high brightness laser
diodes provided by Fraunhofer USA. Maximum output power of these three diodes are all above
400W and give the full power of 1.3kW. With selection for cooling temperature of chiller, which
water-cools the diodes, wavelength of the pump reaches 976nm at full power to optimize
conversion efficiency. The coupling fiber was standard high power delivery fiber with core size
of 220um and NA of 0.22. The output fiber ends of pump diodes were packaged tightly in a
triangular shape with all the facets aligned to minimize pointing differences of the output beams.
There were two dichroic filters mounted at both ends of the amplifier to separate signal and
pump wave. A wedge with 4° was inserted before the seeding end to pick up backscattering

signal for SBS onset detecting purpose.
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Figure 4.4: (a) Output signal power versus absorbed pump power from final amplification stage
with counter-pumping configuration. The blue curve is the amplified single frequency signal.
The red curve is the backscattering signal. (b) Backscattering signal power versus amplified
single frequency signal power. The blue curve with circular mark is the experimental
measurements, and the red solid curve represents the linear fitting curve, which shows no SBS
onset during the amplification.

With the last amplifier stage pumped to 1kW and 700W absorbed at around 973nm, we
got 511 W signal output with slope efficiency about 71% (Fig 4.4a) [59]. The backscattering
signal power was linearly increased with that of forward propagating signal (Fig 4.4b). Ratio
between these two signals remained roughly 4%. This stable counter-propagating signal to
forwarding propagating signal ratio indicated that there was no SBS onset at this power level,
and we did not reach the SBS threshold yet, which is consistent with our earlier estimation about
the critical power around 600-900W of this MOPA system. The power scaling was stopped due
to output end facet damaging.

Due to the bulk damage of un-endcaped fiber end, we then modified the final amplifier to
co-pumping configuration as shown in Fig.4.5, at cost of lengthening effective fiber length and
thus lowering SBS threshold. The CCC fiber based second pre-amplifier was replaced by a piece
of 2.7m long higher doping Yb-doped CCC fiber with 35um core and 250um cladding to
improve the efficiency of the system. The seeding power for the final stage after this CCC pre-
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amplifier was then boosted to 5.5W. With co-pumping configuration, output end of CCC fiber at
final stage was endcaped and angle polished to 12°. The final amplifier was then pumped to
1.1kW with 800W absorbed. At this pump level, 576 W single frequency CW output was
achieved with a slope efficiency about 74% (Fig. 4.6a). A 3nm band-pass filter was added after
the wedge picking up backscattering power to filter out ASE. As plotted in Fig. 4.6b, the
backscattering signal power within 3nm bandwidth centered at 1064nm was linearly proportional
to the amplified single frequency signal power. And the ratio between these two waves was
about 0.025%, which confirms that no SBS onset exists at this power level since 0.1%
reflectivity is usually defined as SBS onset threshold [101]. The power scaling was limited by
the melting of un-endcaped pump end fiber facet.

The mode quality of the output beam was evaluated by knife-edge M2 measurements at
about 30W and 100W power level (Fig. 4.7). And the M2 value of 1.19~1.28 showed the
robustness of this single mode output. Polarization Extinction Ratio (PER) was also measured at
up to 200W as shown in Fig.4.8. With PER maintained above 19dB with up to 200W output

power exhibited good polarization preservation of this CCC fiber based MOPA system.
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Figure 4.5: Illustration of setup for the final amplifier stage with co-pumping configuration.
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Figure 4.6: (a) Output signal power versus absorbed pump power from final amplification stage
with co-pumping configuration. The blue curve is the amplified single frequency signal. The red
curve is the backscattering signal. (b) Filtered backscattering signal power with 4nm band-pass
filter centered at 1064nm versus amplified single frequency signal power. The blue curve with
circular mark is the experimental measurements, and the red solid curve represents the linear
fitting curve, which shows no SBS onset during the amplification.
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Figure 4.8: PER measurements with final amplifier output power up to 200W.
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4.5 Modal content measurement for 37pm active CCC fibers

One of important applications of high power single frequency laser is to provide laser
source for interferometry gravitational wave detection (GWD). The 31 generation of GWD
requires laser source with single frequency operation at ~1064nm with kW power level of output
as well as high polarization preservation [70]. Fiber based MOPA shows great potential to fulfill
these requirements in terms of high power scalability, high conversion efficiency as well as great
thermal management. As stated in section 4.2, SBS onset would be the primary limitation for kW
level power scaling for single frequency fiber amplifiers, and one main approach to increase
critical power for SBS threshold is to enlarge fiber mode area. However, for laser source of
GWD, single transverse mode maintenance is also strictly requested. As a result, special design
for LMA fibers with effectively single mode output is demanded. CCC fiber seems to be one
promising solution to satisfy both requirements due to its robustness of single mode operation
with core size up to 60um [55]. To explore the feasibility of CCC fiber based laser system as
source for 3" generation GWD, modal content of output beam from a passive 55um CCC fiber
has been measured with TEMO0O mode content more than 96.5% which is insensitive to mode
excitation condition [102]. While this result solidly validates that CCC fiber is an effectively
single mode LMA fiber, further investigation on active CCC fiber under high power operation is
still needed.

A 5m long double-clad CCC fiber with 37um core size is examined with amplified
single frequency signal power to over 100W. Detailed information and measurement results of

this fiber are listed in Table 4.2.
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Table 4.2: Summary of specifications of the double-clad 37um CCC fiber and the TEM(y mode

content measurement results.

Parameters Double-Clad CCC
Core Dia. / MFD 37um / 30um
Core NA @ 1060nm 0.068
Inner Cladding Dia / NA N/A
Outer Cladding Dia / NA 413 pm/ 0.46
Absorption @ 976nm ~1 dB/m
Side Core @, NA 9.8 um/ 0.089
Helix Period 6 mm
Bending Dia. 20cm
Overlap with LP0O1 100 % (assumed)
Length Sm
Amplifier Power Output 160W
TEMyy Mode Content 88%~93%

Single frequency wave was first generated from a NPRO and then amplified by a two-

stage Yb-doped PM fiber MOPA as illustrated in Fig. 4.9(a). The amplified signal was then sent

to power meter while a small portion of the power was picked and directed to mode content

measurement setup as shown in Fig. 4.9(b).
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Figure 4.9: (a) Illustration of power amplification stages setup. (b) Model content measurement
setup consists of a 3 mirror non-confocal ring cavity.

The fiber MOPA chain was seeded by a non-planar ring oscillator (NPRO) with up to

500mW at 1064nm and ~1kHz bandwidth. A pre-amplifier consisted of PM LMA fiber with
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10um core and 125um cladding was followed to boost the seeding power to up to 11.5W. The
final and main amplifier was based on 37um Yb-doped CCC fibers, which was counter-pumped
by a fiber-coupled pump diode module at 976nm. The amplified signal was then separated from
pump-wave by a dichroic mirror with small portion of the output picked up by a silica plate and
directed to diagnostic stage.

The diagnostic beam then traveled through several polarization optics such as PBS and
waveplates to provide the mode scanning cavity with linear polarized beam at required power
level, i.e. ~120mW. The non-confocal scanning cavity contained three mirrors, two of which
were plane mirror mounted at 45° with partial transmission and the third one was a piezo-driven
curved mirror with high reflection. By driving this mirror, cavity length varied and hence
resonant eigenmode was selected and transmitted to photo-detector while the rest of the modes
are all reflected. All of the eigenmodes were free space TEM,, modes. With single frequency
beam propagating in this cavity, only one eigenmode would exist due to the narrow bandwidth.
As a result modes carried with this signal could be decomposed and measured by scanning the
cavity length [97].

The mode contents of amplified output were examined in small seeding, high gain region
as well as strong seeding high power region. In small seeding case, the final amplifier stage was
seeded with 130mW and amplified to achieve over 20dB gain. For strong seeding case, the final
amplifier was seeded with 11.5W and amplified to around 150W output power. Modal content
was measured during the amplification process for both cases.

As shown in Fig. 4.10, TEMy, mode content and amplified power versus absorbed pump
power was plotted for the double-clad CCC fibers operating with small and strong seeding

respectively. In small seeding amplification, gain up to 21.8dB was achieved with TEM(y mode
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content over 95% during the whole process. And in strong seeding case, TEM(y mode content
stayed around 90% for up to 130W output power; it then degraded to 87.3% at a maximum
output power of 160W. The power scaling was limited by the low efficiency of pump absorption
due to the round shape of 400um cladding. The mode scan measurements at 20W output with

small signal seeding as well as at 130W output with large signal seeding are shown in Fig. 4.11.
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Figure 4.10: Power amplification and TEMy, model content measurements versus absorbed
pump power. The black curve with dots represents the amplified signal power. The red dashed
line is the linear fitting for the amplification. The black square marks are TEMyy modal contents
measured during power scaling. (a) Small signal seeding with 130mW. (b) Large signal seeding
with 11.3W.
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Figure 4.11 Mode scan measurements over one free spectral range. The green curve represents
ideal pure TEMy, mode scan results. The red curve is the experimental scan recording. The blue
curve is the modal content fitting to the measurements. (a) Mode scan recorded at 20W amplified
output power with small signal seeding. (b) Mode scan recorded at 130W amplified output with
large signal seeding.

These tests though conducted with imperfectly designed but still show comparable
fundamental mode content around 150W as that of other commercialized fibers [98-100].

4.6 Conclusion

In this Chapter, single frequency CW power scalability of CCC fiber to nearly 600W is
demonstrated with single transverse mode, single polarization and no SBS onset. With also the
TEMj mode content characterized, the potential of CCC fiber for high power fiber laser array is

demonstrated.
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Chapter 5
High-energy nano-second pulse generation with

55pm core Yb-doped CCC amplifier

5.1 Introduction

At present, high-energy nano-second pulse are needed in a variety of industrial
applications ranging from material processing to EUV lithography and metrology. For industrial
applications productivity, i.e. high processing speed and large volume, is necessary. This
productivity is associated with high average power. Furthermore, in practical usage, compactness
and reliability of a laser source is very important. High power pulsed fiber lasers show
remarkable potential to fulfill these requirements with following advantages. Firstly, effective
heat dissipation due to the large surface-to-volume ratio of fiber enables high average powers.
Furthermore, the capability of monolithic integration of fiber could significantly reduce the size
of the system as well as the needs of realignment.

In recent years, high-energy nanosecond pulses have been demonstrated with large core
Yb-doped fiber MOPA both in free space and monolithic format [103,104]. However, due to the
large core sizes of the fibers used for high energy extraction, modal quality is sacrificed. To
maintain near-diffraction-limit beam quality, various design approaches for fibers with large
mode area have been investigated. MOPA based on Photonic crystal fiber (PCF) rods have been

developed for high-energy operation, emitting ~1ns pulses of over 4MW peak power with
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M2=1.3 [106]. Recently, large—pitch photonic crystal fiber has been presented, culminating in a
demonstration of sub-60ns pulses with 26mJ pulse energy and good beam quality [107]. These
concepts are inherently free-space approaches though, which sacrifice the remarkable practical
advantages of monolithic integration offered by conventional small-core flexible optical fibers.
With carefully coiling and seeding to a 65um - 80um core LMA fiber laser driver, 6.2ns pulse
duration and 6mJ pulse energy has been produced for efficient 13.5nm in-band EUV generation
[105], but such a large core LMA fiber does not provide with a robust single mode performance.
It cannot maintain beam quality after splicing, which makes further integration impossible.
Recently we demonstrated a nanosecond-pulsed fiber MOPA based on 35um and 55pum core Yb-
doped CCC fibers emitting >9mJ SRS free output pulses with approximately MW peak power
[61]. Due to the unique features of CCC fiber as effectively single mode fiber, pure and robust
single transverse mode is maintained during the energy scaling process. It shows significant
potential of CCC fiber technology as a compact and practical platform for industrial applications.

In Fig.5.1, all the energy amplification in ns region discussed above is summarized.
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Figure 5.1: State of the art of energy amplification with fiber MOPA in ns region.
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5.2 Limitations for pulse amplification in fiber MOPA

Although fiber MOPA has shown great potential for high-energy pulse amplifications,
the ultimate pulse energy from a fiber laser is limited by several factors, such as the extractable
energy stored in the amplifier, bulk damage of the fiber material and self-focusing.

The energy extractable from a pulsed fiber amplifier is the energy stored in the fiber
above the bleaching energy level, which is calculated by the multiplication of natural logarithm

of small signal gain Gy of the amplifier and its saturation energy Eq, [108]:

Eext = ln(GO) Esat (51)
where
hvgA
Esat = Tt (5.2)

where h is plank constant. v, is signal frequency. A is core area of the fiber and I is the overlap
of signal mode area with core. g, and g, are absorption and emission cross-section at signal
frequency respectively. Since small signal gain of a fiber amplifier is limited by ASE to about
30dB, the extractable energy from a pulsed fiber amplifier could be estimated as about 7 times of
its saturation energy.

Another challenge for the energy scaling of pulsed fiber amplifiers is the optical damage
of fiber material. Stuart et al has described this phenomenon as result of electro production by
multi-photon ionization, joule heating and avalanche driven by the laser field [109]. For pulse
duration larger than 1ps, the threshold of damage fluence for the pulse scales with the square root
of pulse duration. With the experimental characterized bulk damage threshold for Yb-doped fiber
as about 800J/cm” for pulse width of 6.2ns [30], the damage threshold for various pulse durations

is given by:
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E., = 3.2x107° 'A\/T_p (5.3)
where 7, is the pulse duration and A is the fiber core area.

The ultimate limiting factor for pulse amplification in gain medium is self-focusing of the
beam induced optical damage. Due to optical Kerr effect, refractive index of gain medium
depends on the intensity of the laser propagating through, and can be described by [110]:

n=ng + ny,l (5.4)
where ny is the linear refractive index, n, is the nonlinear refractive index and I is laser intensity.
Since in most cases, beam propagating along the fiber for pulse amplification is with a Gaussian
distribution, and refractive indices of the material is hence modified by the beam and varies from
the center of the beam to the edge. In most of the laser medium, with n, as a positive factor, the
modified refractive index would behave as a focusing lens. When this focusing effect is balanced
with the diffraction of the propagating beam, laser field would propagate with a fixed beam size
and the so-called self-trapping of light occurs. The threshold for self-focusing induced damage is

hence defined as the critical power of self-trapping:

m(0.61)% 12

87’107’12

Fer = (5.5)

In fused silica, ny~1.45, and n,=2x10m*W. The critical peak power for pulse
amplification at lum is hence around SMW. In Fig. 5.2 we depicted the energy limitations
discussed above versus fiber core size for pulse durations range from hundreds of picosecond to
tens of nanosecond. It could be concluded from this plot that the higher energy to achieve the

larger fiber core is in need.
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Energy Scalability for Pulsed Fiber Amplifiers
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Figure 5.2: Energy scalability for pulsed fiber amplifiers operating at 1064nm in ns region. The
dashed black curve is the extractable energy for different fiber core size. The grey solid curve is
the saturation energy for various fiber core sizes. The red pink and blue curves are energy
limitation set by bulk damage threshold and self-focusing for pulse durations of 100ps, 1ns and
10ns.

However, in practical pulsed fiber MOPA, nonlinear effects such as Self Phase
Modulation (SPM), Four Wave Mixing (FWM), Stimulated Brillouin Scattering (SBS) and
Stimulated Raman Scattering (SRS) occur well before these limits, which would largely affect
the spectral distribution of the energy and even be detrimental for the amplifier system [31]. As
Kerr effect causing intensity-dependent modification of material refractive index, other than
spatially self-focusing of the beam, it also leads to temporal phase shift within the pulse during
propagation, which is SPM and results in a spectral broadening dependent on pulse shape. For
pulses with duration < 0.5ns, SPM is most prominent and hence an impeding factor for coherent
combining systems. As a third-order parametric process, FWM involves annihilating of two
photons and creating two new photons satisfying energy preservation as well as phase matching
requirements. In high power fiber lasers in nanosecond region with broadband spectrum, with

strong amplification of the signal, which is pump beam for FWM, substantial FWM generation
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could be observed as broadening of the spectrum notwithstanding the phase matching [111]. For
linewidth-limited pulse in multi-nanosecond region, SBS would be the most detrimental factor
for the MOPA [112].

For practical pulse amplification with nanosecond pulse duration, the main limiting factor
is SRS. As a inelastic nonlinear process induced by interaction of laser field and optical phonon,
SRS involves generation of photons at a frequency downshifted from that of the incident photon.
Different from SBS process, the gain spectrum of Raman scattering extends over a broad spectral
range. As a result, SRS mainly cause transferring of energy to unwanted spectral range and limits
further scaling of the energy. For fused silica fiber, Raman gain spectrum covers a bandwidth of
40 THz, with the gain peak at about 13THz away from the Raman pump wave frequency. The

critical power of SRS onset is given by [96]:

*A
P — X eff .
T goLetr (5.6)

where gy is Raman gain coefficient at pulse wavelength, which is 1x10"°m/W at 1um. Leff ~1/g
is efficient propagation length of the fiber, with g as gain of the fiber at pulse wavelength. Aeff is
mode field area of the fiber. x is a numerical factor which depends on fiber parameters and
operating conditions. For example, for forward SRS in standard single mode fibers, x = 16,
while for backward SRS in the same fiber, x = 20. Similar as for SBS mitigation, one could
utilize large core fiber with high doping to raise SRS threshold as indicated from Eqn. (5.6).
Furthermore, one could also exploit special techniques such as bending fiber to certain radius for
Stokes wave peak loss enhancement [114], fiber with special design to have high loss at Stokes
frequencies [115] or spectrally tailored transmission induced propagation length independent

Raman threshold [113].
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As discussed above, to maximize the energy scalability of the fiber amplifier as well as
for better mitigation of nonlinear effects, fiber with high doping concentration and large core

area is preferred.

5.3 Experiment setup and results

Figure 5.3: microscopic image of triple-clad Yb-doped CCC fiber with 55um core. The inserted
picture shows the octagonal central core surrounded by eight round side cores.

According to the analysis in previous section, a piece of triple-clad Yb-doped CCC fiber
with 55pum core diameter was selected as the gain fiber for the main amplification stage to
enhance the scalability of our fiber MOPA for nanosecond pulses. Unlike the single side core
design for previous CCC fibers, eight identical side cores are helically wound along the
octagonal shape central core in this fiber as shown in Fig. 5.3. This design was chosen to
enhance the mode coupling strength needed due to the increased amount of high-order modes
(HOMs) supported by the central core with enlarged mode area. The Yb-doped central core has a
diameter of 55um with mode field diameter (MFD) of 42um and NA of 0.072. Side cores are
Ge-doped with ~11pm diameter, 0.088NA and a helix period of 5.3mm. Inner pump cladding of

the fiber is doped with fluorine providing 0.22NA with a diameter of 305um while the outer
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cladding is 360um in diameter and 0.46NA. The pump absorption ratio at 975nm is around

10dB/m [55].
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Figure 5.4: System setup for ns pulse amplification.

Fig. 5.4 illustrates the schematic setup of the nanosecond pulsed MOPA based on Yb-
doped CCC fibers. Seed pulse was generated by a programmable single-mode fiber based self-
seeded nanosecond pulse generator on an optical breadboard, with variable durations and
repetition rates, as well as tunable wavelengths [60]. In this experiment, the pulse generator was
tuned to operate at 1042nm with a FWHM of ~3nm with a repetition rate of SkHz. And the pulse
energy of the output from this generator was 280nJ with pulse duration of 15ns. The pulses were
then coupled into a 2m long Yb-doped polarization maintained (PM) conventional single mode
fiber based preamplifier to boost the pulse energy to 8uJ. Two bandpass filters with 3nm FWHM
bandwidth were implemented after the pulse generator and this single mode fiber stage
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respectively to narrow the pulse spectrum to the original bandwidth from the broadening caused
by SPM as well as to filter out the SRS signal.

To better deplete ASE in the final stage and also to extract as many energy as possible,
the pulse was further enlarged in a second preamplifier stage consisting of a 3m long double-clad
Yb-doped CCC fiber with 35um core diameter, 250um cladding and ~9dB/m absorption at
975nm. Counter-pumped by a fiber-coupled diode laser operating at 976nm, this stage increased
pulse energy to 140 pJ. Another 3nm bandpass filter was placed in the output beam path to
narrow the pulse spectrum again.

The final and main amplification stage was composed of a 2.5m long Yb-doped CCC
fiber with 55um core diameter. The fiber was coiled with a diameter of 40cm and laid on cold
plate water cooled to around 15°C. Both ends of the fiber were spliced to a 8mm coreless fiber
and polished to 12°. Counter-pumped by a fiber-coupled high brightness diode laser (Fraunhofer
USA) to 200W at ~970nm, the main amplification stage absorbed around 150W pump power
and emitted 10ns pulses with 9.1mJ energy and 45.5W average power within the core area.

Output energy and peak power of the pulse versus absorbed pump power from the main
amplification stage is also depicted in Fig. 5.5. Inserts in Fig. 5.5 shows beam profile recorded
with 1mJ and 8mJ pulse energy respectively. The consistency of the beam profile confirms the
robustness of the output single mode quality. The overall performance of system is summarized

in table 5.1.
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Figure 5.5: Energy and peak power versus absorbed pump power during power scaling. The red

curve is energy amplification and the blue one is the peak power. The inserts are beam profiles
recorded at 1mJ and 8.1mJ output energy level respectively.

Table 5.1: Summary of specifications for fibers used in different amplification stages as well as
the output pulse characteristics from these three stages. *The output energy and pulse duration of
the two preamplifiers in this table are measured after the band-pass filter.

Amplification Stage 1 2 3
Fiber type Panda fiber | CCC fiber CCC fiber
Core @ (um) 6 35 55
MEFD (um) 7.5 30 42
Cladding type Single clad | Double clad Triple clad
Cladding ® (um) 125 250 300/360
Fiber length (m) 2.5 3 2.5
Pump absorption
@ 975nm (dB/m) 250 ? 10
Pumping configuration | Co-pump | Counter-pump | Counter-pump
Pulse duration’ (ns) 15 15 10
Energy Sl 140pJ 9.1mJ
Peak power 0.5kW 9.3kW 0.91MW

Pulse shape and spectrum were monitored and recorded during the scaling of energy to

detect any unwanted power build up in ASE and SRS bandwidth. Spectra of seeding pulse for
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the final amplifier as well as of output pulse with 8mJ energy are shown in Fig. 5.6. Normalized
spectra in linear scale are also depicted as inserted. The triangle-like shape of spectral
broadening also validates that it is free of ASE but purely from nonlinear effects. As discussed in
previous section, in fused silica Raman gain peak is at a frequency downshifted by about 13THz
from the pump frequency. In this experiment, with pulse wavelength at 1042nm, the Raman gain
peak is at around 1080nm. From the recorded spectrum with pulse energy at 8mJ and peak power

of 0.8MW, no onset of SRS is observed.
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Figure 5.6: Spectra of output pulse at 8.2mJ and seeding pulse for the final amplifier stage based
on 55um triple-clad CCC fiber. The insert shows the spectra in linear scale and a blue shift is
observed due to the gain preference of Yb. The red curve is output spectrum at 8.2mJ and the
blue one is seeding spectrum.

Following calculation for SRS threshold given by Eqn (5.6), but with a modification of
the constant coefficient to apply to large mode area fibers with high gain, we can get an

approximation of anticipated critical peak power for this final stage by following equation:

Py = L2 hett (5.7)

SoLesff

With Legr =0.6m, Ay around 1400pm” in our case, one would expect to have reached SRS

threshold at close to 650kW, which is not consistent with our measurement. We contribute this
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discrepancy to two reasons. Firstly, because of the sensitivity of material composition in the fiber
core, the actual Raman gain coefficient is uncertain, thus making the predicted threshold a rough
approximation. Secondly, and the main cause is that SRS is partially suppressed in this fiber. As
stated in [60, 113], one important feature of CCC fiber is that the cutoff at long wavelength due
to mode selection provides SRS suppression for certain operating wavelength, which is the SRS
stokes-wave suppression enabled by the spectrally tailored transmission of CCC fiber. Figure 5.7
shows the overlap of Raman gain spectra with pump wavelength at 1042nm (blue) and the super-
continuum transmission spectra of 2.5m long 55um core Yb-doped CCC fiber used in pulse
amplification (red). The spike at around 1064nm of the transmission spectra is from the super-
continuum source. The dip centered at 1070nm with a maximum attenuation of 25dB is the
region of SRS suppression for this fiber. As shown in Figure 7, the Raman gain peak is on the
edge of the SRS suppression range, thus we expect that there is still some effect of Raman

suppression in this amplification.
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Figure 5.7: Spectrum of transmission of super-continuum from 55um triple-clad CCC fiber
utilized in final amplifier (red curve) as well as that of the Raman gain for nonlinear pump wave
at 1040nm (blue curve). The peak at 1060nm from the CCC transmission spectrum is from
super-continuum source itself.
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measured output pulse shape at 8.2mJ. The blue curve is the measured input pulse shape for final
amplification stage at 140uJ. The green curve is calculated pulse shape with input pulse shape at
140pJ and 25dB small signal gain.

The temporal intensity shape of the seeding pulse and that of pulse with 8mJ at output
end are illustrated in Fig. 5.8 as blue and red curves. The pulse duration was narrowed from 15ns
to 10ns during the energy scaling. To validate the pulse reshaping as shown in Fig. 5.7,
characterization of amplifier saturation is done and the predicted reshaping of pulse with 8mJ
output energy is also depicted in Figure 6 as green dashed curve to compare to the measured
pulse shape with same pulse energy. The expected pulse shape is numerically simulated

following equation [108]:

Go
t
Go-(Go-1)exp [- fto lin(t)dt/Usat

Iout (t) = ] Iin(t) (58)

where Gy is the small signal gain of the amplifier, which is assumed to be 25dB in this case.
Usqr = hvg/ (0, + 0,) is saturation fluence at pulse wavelength, which is 0.38uJ/um” for

1042nm. Iiy(t) and I,(t) are instantaneous input and output pulse intensities respectively. Good
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agreement between recorded and calculated pulse shape at 8mlJ exhibits the consistency of

measured amplifier saturation and the prediction.

5.4 Splicibility of large core CCC fibers

As we mentioned at beginning, for monolithic integration, one of the key requirements is
the capability of maintaining mode quality after splicing of the fibers. To confirm the spliciblity
of this large core CCC fiber, we measure the output beam quality before and after a cut-and-

resplice process with this fiber. The evaluation of the beam quality was by a knife-edge M*

measurement.
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Figure 5.9: Knife edge M* measurements with output pulse from the final amplification stage.
Dots are experimental measurement of beam waists at different position. Blue dots are
measurements along horizontal direction while the red ones are along vertical direction. The
solid curves are M” fitting curve for the measurements. Inserts are near field beam profiles
recorded during the measurements. (a) M> measurements along horizontal direction with intact
fiber. (b) M* measurements along horizontal and vertical direction for output amplified pulse
from the same 55pum CCC fiber after a cut-and-resplice process of the fiber at about 30cm away
from the output end.

As shown in Figure 5.9(a), M* of the output beam from the intact fiber was first measured

with a fitted M2 value of 1.12 indicating that the output beam is nearly diffraction limited.
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Together with the invariability of beam profiles recorded during the power scaling process in Fig.
5.5, it confirms that the output beam is consistently single mode under all operating conditions.

A cleavage was made at 30cm away from the output end of the fiber and then the two
fiber pieces were spliced back together with commercialized fiber fusion splicer (Ericsson
PM950). M* measurements were done in both directions along with (as x direction here) and
perpendicular to (as y direction here) the coiling axis of the fiber. As shown in Figure 5.9(b),
M,’>=1.17 and My2=1.03 are good indications that large core CCC fiber is not only a flexible
fiber but also a splicible fiber with effectively single mode operation. And these are all
indispensible reasons why CCC fiber is a promising technology for practical high power

monolithic laser systems.

5.5 Conclusion

We report 9.1mJ and 10ns pulses with close to mega Watt peak power at 5 kHz form a
single-mode 55um core Yb-doped triple-clad CCC amplifier. It is interesting to note that at these
energies relatively small reshaping due to energy saturation have been observed, indicating
potential of even higher energies in this fiber. It appears that extractable pulse energy from a
55um core CCC fiber is significantly higher than from a 80um core LMA fiber [105]. The
system provides near-diffraction limited beam with M2<1.2. And no SRS is onset in this high-
energy pulse amplifier, due to the SRS mitigation provided by this CCC fiber. This
demonstration shows the potential of large core CCC fiber technology for monolithic fiber laser
integration, which could be used as high power and high energy pulsed sources for various

applications while preserving advantages of standard single mode fiber technology.
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Chapter 6
CCC fiber for advanced pulse and ultra-short pulse

coherent combining fiber amplifier arrays

6.1 Introduction

For ultra-short pulse amplification, the main challenge is high peak power induced
optical damage and nonlinear effects such as self-phase modulation, four-wave-mixing and
catastrophic self-focusing, which may damage the system and restrict the ultimate extractable
energy from the system. With relatively small MFD and long propagation length, fiber amplifiers
are more susceptible to this limitation. In the latest decades, chirped pulse amplification (CPA)
[116] technique has been extensively utilized in fiber-based systems and achieved energy to
2.2mlJ level with sub-picosecond pulses [117]. However, the ultimate extractable energy from a
fiber based CPA (FCPA) system is restricted by self-phase-modulation nonlinearity since in
practice, the stretched pulse duration is limited to around Ins by the cost and size of gratings
[118]. Consequently, to achieve ultra-short pulses with energy of multi-Joule as desired for
various applications such as high-field physics research, pulse amplification with a single fiber
amplifier system is not sufficient.

Various schemes of coherently combined FCPA systems are proposed and demonstrated
as a promising solution for further energy and average power scaling of ultra-short pulses. One

approach is to split the pulses emitted from the preamplifier spatially first; amplify them
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separately in multiple channels and then recombine them spatially by either partially reflective
surfaces or polarization beam splitters (PBS) into one big pulse. With this approach, up to four-
channel combination has been demonstrated [123]. More recently, power scaling of four-channel
FCPA array has been demonstrated with final output 450fs pulse energy of 1.3mJ and average
power of 530W [37]. However, reaching ~J to ~10’s J of energy required by majority of high
intensity applications, such as laser plasma accelerators, would require very large number of
~10* - 10° of parallel amplification channels. Such a large number of amplifier channels
constitutes a formidable technological problem.

An alternative path is to separate the pulses temporally instead of spatially before
amplification and then coherently adding them together sequentially, so that effective pulse
duration in an amplifier is increased, and much higher pulse energies per channel can be
extracted. This could significantly reduce number of parallel amplification channels.

Divided-pulse amplification (DPA) has been proposed [41,120] recently to improve the
energy scalability of single fiber amplifier channel by utilizing a sequence of cascaded Mach-
Zehnder-type splitters and combiners to create pulse train before amplification and recombine
them into a single pulse after that. With this approach, up to 6.5mJ amplified pulse energy was
achieved and 1.25mJ of recombined and recompressed pulse was demonstrated [41]. However,
apart from being very cumbersome, this technique can not be applied to increasing pulse number
beyond few, since delay line length increases exponentially with the number of
splitting/recombining stages. Hence array-size reduction would be insignificant.

Concept of coherent pulse stacking (CPS) was proposed and demonstrated as a solution
that can reduce array size by two to three orders of magnitude [42]. With this approach, the burst

of pulses is generated starting from a mode-locked femtosecond pulse laser followed by an
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amplitude and phase modulators, which provide the reuiqred amplitude and phase shaping of the
pulse burst. The seed pulse burst could pre-shaped to counteract the saturation effect in power
amplifiers. After the amplification, the burst is sent into Gires-Tournois interferometer (GTI)
resonant pulse-stacking cavities. With phase modulation of the pulses within the burst, individual
pulses would be coherently stacked into a single output pulse. The round-trip length of GTI
resonant cavity is equal to the separation between pulses but not the burst duration, which makes
it compact for high pulse repetition rates. By suitable cascading of a sequence of these GTI
cavities, number of stacked equal-amplitude pulses within a burst could reach 100 to 1000,
providing with the corresponding increase in energy from a single fiber amplifier channel.
Further analysis in section 6.3 shows that, with burst operation, tens of mJ or even >100mJ may
be achieved from a single fiber amplifier channels. Consequently, a corresponding two to three
orders of magnitude reduction of the FCPA array size could be achieved, and as few as tens to
hundreds of parallel coherently-combined channels could be sufficient for generating multi-Joule

pulse energies.

6.2 Experimental demonstration of high-energy coherent pulse stacking from CCC fiber
base fiber amplifier
To evaluate the feasibility of CPS, amplification and stacking of a burst consists of
nanosecond pulses has been demonstrated. This is a collaboration work with other group
members working on the combining technique, while the contribution from this dissertation is

mainly on providing high energy amplification from 55pum CCC fiber based fiber amplifier.
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Figure 6.1: Experimental setup for CPS amplification system with carved nanosecond pulse
burst.

Fig. 6.1 illustrates the experimental setup for the CPS amplification system with
nanosecond pulses. A tunable CW diode laser (Toptica DL100) emitted about 45mW at 1064nm
with narrow linewidth. The signal was then divided by a 50:50 fiber splitter into a probing signal
for later stabilization of the stacking cavity and a signal as seeding for the pulse amplification
and stacking. The seeding signal was carved into a burst of pulses by amplitude modulators and
then imprinted with the required phase by a phase modulator. The burst repetition rate is
7.81MHz, with single pulse duration of 850ps and a pulse separation of 5ns. The burst was
subsequently amplified by three stages of PM single mode fiber amplifiers. Two acousto-optic
modulators (AOM) are implemented between the single mode fiber amplifiers to down-count the
burst repetition rate to 10kHz to ensure sufficient seeding power in these pre-amplifiers as well

as efficient suppression of ASE power. ImW burst average power was then injected into a co-

116



pumped pre-amplifier based on 25um PM LMA fiber. This pre-amplified was monolithically
integrated with a mode-adapting isolator, a 2+1x1 pump combiner and a 2.5m long Yb-doped
PM LMA fiber with 25um core and 250pum cladding. The LMA fiber was coiled to 9cm in
diameter to provide sufficient bending loss for HOMs. The burst was boosted to 140mW before
the final and main amplifier stage based on 55um CCC fiber. With a fiber length of 2m and
counter pumped by a fiber coupled diode laser (nLight Pearl) the burst was amplified to 10.5W
with total energy over 1mJ. A free space isolator and a 4nm bandpass filter were placed between
the LMA stage and the final CCC amplifier stage to protect the pre-amplifier from backscattering
signal as well as to suppress the ASE power.

The burst entering into and exiting from the GTI resonant cavity is shown in Fig. 6.2. The
blue curve is the pulse train within a burst input into the cavity while the red curve represents the
corresponding output pulse train. With carefully phase modulation of each pulse within the burst
as well as stabilizing the cavity with probing signal, an enhancement of 2.48 of stacked pulse
from the maximum individual pulse peak power in the burst was achieved. The contrast of

stacked pulse to the most intense “suppressed” output satellite pulse is 16.2dB.
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Figure 6.2: Burst shape entering and exiting from the GTI resonant cavity. The blue curve is the
input burst signal after amplification. The red curve is the output stacked pulse trace after the
cavity.

With experimental demonstration of energy scaled up to over ImJ and 2.48 enhancement
of coherently stacked pulse by CPS of nanosecond pulse amplification from a fiber amplifier
based on CCC fiber, this technique shows great feasibility for further energy scaling of ultra-

short pulse amplifications with further incorporating of CPA.

6.3 Energy extraction of pulse burst amplification with pulsed pumping.

6.3.1 Limitations for energy scaling in pulsed fiber amplifiers

One advantage of amplification of pulses in a burst is that the ultimate energy limited by
optical damage and nonlinearity is raised since the burst could be seen as a further stretching of
the pulse. The ultimate energy limits for pulse amplification based on 55pum core CCC fibers
with various pulse durations are depicted in Fig. 6.3. The black dashed line is the extractable
energy given by Eqn. (5.1) as logarithm of small signal gain multiplies with the saturation energy.
Assuming that the small signal gain is 30dB and pulse wavelength is centered at 1064nm, for

55um fiber core size, the extractable pulse energy is about 10mJ regardless of the pulse duration.
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The green line is the self-focusing energy threshold calculated from Eqn. (5.5) while the red line
is optical bulk damage limit computed based on Eqn. (5.3). Since in practice, the optical damage
may happens at energy lower than the theoretical value indicated by the calculation due to the
quality of fiber end facet, one must keep in mind that the optical damage limit may be few
factors less than what illustrated in the figure. In practical FCPA systems, the main hindering
factor for energy scaling is the SPM induced phase distortions, which cause distortion and
breakup of compressed pulses. The accumulation of nonlinear phase shift due to Kerr

nonlinearity through the fiber length could be characterized as B-integral, which is given by[108]:

B==" " nyl(2)dz 6.1)

where 1(z) is the intensity of the pulse along the fiber. The criterion to avoid nonlinear distortion
and damage due to SPM in a pulsed fiber amplifier is generally to approximately keep B < 1

[108]. Using Eqn. (6.1), the threshold energy before nonlinear damage of the pulse is:

_ BAIn (Gag)
Ecrit = '

(6.2)

2mn,L
where L is the fiber length , A is fiber core area and t is pulse duration. G, is the gain of the
pulse amplification. In Fig. 6.3, blue and pink curve depicts the threshold energy following
calculation in (6.2) at B=n, with assumption of total gain the pulse experienced as 20dB and
30dB respectively. It is clear that for amplification of pulses, the output energy is mainly limited
by the nonlinear effect of SPM. For pulses with sub-nanosecond or few nano-seconds pulse
duration, the pulse energy without distortion of pulse shape is limited to 100uJ to ~1mJ range.
With stretching the pulse duration to hundreds of nano-seconds, this threshold could be

increased to few tens of milli-Joule and even 100mJ.
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Figure 6.3: Ultimate Energy limit for pulse amplification based on 2.5m of 55um CCC fiber
amplifier.

In pulsed fiber amplifier for CPS, with amplification of a burst of pulses, the effective
pulse duration may be much longer than the single pulse duration. Subsequently, the detrimental
energy threshold set by optical damage and nonlinear effects are substantially raised up for burst
operation. And therefore, the main restriction for further scaling of energy is now set by the
extractable energy stored within the amplifier, which is limited by the onset of ASE as discussed
in Chapter V.

To overcome this restriction, the only way is to break the energy storage limit set by ASE. In
practical system, one plausible solution is to pump the amplifier with pulses synchronized to the
signal. Together with burst consists of pulses with high repetition rate, the amplification process
within the burst could be seen as a quasi-CW operation. In this way, the extractable energy
during the amplification is no longer the stored the energy before the burst, but is indeed the
deposited energy by the pumping pulse during the burst. As long as the energy within the pump

pulse is large enough, tens or even over one hundred milli-Joule could be deposited and then
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extracted during the burst operation. In practical case, this could be realized by tandem pumping
with a combination of few pulsed amplifiers based on large core fibers with tens of milli-Joule

output at wavelength shorter than 1020nm as illustrated in Fig. 6.4.

Q-Switched Pulse oS NI EmmL EIm EIm = G = - -y
f;:)l(;c:s I Monolithic Integrated \ High brightness,
[ High Peak Power,
. | Pulsed pump
N e e e e e e = = - Yy
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¢ 5-10 channels > ~100mJ
« HOM is allowed

Figure 6.4: Schmetic illustration of pulsed pumping source with high brightness and high peak
power by combining multi-channel Q-switched fiber laser amplifiers.

6.3.2 Analytical analysis of extractable energy from a pulse pumped burst operation

As stated above, with pulse repetition rate at around GHz, the amplification process
within the pump pulse could be evaluated from a steady state of quasi-CW viewpoint as long as
the pump pulse begins ahead the injection of burst, which allows the initial built-up of upper
level population inversion. One can estimate the extractable power of this quasi-CW operation
following the rate equations.

Aforementioned in Chapter II, a 2-level system model could be used for Yb-doped fiber
amplifiers. The upper level population as well as pumping and signal power distribution along

the fiber is governed by rate equations as follows [122]:

dN

—& = —(Ra1 + Way + ANz + (Ryz + Wip)N; (6.1)
dPp,

2z = ~CaplpNiPp + 0[N, By 6.2)
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dpf
* dz OesTsNo Pt — 0,5 TgN; P (6.3)

where A,; = 1/7 is the upper-level life time of the doping ions. The transition rates of pump and

signal are given by:

Gapl'pPp oepl'pPp
Rip=———; Ry1 =——— (6.4)
hvpA hvpA
+ +
_ 0asl'sPy . _ 0Oesl'sPy
Wip =225 Wy = ek (6.5)

where 0.5 and 0,, are cross-sections of emission at signal wavelength and absorption at
pumping wavelength respectively. A is the core area of fiber. I}, is pump filling factor and I is
mode filling factor to the fiber core.

From Eqn. (6.1) the dynamics of upper-level population N, started from 0 is given by:

N2 (Z, t) — (W12+R12)(1—6Xp(—a)t)) Ntot (6.6)

w

where w = (Ry; + Ryq) + (W, + W,;) + A,; is the total transition rate of the system.
Assuming P¥ = 0, one can get the N, dynamics during the building up of small signal

population with the steady state population given by:

— Ri2
(R12+R21)+Az1

N,o (6.7)

Also, the transition rate @ now is also the effective gain recovery rate of the system,
which determines how fast the upper-level population could reach steady state with certain

pumping power:
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hvpA

where the pump saturation power P, =
pump p Psat = (gt oap)Tpt

, 1s about SW for 55um CCC fiber with

pump wavelength at 976nm. The small signal population N,, and effective gain recovery time

T s are both key parameters for characterization of the performance of a fiber amplifier.

With P& >0, a steady-state solution for upper-level population N, during the

amplification can be computed as:

— Ri2+Wy,
(R12+R21)+(W12+W31)+A2;

N, (6.9)

For amplifier with counter-pumping scheme, using Eqn. (6.7) and (6.9), Eqn. (6.3) can be

rewritten as:

dPg
dz

(R12+R21)+A21 P— (6 10)

= —0,IN
€S7S7720 (Ry,+Ry1)+(W1g#Woq)+Ag; S

Integration of Eqn. (8) provides with the solution:
Pou
Ps.sat(Pout - Pin) + In (Pint) = GestNZOL (61 1)

hvgA
(0est0as)TsTesf

Where P o, = is the saturation power at signal wavelength. The term on right-

hand side of the equation is natural logarithm of small signal gain In (G,) and the second term on
left-hand side is the natural logarithm of gain of the signal In (G). Therefore one can get an
implicit relationship between small signal gain, input seeding power and gain of the amplifier

following Eqn. (6.11) as:

G = Gyexp (—(Gp‘ﬂ (6.12)
s.sat
Furthermore, the extractable power from the amplifier can also be derived as:
G
Pext = Pout — Pin = In (?0) * Psat (6.13)
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In burst amplification, the extractable power is the average power of the burst. And one can

easily get the extractable energy as:

G
Eexe = In (?0) * Pssat " tourst (6.15)
Also the ultimate power available would be the extractable with the system under strongly

saturation:

. G N,ohvs
Pavait = limg_q In (22) - Py e = ratsy (6.16)

Eqn. (6.16) means that under optimal situation, one can extract the energy store with
population inversion under small signal gain once every effective gain recovery time. Since from
the definition, effective gain recovery time is dependent on the pumping rate, the stronger the
pumping power is, the more power one can extract within a short period. Consequently, one can
always extract multiple times of extractable energy for single pulse operation with CW pumping,
as long as the effective gain recovery time is shorter than the burst duration, since the maximum

available Energy from the amplifier is then given by:

. G thurs
Eavail = llrnG—)l In (?0) " Pssat " thurst = NZOhVSV . % (6.17)

For amplifier with strong pumping power, the integration of a varying value for
saturation power over the signal power amplification along the fiber must be taken into

consideration for the first term on the left-hand side of Eqn. (6.11) as:

Pou -_ POl.l
Jo" Puat(2)APS +1In (32 = 6o [y NaolL (6.18)

p.satT

For pump power larger than 1kW, 7,7f can be approximated as d — and therefore,

p

Ps <a¢ 18 linearly proportional to the pump power. The integration of P ¢, over the signal power
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amplification could be expressed as the effective saturated power multiplies by the extracted

power:
Pout _
fpin Ps.sat(z)dps = Fssateff ’ (Pout - Pin) (6.19)

where the effective saturated power is given by:

Pout -
a0 Pp@)ap;

(0est0as)I'sTPpsat (Pout—Pin)

(6.20)

Ps.sat.eff =

During the signal amplification process along the fiber, the gain in the signal is linearly
proportional to the absorption of the pump for strong pumped system due to the energy transfer
nature of the laser medium, and thus there is also a linear dependence of pump power to the

signal power along the fiber. The effective saturated power can be approximated as:

hvgA . (Ppout*Ppin)
(0est0as)I'sTPpsat 2

6.21)

Ps.sat.eff =

As a result, the effective saturation power for signal wavelength is given by the
intermediate value of the pump power along the fiber. For system with strong absorption of the
pump, which is larger than 20dB, this intermediate value of the pump power could be count as

half of the input pump power, and hence:

hvgA
2(0est0as)TsTeff

(6.22)

Ps.sat.eff =
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In the following simulation for extractable energy based on Eqn. (6.15), saturation power

Ps <a¢ 18 substituted by P o1 ofr 1n all the case.
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Figure 6.5: Extractable energy of burst amplification in a 2m, 55um CCC fiber amplifier with
assumption that the pump pulse is square shaped. (a) Extractable energy of a 200ns burst versus
various pump peak power. The different color of the curves represents different input burst
energy respectively, ranging from 50uJ to 750uJ. (b) Extractable energy of a burst with input
energy of 200uJ versus various burst durations. Different color of the curves is for different
pump peak powers respectively, ranging from 100kW to 1000kW

Fig. 6.5 depicts the calculated extractable energy with various pump peak powers, burst
durations as well as burst input energies from a burst amplifier based on a 2m piece of 55um
CCC fiber, following Eqn. (6.15) with assumption of small signal gain Gy as 30dB. From the
simulation result, one could predict that with carefully selection of input energy and duration of
the burst as well as pump peak power, the extractable energy from a burst operation with pulsed
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pumping is much more than that restricted by ASE with CW pumped single pulse amplification.
Tens of milli-Joule is achievable from a single channel of fiber amplifier with the final stage base
on a 55um CCC fiber and even over 100mJ burst output may be realized.

6.3.3 Quasi analytical analysis of extractable energy of burst operation based on

amplifier dynamics

[ } >

z=0 z=L
Figure 6.6: Illustration of burst amplification with pulsed pumping in a counter-propagation
scheme.

Although one can predict the extractable energy from the pulse pumped burst operation
based on the quasi-CW rate equation model aforementioned, in practical case, this assessment is
a propagation length independent estimation. Furthermore, since the duration and repetition rate
of pulses within the burst would largely affect the dynamics of upper-level population and thus
the actual gain experienced. Moreover, to have the burst operation approximating to a quasi-CW
operation, a population inversion built up is required before the burst injection other than running
the pulses at a high repetition rate. Especially, for counter-pumping scheme as shown in Fig. 6.6,
which is commonly used in high energy systems, the pump pulse must arrive at the seeding end
before the burst so that the seeding burst is fully amplified. As a result, careful designs of the
amplification parameters such as duration and timing of the pumping pulse, burst duration, input
energy as well as in-burst-pulse repetition are pre-requisites for practical operation. To meet this
end, a more accurate model based on the dynamics of upper-level population during the burst

operation is built.
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Figure 6.8: Schematic description of operating regimes for energy depositing and signal
depleting. N»(0,T,) is the maximum upper-level population limit at z=0 before ASE dominate
the depletion.

In Fig. 6.7, the timing for pumping pulse and burst signal are illustrated. The in-burst
pulses have a fixed duration of t, and separated by t; to each other. With m pulses in the burst,
the total width of the burst is denoted by t, with its separation tq as the inverse of burst repetition
rate. Tesrepresents the timing offset between the pump pulse and burst at pump end of the fiber,

z=0. With signal propagating in opposite direction as the pump, Tes larger than twice the
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traveling time of light through the fiber must be satisfied to ensure no absorption for the first
pulse of the burst during the propagation towards pumping end. Fig. 6.8 shows dynamic of pump
and signal power as well as upper-level population at pumping end within one pumping pulse.
When pulsed pump is applied, the operating regime may be divided into two time regimes:
energy depositing regime, when the upper-level population is built with absence of signal pulse,
and signal depletion regime during each pulse. For individual pulse as long as the input pulse

intensity [iy(t) is known, the intensity of output pulse during each pulse is governed by [108]:

Go
t
Go—(Go—1)exp [- fto lin(t)dt/Usat

Iout(t) = ] Iin(t) (623)

where Gy is the small signal gain of the fiber for each pulse, which is dependent on the
integration of upper-level population density Ny;,.(L,t) over the whole fiber length, at the

beginning of pulse injection:

Go = exp (I (07° + 00° ) Nagne (L 1) = ([0 Neor + 5(A,) ) L) (6.24)

where Ny (L t) = fOL N, (z, t — %) dz for the case with counter-pumping scheme.

In this way, the amplified burst amplitude and thus total extractable energy could be
calculated once the dynamic of upper-level population density Na(zt) along the whole fiber
during the burst is known.

The general solution for time dependent upper-level population distribution governed by
Eqn.(6.1) along a counter-pumped amplifier fiber is given by:

NcZ
(B—(Wy12+R12) Ntot) exp(—w(t—to—%))+(W12+R12)Nmt

w

Ny(z,t) = (6.25)

where n. is the refractive index of fiber core. t; is the time point when the transition begins. B is

determined by the initial value of N,(z, ty) of the transition as:
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B = N,(z,ty)(Woq + Wi, + Rz + Ry; + Ay) (6.26.1)
And the transition rate © is:
w=Wy + W, +Ri; + Ry + 4, (6.26.2)
During the energy deposition before burst arrival, t, = 0, W;, = W;, = 0, and B=0.
N, (z,t) is hence given by:

nez
R12Ntot[1_eXp(_wes(t_%))]

Ny(z,t) = (6.27)

Wes
where the transition rate w,; = R1; + R,; + A,, which is also the inverse of gain recovery time.

Subsequently, the integration of N, (z, t) over the whole fiber length is:

Naing (L t) = 1200t [}, — SXPEDest) (g (Znesl) _ 1) (6.28)

es 2NWwes
The maximum value of N,;,,; (L, Tos) when burst arrives at the pump end is limited by the
domination of ASE depletion, beyond which level the deposited energy would transferred into
ASE power and restrict the gain at signal wavelength. As discussed in reference [121], this point
is defined as when the emission rate of ASE equals to spontaneous emission rate of upper-level
population, i.e. 1/t,. Similar as the derivation in [121], but with a simplified expression of

spontaneous emission seeds ASE band as:

SE(z,t,2) = 2 52
z,t,A) =2 FERL N,(z,t) (6.29)

the relationship between fiber parameters and the maximum upper level population integral

(Nyint (L, Tog)) along the entire fiber at the end of energy storage is given by:

A EXP(FASE(O'QL‘FU%)Nzint(L:Tes)_(FASEa't)zlntot‘l‘as(l))L)—l ol
= Jow. 22 44

2T)C

(6.30)

(FASEO%ntot"'as(/U)L

1.1
TasE(08+0% )Ny (LTes)
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where 0,0/ are the Yb’' emission and absorption cross sections at ASE wavelength

respectively. as(4) is the loss rate of ASE. [45¢ is the overlap integral between the ASE and
doped core. Once Ny, (L, Tes) is solved from Eqn. (6.30), initial small signal gain G for the
first pulse as well as maximum time offset T.s allowed before significant ASE depletion is

derived following Eqn. (6.24) and (6.28).

2ncwes,, WesNyint(LTes)

1 c o
Tesmax = = oo In [ romzmatty ] (631)

From (6.31), it is clear that value of Tesmax 1S inversely dependent on the transition rate
®es and pump absorption rate Rj,, and hence it is indeed inversely dependent on the pumping
power. The larger the power of pump pulse, the shorter the maximum time offset between pump
pulse and signal burst is allowed before the ASE onset.

Following (6.27), one can also get the distribution of upper-level population at the at the

nez

arrival of the first pulse: N, (z, Tesmax — T)’ which is also the initial condition for the first

signal depletion regime. In calculation for N», exp <—a)es (t - %)) < 1 must be satisfied, since

in practice, upper level population value is no more than that at the steady state. Consequently,

2n.L
c

> 0 is requested.

Tes.max —

By calculating the intensity distribution for amplified pulse following Eqn. (6.23), one
can get the transition of N,(0,t) during the signal depletion of first pulse following formula (6.25)
with the initial value of upper-level population N; (0, Tes max). The transition of Ny(L,t) can also
be computed following similar procedure. At seeding end z=L, pump power can be computed by
utilizing the numerical model for power distribution calculation for counter-pumped fiber

amplifier presented in Chapter II, with the value for input pump power as average power of

131



pumping pulse while the seeding power as the average power of the burst. Now that the upper-
level populations at both ends of the fiber are known for the first pulse depletion regime, the
values at the end of the pulse could be served as initial condition for the next energy depositing
regime.

Still following expression in (6.25) but with ¢y = Tegmax + tp, Wi, = Wi, =0, and

nez

B=N,(z,ty ———)(Ri2 + Ry; + A,), the upper-level population at two ends of the fiber over the

T
depositing period can be achieved. With assumption that the amplifier is under strong pumping
condition, which is true for high peak power pulsed pumping scheme, the upper-level population
distribution along the fiber is linearly increased from the pump end to the seeding end and hence

the integration of N(z,t) over the whole fiber length right before the second pulse is given by:

N2(0,to+t)+No (L to +tr—%)

N2int(L' to + tr) =

L (6.32)

2

Using (6.23-24) and (6.32), the small signal gain before the second pulse and thus the
output pulse shape of it may be computed. Repeating the process of upper-level population
dynamic calculation for signal depletion and energy depositing regimes as well as the output
pulse shape computing for the rest of the burst as that of the first pulse, the extracted energy after

amplification is obtained.
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Figure 6.9: Simulation result of burst amplification and upper-level population dynamics for
input burst of total energy 200uJ. The peak power of the squared pump pulse is 150kW. Pulse
repetition rate within the burst is 0.5GHz.

Fig. 6.9 shows an example of simulation results for burst amplification and the dynamic
of upper-level population at fiber ends during the burst. A 2m long 55pum Yb-doped CCC fiber
with parameters introduced in Table 5.1 is used in this calculation. The pump absorption ratio for
this fiber is about 10dB/m at 976nm. Burst repetition rate (1/t4) is assumed to be 5kHz, and the
repetition rate of pulses (1/t;) within burst is 0.5GHz. Number of pulses within the burst is
assumed to be 81 as for the case of 4x4 multiplexing of CPS. The pulse duration t, is around
0.5ns as be restricted by the grating size in practical situation. Pump wavelength is assumed at
976nm and the burst central wavelength is around 1064nm. To simplify the calculation, a square
shape for pump pulse is applied with a peak power of 150kW. The maximum time offset for
population inversion built up before the burst arrives at the pump end can be first computed as
32.2ns. The total energy within the input burst is assumed to be 200uJ. And the shape of the

input burst is modified to achieve a square shaped output burst after amplification as demanded
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for good stacking efficiency of CPS. The total energy in the output burst is 21.4mJ. From Fig.
6.8 it is clear that after depletion of the deposited energy before the burst injection, which is
around 20ns, the amplification of the rest of the burst is at a quasi-steady state, with upper-level
population at pumping end remain at a fixed level while that at seeding end grows very slowly.

Therefore, with this quasi-analytical model, pre-design of the synchronization of the
pumping pulse and burst signal as well as selection of operation parameters of the burst such as
pulse repetition rate and input burst energy could be done to optimizing the energy extraction.
Furthermore, it also provides an estimation for the shape of the input burst which would evolved
into the requested output burst shape for optimization of the stacking efficiency in later
combining stages.
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Figure 6.10: Comparison of simulation results for extractable energy from a 2m long 55um CCC
fiber amplifier following the quasi-analytical modeling with the deposited energy over the burst
duration. The solid curves are results from the quasi-analytical model based on the dynamics of
upper-level population, while the dashed line is the ultimated deposited energy with the pump
pulse over the burst duration. The curves in red are simulation with a 100ns input burst of 500J;
the blues ones are that with a 100ns input burst with 200uJ.

Comparison of simulation results following the quasi-analytical model described in this

section and the ultimate deposited pump energy over the burst is depicted in Fig. 6.10. The
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extractable energy for a 100ns burst with input energy of 200puJ and 500 were computed under
various pump peak powers respectively. The solid curves are calculation following dynamics of
upper-level population while the dashed line is calculated by assuming all the pump energy is
deposited into the amplifier during the burst duration. The difference of extractable energy to the
deposited pump energy at low pump peak power region is due to the extraction of pre-deposit
pump energy before the burst injected. For calculation with high peak pump powers (>250kW)),
the pump peak power before the burst injection is assumed to be as 250kW to satisfy the
requirement of T larger than twice the light traveling time along the fiber. And with the relative
much smaller pre-deposit pump energy compared to the total energy over the burst duration, the
extractable energy is proportional to the deposit energy with a ratio close to the quantum
efficiency. And according to the simulation, close to 100mJ is achievable as long as the
deposited energy from pump pulse is sufficient during the burst duration. In conclusion, for burst
operation with this novel pumping approach, the extractable energy from a single fiber amplifier
channel could be one order of magnitude larger than that was with conventional CW pumping
scheme. And this would greatly reduce the complexity of further coherent combining system for

multi-Joule laser generation.

6.4 Conclusion

A pulsed pumping for coherent pulse stacking amplification technique was proposed and
analyzed theoretically as a solution to overcome limits set by ASE-limited energy storage. Both
analytical and quasi-analytical models were developed to explore energy extraction with such
pulsed pumping, and up to >100mj energy extraction from a single fiber amplifier channel is
predicted according to the simulation. This offers a very promising path to increasing FCPA

pulse energies by up to two orders of magnitude. When applied to coherently combined FCPA
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arrays with CPS scheme, this could lead to relatively small (~10 - 100 parallel channels) array

sizes of future high-power laser-plasma accelerator drivers.
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Chapter 7

Conclusion and Future Work

7.1 Conclusion

This thesis is dedicated to the exploration and demonstration of high power and high
pulse energy performance of a novel fiber technology: Chirally-Coupled-Core (CCC) fibers.
Unprecedented CW high power and high energy nano-second pulses have been demonstrated.
The feasibility of CCC fiber as integratable component for practical monolithic fiber laser
systems was studied. A novel energy extraction strategy based on pulsed pumping in conjunction
CPS with CCC fiber amplifier was proposed.

The investigation starts from developing of simulation tools for power distribution along
fiber as well as 2D temperature distribution in high power operation. By combining these two
models together, guidance for selection of fiber length, pump wavelength and cooling approach
in high power fiber laser and amplifiers is provided, which is essential for optimization of the
power scaling process. One concern for large core fiber lasers is that the influence of
fundamental mode loss due to various mode stripping approaches, such as bending and coupling,
on system efficiency. Both analytical and numerical models for fiber amplifier show that the
efficiency of fiber amplifier and lasers is decreasing with increasing leakage loss of the
fundamental mode in a fiber, leading to constraints on the maximum tolerable loss, as a design

requirement of effectively single-mode fibers.
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One critical requirement of coherent combining system is the polarization preservation of
each component. For CCC fiber, polarization maintaining has been observed in various
experiments, while no HiBi elements were present in these fibers. A thorough exploration and
understanding of the mechanism behind this polarization preservation performance of CCC fiber
was accomplished for the first time. It reveals that for CCC fiber with spun structure introduced
to create the helical side core, an overall effectively low birefringence is realized. This Lo-Bi
nature also enables insensitivity of CCC fiber polarization preservation to environment
temperature variations. Furthermore, the robust and pure single mode performance of CCC fiber
distinguishes it from conventional LMA fibers with immunity to modal scattering induced
polarization degradation, which could be triggered by external stress perturbation, drifting of the
alignment an etc.

Moreover, in practical packaged systems, coiling of CCC fiber induces linear
birefringence by bending as well as circular birefringence by the bending related twisting of the
fiber. However, due to the Lo-Bi nature and insensitivity to modal scattering of CCC fiber, a
linear polarization could always be reproduced at the output end as long as a linear polarization
with certain direction is injected. The azimuth angle of the input linear polarization depends on
the fiber length. For most practical high power fiber laser systems, all time polarization
maintanence along the fiber is not necessarily required. Therefore, the reproduction of linear
polarization with bent CCC fiber is applicable as long as the linearity and direction of this
reproduced linear polarization is insensitive to external perturbations. And this uncovers a new
regime for polarization controlling in high power fiber systems.

Based on the understanding of polarization preservation with CCC fiber, two approaches

were proposed to enhance the polarization stability: 1) wound fiber around a drum to create large
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linear birefringence, ii) twisting the fiber to produce high circular birefringence. The selection
between these two methods is related to the real applications of the fiber system.

To explore the feasibility of CCC fiber for high power fiber laser arrays, single frequency
amplification up to nearly 600W with no SBS onset was achieved with single transverse mode
and linear polarization. Due to the large core and high doping concentration required short
interaction length, CCC fiber also exhibits certain mitigation for the SBS. This high power
demonstration shows potential of CCC fiber as components of high power fiber laser array.

To further study the applicability of CCC fiber for pulse and expecially ultra-shor pulse
systems, nanosecond pulse amplification was conducted with 55um CCC fiber. 9.1mJ and close
IMW was demonstrated in 10ns pulses output from the CCC fiber. We found that effectively
single-mode performance of the CCC fiber core results in increased stored pulse energy,
compared to even large core LMA fibers.

A novel technology for temporal coherent combining: coherent pulse stacking (CPS) has
been recently demonstrated with output energy up to Ins with 850ps pulses based on 55um CCC
fiber amplifier [42]. In reference to this approach, we propose to enhance the energy extractable
from a single fiber amplifier channel by using a pulsed pumping scheme with high peak power.
With a burst of high frequency pulses with duration of tens to over hundreds of nanosecond, the
pulsed pumped amplification may be analog to a quasi-CW operation, in which, small signal
gain stored energy is extracted every gain recovery time. With high peak power induced very
short gain recovery time at order of tens of nanosecond, the extractable energy from such burst
amplification is predicted to be multiple times of the small signal gain stored energy, which is

the extractable energy in conventional pulse amplification. This remarkable improvement of
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energy extraction from a single fiber amplifier channel would greatly reduce the complexity of
coherent combining fiber lasers towards few Joule regime.

All the presented exploration and analysis work establishes a knowledge basis, for
designing large core CCC fiber based monolithically-integrated high power and high energy
modules for building coherent combining fiber laser arrays, particularly for high peak power

(TW~PW) kHz repetition rate, ultrashort-pulse laser systems.

7.2 Future work

There remains a number of important research topics to be explored, as a continuation of
the thesis work presented here.

7.2.1 Investigation on relations between HOM leakage loss and extractable energy in
pulsed CCC amplifier.

As shown in ChapterV, 9mJ pulse energy was achieved with CCC fiber based pulse
amplifier. However, it has already exceeds 10 times of saturation energy of the amplifier at
1040nm. One possible reason for this enhancement is that the high leakage loss of HOM in CCC
fiber suppresses the ASE power built-up during energy storage regime. Therefore the small
signal gain population inversion exceeds the conventional 30dB limit set by ASE depletion.
More detailed investigation is needed to characterize and fully understand this behavior, which
provides a promising progress on further energy scaling with CCC fiber.

7.2.2 Exploration on nonlinear polarization effects in CCC fiber

Nonlinear polarization effects have been observed at high peak powers in pulsed CCC
fiber amplifiers. Further exploration and understanding of these effects is necessary as an
extension of the current study on linear polarization in CCC fibers.

7.2.3 Developing the high peak pulsed pumping source
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Presented theoretical analysis indicates that significant increase in energy extraction from
a single fiber amplifier channel is possible with the novel pulsed pumping scheme and in
conjunction to CPS scheme. Construction of a high peak power pulsed pumping source is a pre-
requisite for experimental demonstration of exceeding conventional energy extraction from
single channel. A possible approach is to construct a monolithic large core fiber amplifier array
seeded with Q-switched laser source. With around 60um core size of LMA or CCC fibers for
each amplifier channel, close to 10mJ is achievable. And a combination of 10 such channels,
100mJ would be available. Moreover, this high energy beam also fits the high brightness
pumping requirement, regardless of the mode quality in large core fiber channels.
7.2.4 Further demonstration of energy scaling with CCC fiber based cascaded CPS

system

One advantage of the CPS technology is that the burst length is not limited by mechanical
restrictions. With cascading of multiple CPS cavities, stacking of tens or hundreds of pulses is
possible. And thus, with the pulsed pumping scheme proposed in Chapter VI, close to hundred of

mJ is achievable in one final pulse from a single fiber amplifier.
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